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A b s t r a c t 

This work investigated photodynamic therapy (PDT) using two-photon 

excitation (TPE). The main thrust of this thesis is the elucidation of excited state 

properties of the photosensit izers protoporphyrin IX (PplX) and Verteporf in. 

To determine the smallest TPE-PDT volume achievable, TPE-

f luorescence correlation spectroscopy (FCS) of nanospheres was employed. A 

model for TPE-FCS was developed. W e determined the TPE volume to range 

f rom 1 to 10 fL and demonstrated that photochemistry can take place in this 

small vo lume. 

The photobleaching behaviour of PplX and Verteporfin was extensively 

examined in a variety of environments. The photobleaching of PplX and the 

generat ion of a f luorescent photoproduct were examined in methanol and 

micelles to mimic cytoplasm and cell membranes, respectively. The 

photochemistry of PplX is faster in TX-100 micelles, but possibly more complex 

in methanol . The photobleaching of Verteporf in was examined in aqueous 

solution, micel les, organic solvents, and live single CV-1 cells. More complex 

photobleaching behaviour was observed in micelles, which suggested an 

excimer process may be involved. The decay rate in aqueous solution and 

organic solvent data showed some solvent dependence. While photobleaching 

can not be modeled using a simple exponential fit, an attempt was made to fit the 

aqueous solut ion and organic solvent data with a single or double exponential 
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model for compar ison between studies. Compar ing the photobleaching data 

f rom organic solvents with the data from live CV-1 cells, three subcellular 

locations of Verteporf in were determined: membrane, dimethylsulfoxide-

associated ( lysosome) and protein associated. 

The solvatochromic behaviour of PplX and Verteporfin was examined in 

aqueous solut ion and organic solvents. The data was modeled using the Lippert-

Mataga model and a model based on changes in polarizability. The polarizability 

model appears to be more effective in describing solvatochromic behaviour when 

the changes in the dipole moments between the ground and excited electronic 

states are smal l . The f luorescence quantum yields of Verteporfin and PplX were 

determined in aqueous solution and organic solvents and had good correlat ion 

with other studies. The dependence of quantum yield on solvent is too small to 

make it useful in subcellular localization; however, solvatochromism and 

photobleaching rates could be used in subcellular localization studies. 
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Figure 6.18B. Quantum yield of PplX as a function of 
A. Electron affinity of the solvent. 
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Figure 6.19. Quantum yield as a function of solvent, setting Verteporf in as a 

base. The data is ordered in terms of increasing quantum yield and 
the PplX data is compared to the Verteporfin data to see if the 
quantum yields increase in the same manner. 
A. PplX 
B. Verteporfin 
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Figure 6 .A .1 . Plot showing raw and fit data. Fit provides intensity (I), 

center wavenumber of the band (v~), and the width of the band at 
half height (wv 2 ) . 
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C H A P T E R 1 : INTRODUCTION 

1 

1.1 I n t r o d u c t i o n t o P h o t o d y n a m i c T h e r a p y 

The purpose of this thesis is to elucidate the two-photon propert ies of 

Protoporphyrin IX (PplX) and Verteporf in, photosensit izers used in photodynamic 

therapy (PDT) for d iseases such as cancer and macular degenerat ion. Figure 

1.1 gives the structures of PplX and Verteporf in (benzoporphyrin derivative, 

monoacid A, BPD-MA). Verteporf in has recently been approved for the one-

photon photodynamic therapy of age related macular degenerat ion in Canada 

and the USA. The R groups on the Verteporf in are dependent on the particular 

formulation of BPD-MA. 

Two-photon excitation (TPE) is a promising addition to the technique, but 

the manner in which currently used photosensit izers react to two-photon 

excitation must be examined before the treatment can be used safely in humans. 

Whi le the one-photon properties of many sensit izers has been extensively 

studied in the literature, comparat ively little has been written about investigations 

into TPE PDT. The research in this thesis exploits both one-photon and two-

photon techniques to elucidate properties of photosensit izers to further the use of 

TPE in PDT. 

Photodynamic therapy is a treatment that uses light to stimulate 

therapeutic activity in pharmaceutical applications. This treatment combines 

light, oxygen, and photosensit izing drugs to effect cell damage in specif ic t issues. 
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PDT is not an entirely new idea, as certain photosensit izing plant extracts were 

used to treat skin d iseases such as psoriasis and v i t i l igo. 1 , 2 The use of PDT in 

cancer applications dates back to 1903, when eosin and light were used to treat 

skin cancer . 3 However, sensit izers such as acridine orange and eosin are no 

longer in use, due to their toxicity and carcinogenicity. The in vivo photodynamic 

properties of tetrapyrrolic pigments such as porphyrins have been known since 

1913, when Meyer-Betz administered hematoporphyrin to himself in order to 

determine its biological effect, a technique not highly recommended. 4 The first 

systematic clinical study of PDT for malignant lesions was initiated in 1977 5 and 

led to a dramatic increase in interest in PDT. 6 Some of the benefits of PDT are 

that the affected areas will heal with regeneration of normal t issue, it can be used 

in conjunction with convent ional therapies, and the f luorescence of the 

photosensit izer can be used to locate the neoplastic t issue and monitor the 

concentrat ion of the sensit izer in t issue to aid in dosimetry. 7 

The basic descript ion of PDT is as fol lows. A light-sensitive drug or its 

precursor is introduced into the body though oral administration, topical 

administrat ion, intravascular injection, or intratumour injection. After a limited 

t ime interval to al low the sensit izer to distribute, localize, and accumulate in the 

tumours, the tumour is exposed to light of an appropriate wavelength for 

absorption by the photosensit izer. This activates the photosensit izer and 

produces singlet oxygen or other cytotoxic compounds. Figures 1.2 descr ibes 

PDT. 
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P r o t o p o r p h y r i n IX 

fyOOC 

Figure 1.1. Structure of Protoporphyrin IX and Verteporf in. 



Figure 1.2. Pictorial descript ion of PDT. A. The tumour (in pink) 
is infused with a photosensit ive drug which preferentially 
accumulates in the rapidly dividing tumour and not in the healthy 
t issue (in blue). B. Light is impinged upon the infused tumour 
(in purple). C. The tumour is destroyed, leaving the healthy 
t issue behind.  

During treatment, the intensity of f luorescence from the photosensit izer 

decreases. This effect, def ined as photobleaching, can result f rom processes 

such as degradation of the sensit izer or intersystem crossing to a triplet state 

from which the sensitizer cannot f luoresce. Photobleaching can be both 

advantageous and disadvantageous. On one hand, reducing the concentration 

of the photosensit izer can limit the amount of residual sensitivity to light. On the 

other hand, photobleaching can reduce the concentration of available sensitizer, 

thus tumour destruction may be incomplete. 

The design of the photosensit izer is very important in PDT. In an ideal 

situation, the photosensit izer will localize in or around the tumour mass, is 

selectively retained by neoplastic t issue, is non-toxic to normal t issue, absorbs 

red or infrared light, is active only in the presence of light, is photochemical ly 

efficient in producing cytotoxic agents such as singlet oxygen, is f luorescent for 
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visualization, and can be rapidly cleared from the body to minimize latent 

photosensit ivity. One major problem with sensit izers such as Photofrin II is that it 

takes weeks to be completely removed f rom the body, leaving the patient 

sensit ive to sunl ight for weeks after treatment. In practice, it is difficult to achieve 

true tumour selectivity and necrosis or apoptosis . 8 To do so requires an advance 

of knowledge into the biological and physical mechanisms associated with 

tumour localization and cytotoxicity. Improvements in the design of the drugs, 

such as Verteporf in, al low for excretion in a much shorter t ime period. However, 

this means that the interval between injection and treatment decreases, which 

has both advantages and disadvantages. 

Another option in PDT is to give a prodrug, such as 5-amino laevulinic 

acid (ALA), which is converted to PplX in situ. This method of endogenous PplX 

production is preferred, as the clearance of PplX f rom the body is more rapid 

than drugs such as Photofrin II. 

One solution to the chal lenges faced in PDT is to use two-photon 

excitation to effect a photodynamic response. The next two sections will 

describe the principles behind two-photon excitation and its application to PDT. 

1.2 T w o - p h o t o n S p e c t r o s c o p y 

While TPE was first predicted in 1931 by Maria Goppert-Mayer, 9 there 

was no experimental verif ication of the process until 1961 , when the 

development of lasers provided an appropriate photon density for TPE. Initially, 
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T P E was limited to the study of the electronic symmetry of small molecules. 

T P E can be used in a complementary fashion with one-photon spectroscopy to 

probe the electronic structure of molecules. Recent developments have seen 

T P E used to study f luorescence anisotropy and systems of biological interest 

such as proteins and m e m b r a n e s . 1 0 In honour of Goppert-Meyer 's contribution 

to two photon spectroscopy, the units of the two-photon absorption cross section 

have been named after her, where 1 G M is equal to 10" 5 0 c m 4 s . 1 1 

TPE has several advantages over one photon excitation. TPE allows the 

excitation of molecules using infrared or near infrared light that would typically 

only be excited by light in the ultra-violet region. These wavelengths are of 

particular interest in biological applications, where t issue or blood does not 

readily absorb the long wavelengths used. As wel l , skin becomes more 

translucent at longer wavelengths, which allows deeper penetration into living 

t issues, offering potential for l ight-activated drug therapy, microsurgery, and 

imaging. Unlike one-photon excitation, which involves absorption wherever there 

is light and chromophore, TPE provides interrogation of a small volume within a 

sample. In addit ion, this prevents out-of-focus photochemistry, leading to less 

photodamage to the surrounding area and longer lifetime of live specimens in 

imaging applications. As wel l , the selection of a small vo lume suppresses out-of-

focus background f luorescence, increasing signal-to-noise and providing a 

technique comparable to, if not better than, standard confocal microscopy. 

F igure! .3 illustrates the one photon and two photon excitation volumes. 
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II 
Figure 1.3. Illustration of one-photon and two-photon excitation 
vo lumes. A. One-photon excitat ion, where the blue area is the 
exciting radiation and the green area is the f luorescence. The white 
area is the sample. B. Two-photon excitation, where the red area is 
the excit ing radiation and the green area is the f luorescence. 
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Figure 1.4. Jablonski d iagram of a photosensit izer using one-
photon (blue arrow) or two-photon (red arrows) excitat ion. 
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Figure 1.4 is a Jablonski d iagram indicating the possible outcomes of a photon 

absorbance. In TPE, two photons are delivered to a molecule in rapid 

succession (red arrows), as opposed to delivering the same energy in one higher 

energy photon (blue arrow). TPE requires high peak intensities of exciting 

radiation, typically in the range of 1 0 2 0 to 1 0 3 0 photons/cm 2 s. The molecule 

absorbs the first photon and it goes to a virtual excited state. This intermediate 

state can be a superposit ion of molecular states instead of an eigenstate of the 

molecule. If the second photon arrives in t ime, the molecule may be sent to a 

real excited state, f rom which it can relax down to the ground vibrational state by 

coll isional relaxation, emit a photon through f luorescence, or undergo intersystem 

crossing to a triplet state. If the molecule undergoes intersystem crossing to a 

triplet state, then it is possible that the molecule could interact with a molecule 

such as triplet oxygen to produce singlet oxygen, a toxic species involved in 

PDT. 

TPE can also be understood by relating it to Raman scattering. In Raman 

scattering, a photon is transiently absorbed by the molecule, allowing the 

molecule to reach a virtual state. It is important to note that the photon absorbed 

is not in resonance with the molecule, i.e., AE ! hv, where AE is the change in 

energy, and hv is Planck's constant multiplied by the f requency of the radiation, 

which is the symbol for a photon. Because this virtual state does not correspond 

to a stationary excited state of the molecule, the virtual state has a very short 

lifetime, and the photon will be reemitted within about 1 fs. If the light intensity is 
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high enough, then both st imulated light scattering and two-photon absorption 

become possible. The dif ference between Raman scattering and two-photon 

absorpt ion can be illustrated through a modif ied Planck's l aw . 1 2 

Two-photon absorpt ion: AE = hvl+hv2 (1.1) 

Raman scattering AE = hvl-hv2 (1.2) 

The subscripts 1 and 2 indicate two separate photons, which may or may 

not be of differing energy. 

It should be noted that because two photons are involved, two electric field 

vectors would be required to descr ibe their interaction with the molecule. It is 

beyond the scope of this chapter to discuss this, but the interested reader can 

find the information in reference 12. It fol lows that the two-photon process will 

go as the square of the intensity of the exciting radiation. 

From a symmetry perspect ive, it is known that for a one-photon 

absorpt ion, the parity rule for the absorption is that the parity must change, i.e. 

u(ungerade = odd = totally unsymmetr ic) < -> g(gerade = even = totally 

symmetr ic) for the initial and final wavefunct ions. This is expressed as <^ /f|p.|xí /¡> 

* 0, where \x is the electronic dipole moment and has a parity of u. Thus, one 

must have uxuxg or g x u x u since uxu = g and gxg = g . However, if we now 

consider a two-photon process, we see that the expression becomes 

<vî /f|u,|m><m||a|xFi> * 0. For this to be true, the parity selection rule for a two-
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photon absorpt ion process must be u<->u or g< ->g . This reversal of the 

parity rule suggests that for molecules with inversion symmetry, two-photon 

absorpt ions and one-photon absorpt ions will be mutually exclusive. Thus, a 

transition in one-photon spectroscopy may be weak, but in two-photon 

spectroscopy will be strong and wee versa. It should be noted that symmetry 

based selection rules only relate to the "al lowedness" of a transit ion, but reveal 

little about how intense a symmetry al lowed transition will be. In effect, most two-

photon processes are al lowed for all molecules, but their intensities will vary. 

Vibronic coupl ing becomes more important in aromatic systems and can change 

the relative intensities of one- and two-photon absorption s p e c t r a . 1 3 , 1 4 However, 

TPE may al low access to one-photon "forbidden" states. The change in the 

parity rule also indicates that we may reach different excited states during 

absorpt ion and we may observe that the photochemistry is much different. This 

could be important in considering how a drug commonly used in one-photon 

imaging or t reatment will react when exposed to TPE. 

The primary advantage of TPE is the confined excitation volume, which is 

limited to fl_ size vo lumes. This is because the excitation probabil i ty is 

proport ional to the square of the laser intensity. This non-l inearity implies that 

two-photon- induced absorpt ion will occur most strongly near the focal plane 

where the greatest photon flux is. The localized excitation vo lume results in 

greatly improved depth discr iminat ion in the axial and improvement in image 

contrast when compared to convent ional microscopy. As a consequence of the 
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localized excitation volume, there is a reduction in the out-of-focus 

photobleaching and tight conf inement of photochemistry. 

1.3 T w o - P h o t o n PDT 

There is increasing interest in the application of activating photosensit izers 

via the s imultaneous absorpt ion of two near infrared (NIR) photons of 

femtosecond pulse d u r a t i o n . 1 5 , 1 6 ' 1 7 PDT using two-photon excitation (TPE) offers 

many fascinating possibil it ies. Figure 1.5 is a labeled absorption spectrum of 

PplX in dimethylsulfoxide. The arrows indicate the position of the two-photon 

and equivalent one-photon wavelengths. In all experiments, the two-photon and 

one-photon excitation is in the Soret band of both PplX and Verteporf in. 

One of the chal lenges in PDT is the depth of t issue penetration. Using 

lower wavelength visible lasers, such as a frequency doubled Nd:YAG or Ar + , 

limits the depth of tumour penetrat ion, due to scattering of the light. This limits 

PDT to flat, thin tumours on the surface of light accessible cavit ies. As has been 

illustrated in TPE f luorescence microscopy of s k i n , 1 9 there is a 10-100 fold 

increase in the depth of penetration of NIR laser light compared with visible light. 

This presents the possibil ity of PDT deeper within a tumour. In addit ion, the 

lasers used in treatment itself can cause radiation damage to the surrounding 

limits the depth of tumour penetrat ion, due to scattering of the light. This limits 

PDT to flat, thin tumours on the surface of light accessible cavit ies. As has been 
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il lustrated in TPE f luorescence microscopy of sk i n , 1 9 there is a 10-100 fold 

increase in the depth of penetration of NIR laser light compared with visible light. 

This presents the possibility of PDT deeper within a tumour. In addit ion, the 

lasers used in treatment itself can cause radiation damage to the surrounding 

healthy t issues, because limited amounts of drug remain in the healthy t issue. 

3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 

Wavelength (nm) 

Figure 1.5. Absorpt ion spectrum of PplX in dimethylsulfoxide. The red 
arrows indicate where two-photon excitation exists with reference to 
the absorpt ion bands and shows the equivalent one-photon excitation 
(OPE). For all experiments, the two-photon excitation is equivalent to 
an excitation in the Soret band. 
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Highly localized PDT is essential for treatment of sensit ive t issues such 

as that found in the PDT of age related wet macular degenerat ion. TPE has also 

proven advantageous in the application of imaging live specimens since there is 

much less out of focus photodamage than in conventional linear confocal 

m ic roscopy . 1 8 Thus, using TPE, one can potentially confine the photodynamic 

effect to a focal volume of the order ~1 ̂ m 3 , as we will show in Chapter 3 with 

mult i-photon photodynamics of latex nanospheres. Whi le the excitation volume of 

TPE may be limiting when treating large areas of t issue, PDT is also finding use 

in age-related macular degenerat ion (AMD) and Barret's esophagus, where 

smal ler t reatment vo lumes are desirable. 

Many previous attempts at TPE applied to PDT have been limited by laser 

induced hyperthermia at the high f luences needed to drive two-photon 

transit ions. This was primarily due to the use of 1.06 (i.e. Nd:YAG) lasers . 1 5 

At this wavelength, there is signif icant one-photon absorption by water. Since 

light in the range 700-800 nm has only very weak linear absorption in biological 

samp les , 1 8 laser- induced hyperthermia is minimized. Thus, it is possible to 

activate a photosensit izer whi le simultaneously imaging a single cell or t issue 

using TPE. 

Fischer et al.15 have presented a comprehensive study of the excitation 

and emission propert ies of psoralen derivatives using NIR-TPE. Moreover, they 

have demonstrated the feasibil ity of two-photon PDT using 
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Salmonella typhimurium. Their work has provided the impetus to explore the 

photochemistry behind two-photon PDT using other sensit izers. 

1.4 C o n c l u d i n g R e m a r k s 

The main thrust of this thesis is the elucidation of excited state properties 

of the photosensit izers PplX and Verteporf in. To accomplish this, we examined 

the solvatochromic behaviour, fluorescence quantum yield, and photobleaching 

behaviour of these molecules. W e have examined the photobleaching properties 

of Verteporf in in aqueous, micellar, organic solvent, and cellular environments. 

W e have observed the two-photon formation of a photoproduct in PplX and have 

studied its kinetic properties through non-linear spectroscopy. A model of two-

photon fluorescence correlation spectroscopy (FCS) has been developed for 

future use in excited state properties of photosensit izers. 

As the first graduate student in a laboratory, one has the unique 

experience of not only designing, building, and optimizing the instrumental layout, 

but also the opportunity to conduct the first experiments in the new research 

program. This thesis provides the groundwork for future work in TPE 

spectroscopy, TPE-PDT, and f luorescence correlation spectroscopy. 
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CHAPTER 2: OPT ICAL SET UP 

2.1 I n t r o d u c t i o n 

One of the decisions when setting up a laboratory is whether to buy a 

commercial ly built instrument or design a home-buil t system. Whi le the 

commercial ly built instrumentation is convenient, it can be more expensive and 

can lack flexibility in use. A home-buil t system can be more difficult to assemble, 

but al lows the user to create the perfect layout design for a variety of 

exper iments. In this chapter, we describe in detail the set up of our 

instrumentation. 

2.2 I n s t r u m e n t a t i o n C o m p o n e n t s 

Figure 2.1 is a schematic of our instrumentat ion. The basic components 

of our system include a floating table top (Newport Corporat ion, Irvine CA), a 

Millennia V diode pumped Nd:YV04 cw (continuous wave) laser (Spectra-

Physics, Mountain View, CA) set at 5 W with a 532 nm output which pumps a 

model 3941-M1S Tsunami fs mode- locked, tunable Ti:sapphire laser (Spectra-

Physics) operat ing at 82 MHz, a beam splitter that sends some of the laser to a 

Laser Spectrum Analyzer (model E200, IST-REES), ultrafast mirrors (Melles 

Griot, Irvine, CA) , a 3 m m aperture, a polarizing pr ism, a Gali lean beam 

expansion system, a microscope (Zeiss Axioplan 2) , a dichroic mirror (Chroma 

Technology Corp., Brattleboro, VT), a compound objective (Carl Zeiss, Canada, 



Don Mills, ON) , and a detection system. Each of these components will be 

descr ibed in detai l . 
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Figure 2 . 1 . Design of instrumentation for two-photon spectroscopy. 

2.2.1 F loa t i ng Laser Tab le 

The f loatable laser table helps el iminate vibrations caused by building 

movement and equipment vibration. The table is grounded to a water supply to 
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help el iminate the static caused in a dry cl imate such as Calgary. The table 

can be operated in both a non-floating mode and a floating mode. Initially, we 

operated the table in a non-floating mode and it seemed to isolate most of the 

vibrations. Due to increased building vibrations caused by construction both in 

our building and adjacent to our building on three sides, the isolators were filled 

wi th compressed air and leveled such that the table was floating on an air 

cushion. This stopped all but the most major vibrations which made the entire 

building sway. The table is dril led with quarter-twenty threaded holes separated 

by 1 inch. This has two advantages in that we can attach our equipment directly 

to the table and we can use the grid-like environment to help us align our 

equipment more easily. 

2.2.2 Lase r S y s t e m 

W e had several options in our choice of laser. Since we had the 

opportunity to buy a demo laser, we chose the Millennia V diode pumped 

N d : Y V 0 4 cw laser (Spectra-Physics, Mountain View, CA) and a model 3941-M1S 

Tsunami fs mode- locked, tunable Tksapphire laser (Spectra-Physics) 

combinat ion. The Millennia laser can operate at up to 5 W output power at 532 

nm. It can also be used as a green cw laser for one-photon experiments. The 

output is used to pump the Ti:sapphire laser, which operates at 82 MHz and is 

tunable over a range of 830nm to 750 nm. It produces about 800 mW of power at 

the maximum of its tuning curve. From the spectral width of the laser light, we 
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can estimate the pulse width to be 40 fs before entering the microscope. This 

combinat ion of power and pulse width is relatively stable over most of the tuning 

range. The laser is actively mode- locked, which al lows stable operation for 

periods of greater than 36 hours continuous operat ion. The laser can also run in 

cw mode, which has advantages when examining signal for multi-photon 

excitation. This is because mult i-photon transit ions are very dependent on peak 

power. In pulsed mode, the peak power is very high, whereas in cw it is not. 

Because the Ti:sapphire is most stable in pulsing mode, there may always be 

some pulsing, even in cw mode. 

2.2.3 Laser S p e c t r u m An a l yze r 

About 5% of the output of the two-photon laser is sent to a Laser 

Spectrum Analyzer (model E200, IST-REES) by reflection off an optical flat 

placed at a 45° angle in the beam path. The spectrum analyzer is attached to an 

osci l loscope. The remaining laser light goes to the microscope. The spectrum 

analyzer al lows us to gauge the pulse width and monitor the wavelength of the 

laser. The wider the spectrum on the osci l loscope, the shorter the pulse in t ime. 

2.2.4 B e a m S tee r i ng A p p a r a t u s 

The beam steering apparatus consisted of standard mirror holders 

(Newport Corporat ion, Irvine, CA) which held ultrafast mirrors (Melles Griot, 

Irvine, CA) . Ultrafast mirrors are necessary when using pulsed lasers as they 
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minimize the pulse broadening due to group velocity dispersion. In addit ion, it 

is desirable to have as few mirrors as possible to minimize power losses due to 

reflection at each mirror. The mirror holders must be maintained in a stable 

posit ion. The mirrors are special ly coated such that max imum reflection occurs 

only when the beam hits the mirror at a 45° angle. The mirrors must be kept 

clear of dust and f ingerprints to minimize power loss and damage to the mirror 

surface. The mirrors can be cleaned with a puff of compressed air or by using 

forceps to gently drag lens paper soaked with spectral grade methanol over the 

mirror surface. The mirrors should never be touched with bare skin, as the oils in 

the skin will damage the mirrors. 

Three mirrors reflect the beam before it passes through an aperture. This 

aperture can control the size of the beam and can prevent any "wings" on the 

edges of the laser beam from being further propagated through the system. Our 

aperture is adjustable f rom 3 m m to 5 mm. 

After the aperture, the beam passes through a polarizing pr ism. Since the 

beam is plane polar ized, the prism allows only a certain amount of the light to 

pass through the prism and the rest is scattered. This al lows control over the 

intensity of the light reaching the sample by rotating the pr ism. Another way to 

control the light intensity is to use a neutral density filter wheel . 

After the polarizer, the beam is passed on to the bottom mirror of the 

periscope and is reflected up and through the lenses which make up the Gali lean 

beam expander. It is important that the height of the laser beam at any point 



does not equal or exceed the eye level height of any member of the laboratory. 

Our laser beam is kept at about 4 feet off the floor, which is well below the eye 

level of the current shortest member of the lab (i.e., me). The Galilean beam 

expander consists of two lenses, which are kept a distance apart equal to the 

sum of the focal length of the lenses. The beam expander enlarges the cross 

section of the beam so that it completely fills the back aperture of the microscope 

objective. This al lows the smal lest focus to be generated. 

2.2.5 The D i ch ro i c M i r ro r 

After the beam is expanded, it passes through the epi-i l lumination port of 

the microscope and is reflected off a dichroic mirror. The dichroic mirror is a 

piece of glass which has been coated with materials of varying dielectric 

strength, such that when the mirror is at a 45° angle, the excitation beam is 

reflected to the back of the microscope objective, but any scattered light will not 

be passed back to the detector. The dichroic mirror has a specif ic window 

through which f luorescence can be collected and thus the properties of the mirror 

are selected for the appropriate wavelength such that excitation light will be 

excluded f rom the col lected signal. Unfortunately, no system is perfect, so if 

absolute exclusion of scattered excitation light is necessary, a notch filter can be 

placed in the microscope turret after the dichroic mirror. There is a tradeoff, in 

that some of the f luorescence will no longer reach the detector, but it may be 
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necessary if the detector is more sensitive to the scattered excitation light than 

the f luorescence. 

2.2.6 The C o m p o u n d Ob jec t i ve 

The microscope operates using epi-i l lumination in upright geometry. The 

excitation light is passed to the sample through a compound objective lens which 

focuses the laser beam into the sample. In our system, this objective lens also 

collects the emitted light, necessitating the dichroic mirror. W e used two 

objective lenses in our system, a 100X, Planapochromat, N.A. 1.4, oil immersion 

(Carl Zeiss, Canada, Don Mills, ON) and a 100X Planapochromat, N.A. 1.25, 

water immersion lens (also f rom Zeiss). The Planapochromat lenses correct for 

color aberrat ions, image curvature, beam apodizat ion, and coversl ip propagat ion. 

The water immersion lens tends to back scatter the excitation light more than the 

oil immersion lens does, but the water immersion lens is more versatile for live 

samples. The oil is also slightly f luorescent, but since we use notch filters to 

el iminate unwanted light, it does not reach the detector. An example of the notch 

filters we use is an F70-550 (CVI Laser Corporat ion, Albuquerque, NM). 

The power of the beam before entering the objective can be varied 

between 20 m W and 300 mW. This is highly dependent on the al ignment of the 

system. The actual power in the focal volume would be lower due to losses f rom 

the objective lens. The light intensity at the beam focus was not measured but is 
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est imated to be 5 0 % of that at the back aperture, owing to reflection losses off 

the compound lens system. 

2.2.7 The De tec t i on S y s t e m s 

W e used three different detection systems, depending on the experiment. 

These included a photomult ipl ier tube and photon counter, a f luorimeter (with a 

photomult ipl ier tube), and an avalanche photodiode. 

2.2.7.1 F l uo rescence Co r re la t i on S p e c t r o s c o p y Set Up 

The first exper imental set-up described is for two-photon f luorescence 

correlation spectroscopy of spheres (see Chapter 3). The detector used was a 

photomultipl ier tube (type R5600P, Hamamatsu Photonics, K.K., Japan). This 

device was mounted in a housing designed in our mechanical shop. The 

electrical signal was sent to a home-built current/voltage converter/amplif ier, 

which converted the signal to a usable format for the SR-400 two-channel gated 

photon counter (Stanford Research Systems, Sunnyvale, CA). The photon 

counter was outfitted with a home-bui l t circuit to obtain a TTL (transiter transiter 

logic) output signal. The TTL signal was sent to the input channel of a hardware 

autocorrelator card (ALV-5000/E, ALV-GmbH, Langen, Germany, version 

1.4.8.3) control led by a Pent ium computer. This card calculated the normalized 

f luorescence autocorrelat ion funct ion, as discussed in Chapter 3. 



W e had some chal lenges with this detection system. Certain filters 

("spike killers" ala Dave Malinsky) were employed to help filter out the pulses 

f rom the electromagnet f rom the NMR which is located directly below our 

instrumentat ion. The photon counter was also susceptible to ground loops. 

These were reduced by grounding the table and carefully selecting connecting 

cables that did not propagate noise. W e finally stopped using this detector when 

the construction started in our building. W e discovered that the electrical drills 

wou ld cause the signal to spike with no input f rom f luorescence. Since we were 

unable to resolve this problem, we switched to an avalanche photodiode detector 

because it has much higher sensitivity in the red range of our spectrum, which is 

where the photosensit izers that we are interested in f luoresce. 

2.2.7.2 T w o - p h o t o n F l u o r e s c e n c e S p e c t r o s c o p y 

To conduct exper iments on the photobleaching rate of Protoporphyrin IX 

and generation of the photoproduct (Chapter 4), we employed a Zeiss MPM 400 

fluorimeter. The f luorimeter w a s controlled with Lamda Scan software (version 

1.6, Carl Zeiss Canada) . This device was mounted on the camera turret of the 

microscope. Because we removed much of the optics inside the microscope to 

facilitate using a laser light source, the light path coming out of the microscope 

turret was no longer centered. Thus we devised an adaptive collar in order to 

align the f luorescence into the fluorimeter. The monochrometer operates 

between 300 and 680 nm. 
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2.2.7.3 The A v a l a n c h e P h o t o d i o d e (APD) 

The third detection system was the avalanche photodiode (SPCM-AQR-

13-FC, Perkin Elmer). The unit consists of a Si photodiode, which is connected 

to a 5V power supply. The light is imaged onto the photodiode using a factory-

coupled fiber-optic. Whi le this system adds flexibility to the placement of the 

detector, it has a few limitations. W e had to develop a mount for the fiber-optic 

tip, as shown in Figure 2.2. Included in the mount are a coll imating lens, an 

object ive lens (10X, Planapochromat, Zeiss), and two horizontal translation 

devices. Both the f iber optic tip and the objective lens are translatable in the 

horizontal direction. The fiber optic tip is also translatable in the vertical direction. 

Originally, the fiber optic was held in a chuck (Melles-Griot). The fiber 

optic could be pulled in and out of the chuck. However, the tip of the fiber is only 

a bare glass wire; this made the tip susceptible to cracking and chipping. W e 

attempted to remedy this by cleaving the fiber optic, gluing a ferrule onto the t ip, 

and then polishing the tip. The chuck had to be dril led out in order to secure the 

ferrule so that the risk of the f iber breaking off was minimized. The fiber optic 

was no longer removable f rom the chuck, but the tip retained the ability to be 

polished again, if necessary. The drawback of this solution is that by removing 

the polymer around the glass fiber, signal may be lost. 

The A P D is less susceptible to environmental noise, al though the power 

supply must be turned on at least 24 hours in advance to stabilize it. The A P D is 

so sensitive that all light sources in the lab need to be covered with tin foil, in 
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addit ion to the area where the fiber optic connects with the mount and where 

the cable attaches to the photodiode box. 

2.3 A l i g n m e n t o f O p t i c s 

In order to maximize laser power and f luorescence signal, it is vital that 

the entire system remain al igned. All the mirrors must be at a 45° angle to 

maximize reflection. The beam also needs to be centered on the mirror surface 

and the surfaces must be clean and free of dust. From the top of the periscope, 

the beam must travel parallel to the table when it enters the microscope. From 

this point, the laser has to be al igned going through the microscope. There are 

two methods to check this and remedy the situation if necessary. In the first 

method, one turns the microscope to an open objective port and checks to see 

that the beam looks relatively symmetr ic. Then one can draw a circle around the 

laser beam waist projected onto a piece of paper on the microscope stage. Then 

flip to the 5X objective and posit ion the circle so that the beam is directly in the 

center. Flip back to the open port. If the beam is not directly in the center of the 

circle, adjust the top per iscope mirror to translate the beam until it is. Flip back to 

the 5X objective and repeat until the beam is in the center of the circle. The laser 

is now al igned. If the beam will not go into the center of the circle, the entire 

microscope is misal igned. To correct this, use a 20X objective and move the 

microscope until the beam appears to be going through the objective completely. 
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Figure 2.2. Fiber optic mount for use with the avalanche photodiode. 



Switch back to the 5X object ive and the open port and repeat the al ignment 

procedure if necessary. If the intensity of the laser is changed, the al ignment 

procedure must be repeated, al though it should not be necessary to move the 

microscope. 

2.4 M e a s u r i n g the P o w e r Be fo re the Ob jec t i ve 

W e measured the power before the objective by turning to an open port 

and placing a power meter under the laser beam. W e did not est imate the pulse 

width of the laser at this point, al though this would be possible by removing the 

stage assembly from the microscope and placing the laser spectrum analyzer in 

the beam path. 

2.5 A l i g n i n g the F iber Op t i c T i p 

In order to maximize the f luorescence signal, it is necessary to align the 

fiber optic tip so that the max imum amount of light is focused on it. It is first 

necessary to ensure that the tip is clean and polished. Polishing should only be 

needed infrequently. It can be accompl ished by using a three-grit fiber optic 

polishing paper and some spectroscopic methanol or preferably water. Starting 

at the coarsest grit, one pol ishes the tip by wett ing the paper with water and then 

moving the tip very lightly in a circular motion. Move to the next higher grit and 

repeat, f inally moving to the f inest grit. After rinsing the tip off, one can observe 

the tip end under a microscope, ensuring that there is light going through the 



f iber f rom the other end. Once the tip is clean, place the tip in the mount. 

Ensure that the tip is not close enough to the objective in the mount to touch it, 

but that it is no more than 1.5 cm above it. Figure 2.2 illustrates the position of 

the tip. Place the mount on the microscope, ensuring that the skewing of the 

mount matches the off center beam. Place a sample of Rhodamine 123 under 

the microscope objective (10" 4 M at most) and adjust the polarizer for max imum 

laser power at 800 nm. Place a green filter (550-F-70) in the dichroic mount to 

el iminate noise. It should be easy to observe the f luorescence. The microscope 

mount splits into two pieces. Remove the top piece so that the objective lens in 

the tube is visible. Holding a piece of paper over the objective, translate the 

objective until the f luorescence is coming through the objective at the brightest 

possible level. Place the top piece of the mount back over the objective. Start 

the ALV-5000 software. Adjust the horizontal translation of the fiber optic tip until 

the f luorescence is observed to be a max imum If the f luorescence registers a 

signal of over 10 MHz, use a more dilute solution of Rhodamine 123, as the A P D 

would be saturated with signal. Check that the f luorescence observed is indeed 

two-photon excitation by switching the laser to cw mode. Once the horizontal 

position is maximized, very slowly adjust the vertical translation to maximize the 

signal. Note that the horizontal position will have to be reoptimized, as the fiber is 

somewhat free to rotate. Any movement in the translation devices requires 

extremely smal l adjustments. A word of caution: if the top of the f iber where it 



29 

exits the mount is not covered in tin foi l , moving a hand near the mount may 

cause the signal to change. 

2.6 C o n c l u s i o n 

Whi le this chapter is no substitute for experience, it can be used as a 

guide in sett ing up a two-photon apparatus. 
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Chapte r 3: T w o - p h o t o n FCS: t he Mode l 

3.1 I n t r o d u c t i o n 

Two-photon photodynamic therapy is a potentially powerful technique for 

treating extremely small t issue volumes. However, before the technique can be 

put into effective use, one must know more about how small the two photon 

excitation vo lume is and what factors influence its size. In this chapter, we 

develop a model for the two-photon excitation volume using dye fil led polystyrene 

spheres which have a known, wel l-defined radius, and therefore a calculable 

diffusion coefficient. These spheres will al low us to determine the two-photon 

excitation vo lume. While this exact value of the TPE volume is not used in the 

rest of this thesis, it is an important concept and of great value for future work. 

3.2 H is to r i ca l Perspec t i ve 

Fluorescence correlation spectroscopy (FCS) was first introduced in the 

early 1970 ' s . 2 0 The technique analyzes the fluctuations in the average 

f luorescence of a system under observat ion. This allows insight into the 

processes which give rise to the f luctuations. It is a very attractive technique, as 

it has high sensitivity and selectivity, is rapid, and requires a minimal sample 

vo lume. 2 1 Whi le FCS was originally used to quickly determine the concentrat ion, 

diffusion coefficients, and chemical rate constants of molecules in so lu t ion , 2 0 FCS 

has found appl icat ion in a wide variety of areas. FCS is commonly used at the 



single molecule level of d e t e c t i o n . 0 Essentially, any process which can 

change the intensity of the f luorescence in the system can be monitored using 

FCS. FCS has been used to measure triplet state parameters , 2 3 give information 

on intracellular environments and reactions at cell su r faces , 2 4 " 2 6 measure 

diffusion coeff icients in cell membranes , 5 8 monitor hybr id izat ion, 2 7 detect HIV-1 

RNA, monitor ion concent ra t ion, 2 9 study PNA-DNA interactions 3 0 and DNA 

b ind ing, 3 1 probe internuclear d i f fus ion, 3 2 measure polydispersi ty, 3 3 establ ish 

binding s t reng th , 3 4 evaluate photodynamic propert ies, 3 5 monitor l igand-receptor 

interactions in cell membranes , 5 9 and observe conformational dynamics . 3 6 FCS 

has excit ing possibil it ies for probing dynamics inside single cells and can be 

combined wi th other techniques, such as measuring f luorescence resonance 

energy transfer wi th F C S . 6 0 

FCS can be il lustrated using Figures 3.1 through 3.3. Molecules f low 

through an i l luminated region where their f luorescence can be observed (Figure 

3.1 ). Any process which causes that instantaneous f luorescence to change will 

be recorded in the auto-correlation function calculated from the f luctuations 

(Figure 3.2 and 3.3). The temporal auto-correlation function measures the 

average durat ion of a f luorescence f luctuation, which will decay over t ime. The 

rate of decay and the shape of the autocorrelation function provide insights into 

the mechanisms and rates of processes that change the function. The magnitude 

of the correlat ion function provides information about the number of molecules in 



the emission vo lume. In one photon FCS, the emission volume element is 

selected by a pinhole placed before the detector, which defines a confocal 

Chemical 

Figure 3 .1 . When equil ibrium is establ ished, 
molecules diffuse or f low through the excitation 
vo lume where they f luoresce or undergo 
transit ions to states with different quantum yield, 
altering the average f luorescence in the volume. 

Time x 

Figure 3.2. The fluctuations in f luorescence over 
t ime are recorded and used to calculate the 
autocorrelat ion function in Figure 3.3. 
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Figure 3.3. The temporal autocorrelation function decays with t ime, 
T. The rate of the decay and the shape of the function correspond 
to the mechanisms and rates of the processes that give rise to the 
f luctuations in f luorescence. The magnitude of the intercept (or Go) 
is related to the number of f luorescing species in the volume. 

lens 

Figure 3.4. The two-
photon volume element 
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volume. In two-photon FCS, the volume element is defined by the laser 

profile, which can be def ined as either a Gaussian-Lorentzian or point-spread 

func t ion . 4 8 Since the derivation of the one-photon autocorrelation function can be 

found in reference 2 1 , it will not be presented here, except to illustrate a single 

point. The equat ion for the autocorrelation funct ion, G(T), when the changes in 

average f luorescence are caused solely by diffusion is given by 

G(x) = — 
N 

1 

1 + 4Dx 

co 

(3.1) 

1 ) 

where N is the number of molecules in the emission volume, D is the diffusion 

coefficient of the molecules, % is the t ime delay in the measurement, and coy is the 

radius of the vo lume element. This model considers diffusion only in the XY 

plane. If one wants to describe three-dimensional diffusion, a new volume 

element must be descr ibed. Some groups have taken the volume element such 

that Û>I<CÛ2 (see Figure 3.4) and have developed an expression for G f x / 1 

G(x) = 
N 

Y 

1 + 
4Dx 
û),? 

1 + 

A 

4Dx 
co2 

(3.2) 

where (¾ is the axis of the volume element. Some groups define the excitat ion 

volume by assuming that the beam follows a Gaussian profile in both the radial 

and axial direct ions or as a Gaussian in the x, y, and z directions, forming a near 

spherical v o l u m e . 5 7 Rigler and co-workers model the excitation volume as a 
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cylinder, wh ich they consider to be a "convenient approx imat ion" . 5 7 This can 

create problems in the interpretation of the correlation function and the data 

calculated f rom it. 

From diffusion theory , 5 5 it is well known that for a displacement in three 

dimensions 

A r 2 = 6Dt. (3.3a) 

The initial two-dimensional G(t) is correct (equation 3.1), since to calculate 

the diffusion t ime across the volume we have 

0) 2 

xD=— (3.3b) 
AD 

and correspondingly, it has 4D in the expression. It would follow that for three 

dimensions, G(t) should have 6D in total in the expression, but equation 3.2 has 

a square root function with 4D/0022 a n d the expected 4D/coi2 f rom the two 

dimensional equat ion. Whi le equation 3.2 is what fol lows from the derivation, it 

makes no sense physically. The error arises f rom interpreting three-dimensional 

diffusion with two-dimensional optics and neglecting to properly model the 

volume. Qian 5 6 points out that a complete analysis of the full t ime course of the 

f luorescence autocorrelat ion function for a three dimensional optical system 

would involve a compl icated calculation. He makes the point that for one photon 

excitation, using the two dimensional optical system for analysis of the correlat ion 

function does not greatly affect the results unless the pinhole is more than two 

t imes larger than beam waist, m- When the pinhole is small , the effect of mot ion 

in the z-direction becomes quite important. However, to be completely r igorous 
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and to avoid a complex calculation, Qian analyzed the initial slope of the 

normal ized correlat ion funct ion and came out with two expressions for the 

diffusion t ime, one for the horizontal direction and one for the vertical direct ion. 

0) 2 z 2 

X = _ 2 » x =-f!EL (3.3C) 
* 4D z 2D 

where G)app is the apparent beam waist and the expression of zapp can be found in 

reference 56. Despite this knowledge and the improvement in comput ing that 

would allow the calculat ion of an appropriate autocorrelation function using three 

dimensional optics, many groups still use an inappropriate form of the 

autocorrelat ion funct ion, such as equation 3.2, and therefore present 

systematical ly incorrect values for D. 

It should be noted that, of the few groups who have attempted two-photon 

F C S , 2 4 , 3 8 , 6 1 there are disagreements as to how the two-photon intensity 

distribution (or excitation volume) should be modeled, some groups preferring to 

use a Gaussian-Gaussian volume e lement , 6 1 a Gaussian-Lorentzian volume 

e lement , 2 4 or a point-spread func t ion . 3 8 A Gaussian-Gaussian volume element is 

often used because it provides an analytic solution for the autocorrelation 

function. 

3.3 Ra t iona le f o r T w o - p h o t o n FCS 

The vast majority of FCS experiments are performed using one-photon 

excitation wi th a HeNe or A r + ion laser. Since excitation occurs along the entire z-

direction i l lumination, one-photon FCS may not only contribute to substantial out-
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of-focus photobleaching or photodestruction of the f luorescent probe, but also 

may influence the survival of living organisms. Two-photon excitation has been 

proposed as a method to minimize the damage to living organisms during FCS 

measurements by confining the excitation to a small focal v o l u m e . 2 4 , 3 7 , 3 8 Very 

few groups have at tempted two-photon FCS, likely due to the expense 

requirement in purchasing and operating an appropriate pulsed laser system. 

Two-photon excitation also has advantages due to the elimination of out-of-focus 

background, the avoidance of Raman and Rayleigh scattering to reduce in-focus 

background, and the el imination of a pinhole from the detection system, reducing 

al ignment chal lenges. However, because different excited states may be 

reached with two-photon excitation, in-focus photobleaching may be reduced, 

el iminated, or even enhanced. 

Al though mult i-photon excitation reduces photodamage outside the focal 

vo lume, there can be significant photodynamic effects within the volume. For 

single molecules, irreversible two-photon initiated photodamage has been 

obse rved . 3 9 Even at a modest mean power for pulsed femtosecond lasers (10 

mW) , terawatts of peak f luence ( 1 0 1 2 W/cm 2 ) can be generated via the severe 

focusing used in mult i-photon imaging. At power levels u.10 mW, Chinese 

hamster ovary cells have been observed to f ragment . 4 0 Moreover, living cells 

optically t rapped with cw near-infrared light (700-800 nm) were found to develop 

compromised reproductive capabil it ies owing to mult i-photon absorption events 4 1 



Near infrared lasers have also been used for trapping 1-4 um 

mic rospheres . 4 2 In reference 42, Zhang et al. observed multi-photon 

f luorescence excitation even in cw infrared trapped f luorescently labeled 

spheres. Previous work by Misawa et al. 4 3 examined the effect of high-power 

pulsed infrared lasers on t rapped microspheres (~6u.m diameter). They 

observed that a minute hole could be fabricated in the t rapped sphere using a 

single laser shot. Mult i-photon absorption by polystyrene was suggested to be 

the mechanism for the ablat ion of material from the latex sphere. 

From the above examples, it is clear that whi le two-photon excitation does 

minimize some of the problems associated with one-photon excitation, there may 

be other considerat ions wi th nonlinear excitation. Therefore, the dynamics 

occurr ing in the focal excitation volume of the mult i-photon microscopes must be 

examined in greater detail. The model system we have employed is two-photon 

FCS on solut ions of polystyrene nanospheres small enough ( -100 nm diameter) 

that optical trapping should be minimized. These spheres are advantageous as 

model systems because their diffusion coefficients are calculable and the dye is 

protected f rom environmental effects. In this chapter, we examine the laser 

power dependence on the sphere dynamics within the excitation volume. W e 

have found that mult i-photon photodynamic effects cannot be explained through 

simple local solution heating. To model these results, we extend the two-photon 

FCS theory developed by Berland et al.24 to include terms that represent these 

dynamic effects. 
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3.4 Expe r imen ta l C o n d i t i o n s 

3.4.1 I n s t r u m e n t a t i o n 

FCS exper iments were conducted on a home-buil t instrument as 

descr ibed in Chapter 2. The dichroic mirror used was a 560DCSP Special 

(Chroma Technology Corp., Brattleboro, VT) and the band pass filter was an 

F70-550 (CVI Laser Corporat ion, Albuquerque, NM). 

The power of the beam before entering the objective was varied between 

32 m W and 125 mW. This al lowed the observation of signal under both low and 

high photobleaching. The actual power in the focal volume would be lower due 

to losses f rom the objective. The light intensity at the beam focus was not 

measured but is est imated to be 5 0 % of that at the back aperture, owing to 

reflection losses off the compound lenses. 

3.4.2 S a m p l e P repa ra t i on 

The samples used were FluoSpheres carboxylate-modif ied, 0.1 firn 

diameter, rhodamine dye-fi l led orange microspheres (F-8800, Molecular Probes, 

Eugene, OR) with a f luorescence maximum at 560 nm. The spheres were di luted 

in 0.055 M phosphate buffer, pH 6.8, to a concentration of 4 . 3 x 1 0 1 2 part icles/mL. 

Polydispersion measurements using dynamic light scattering conf irmed the 

average sphere diameter of a diluted orange sphere solution to be around 0.100 

! 0.005 um, thus no filtering seemed necessary. Dynamic light scattering was 



40 

also used to confirm the expected diffusion coefficient of the spheres. The 

solut ions were sonicated for one hour to resuspend and deaggregate the 

spheres and then al lowed to cool before being sealed in a three-well microscope 

sl ide. Fluorescence excitation spectra were measured using a spectrofluorimeter 

(Photon Technology International (Canada) Inc., London, ON). FCS of the 

spheres was run at a two-photon excitation wavelength of 780 nm. 

3.4.3 FCS e x p e r i m e n t s 

Because the FluoSpheres have a well-defined radius, we used the 

spheres themselves to optimize and calibrate our instrumentation. A small 

amount of sonicated, cooled sample solution was placed in the center well of a 

three-wel l microscope sl ide. A cover slip of 0.13 to 0.16 m m thickness (Corning 

Brand, No. 1 , VWR Canlab, Mississauga, ON) was sealed on the slide with 

mount ing medium (Cytoseal 280, VWR) which gave the best seal, thus 

preventing the formation of air bubbles. The wells are very shal low and contain 

approximately 0.3 mL of solut ion. This provides a "sink" of 3 x 1 0 1 1 f i rn 3 of 

solut ion. The dimensions of each well are 2 cm by 2 cm. Each experiment w a s 

performed several t imes to ensure consistency. The background noise level w a s 

adjusted to be less than 100 Hz (using the SR400 discriminator), while the 

f luorescence signal levels were between 10 kHz and 1 MHz. FCS collection 

t imes ranged from 10 s to several minutes, depending on the signal level. A 

good run was def ined as one for which the count function looked random, wi th no 



41 

evidence of aggregation induced intensity spikes. An example of a count rate 

verses t ime histogram is given in Figure 3.5. 

3.5 T h e o r y 

3.5.1 Laser In tens i t y 

W e choose to describe the spatial profile of a focused laser beam by an 

intensity distribution function which is radially [r] Gaussian and axially (z, 

propagat ion direction) Lorentzian. Thus, the overall intensity distribution is given 

b y 4 4 

I(r,z) = — 7 7 7 exp 
7UCÛ (z) 

2r 2 "\ 

{ 0 ) 2 ( z ) j 
(Gaussian) (3.4) 

where co 2(z) = oo 
f 
1 + z 1 + — 

z 
V V  r J y 

(Lorentzian) and where zr = 
7lC0n (3.5) 

and l0 is laser intensity, coo is the beam waist (see Figure 3.4), X is the laser 

wavelength, and zr is the depth of focus. As previously noted, there are other 

val id methods of describing the intensity distribution. 

3.5.2 F l u o r e s c e n c e A u t o c o r r e l a t i o n Func t i ons (ACFs) 

The normal ized autocorrelat ion functions were analyzed using a 

modif ication of the formal ism introduced by Berland e r a / . 2 4 In the absence of any 

photodynamic effects, the two-photon autocorrelation funct ion represents only 
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diffusional phenomena. In this case, the form of the normal ized function is 

obta ined via normalizing the autocorrelation function presented by Berland et 

al. 2 4 Thus, to obtain the normal ized ACF, 

32a 2 / X 6 

(3.6) 

is divided by < F > 2 , where 

(F) = ^ ^ ( c ) (3.7) 

and c is the concentrat ion of the f luorophore, x is the lag t ime, a represents the 

col lect ion geometry and efficiency, and D is the f luorophore's diffusion 

coefficient. Thus, the normal ized autocorrelation function for pure diffusion 

is 

GN
D(x) = 

32 

a>fa2{c)yl(4nyDx 
(3.8) 

where g(D,x) is the integral 

g(D,T) = [jp-

„ 2  

e x p ( - ^ - ) 
2EK 

( 
P4 + 2 + 

16Dx 
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16Dx 

- 4 

V2(2 + /?2) 
•+-

2 + p2+—— 
1 

\1 

(3.9) 

'o J J 

and p is the variable of integration. Equation 3.9 must be integrated numerical ly 

each t ime a data analysis is required. 

From equation 3.8, the value of the autocorrelation function at t ime zero 

(defined by the point at which the autocorrelation function has a horizontal 



43 

component - see Figure 3.9) provides a direct estimate of the number of 

molecules in the sample vo lume. Since the concentration is f ixed in our 

exper iments, changes in GdN(0) can be related to the changes in the excitation 

vo lume as a function of increasing laser power. 

1100 
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Time (s) 

Figure 3.5. Example of a count rate versus t ime histogram. This 
count rate was recorded for a laser power of 115 m W laser 
power with a background count rate of less than 100 Hz. 

If a destructive, nonreversible chemical reaction is occurring within the 

transit t ime for diffusion through the excitation volume, then a term in the 
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equat ion of motion for f luorophore concentration must be added to account for 

the reduction in the number of f luorophores. The equation of motion becomes 

^ - 8 c ( r ' ,t') = DV 2 5c(F ' , f) - kPDbc(F ,t') (3.10) 
of 

where r is the three-dimensional position coordinate of the diffusing particle, c is 

the concentrat ion, ô is the Dirac delta function, and kpo is the rate constant for the 

process. The autocorrelation funct ion then becomes 

= G £ ( T K * W X . (3.11) 

Our result parallels that found by Palmer and Thompson 4 5 for a two-

dimensional , one-photon FCS where they considered diffusion and a simple, 

f luorescence reducing equi l ibr ium. Palmer and Thompson found that the 

diffusion autocorrelat ion funct ion (ACF) could be simply multipl ied by a term 

including the chemical dynamics. Moreover, if one argues that the equil ibrium 

constant for Palmer and Thompson 's reaction is large, then their A C F simplif ies 

to the diffusion contribution, mult ipl ied by an exponential decay. 

It is possible that the diffusing particles also experience f low along the 

direction of laser propagation. This could arise from radiation p ressure , 4 6 where 

the net vector of radiation momentum is in the direction of laser propagat ion. In 

this case, equat ion 3.10 is modif ied to contain a term representing the velocity, v, 

along the z' direction 

— 8 c ( r V ) = DV 2 Sc( r V ) - \ ) — ô c ( F V ) . (3.12) 
dt' dz' 

Using equat ion 3 .12 to solve for the autocorrelation function, we obtain 
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G?otal(?) = GN
D{ï)e-* h l*D. (3.13) 

It is important to note that equation 3.13 holds for I z ' /x l < I x> I , which will 

be true for velocit ies of the order 10" 5 - 10" 6 m/s and values of z '=0. This is the 

case for diffusion near the axial boundaries of the excitation volume, where 

diffusion along the z' direction dominates the long lag t ime delay of the ACF. 

Near z '=0, lateral diffusion dominates the decay of the ACF. The derivations for 

equat ions 3.11 and 3.13 are presented in the Appendix to this chapter. 

In all instances, the correlation functions were fitted employing a 

Levenberg-Marquardt algorithm using equations 3.8, 3 .11 , 3.13, where 

appropriate. In all cases, the g(D,%) integral was fit numerically for each iteration 

because changes in co0 affect its value. The value of the diffusion coefficient, D, 

was held f ixed for all fits. Thus, when equation 3.8 was used, ca0 was f loated and 

when equat ions 3.11 and 3.13 were used, co0 and kPD or x> were f loated, 

respectively. 

Functionally, equations 3.11 and 3.13 are the same. It wou ld be 

impossible to conclude whether unidirectional chemical kinetics or f low is 

occurr ing solely based on the shape of the measured ACF. One must examine 

the consistency of the rate constants and velocities and their laser power 

dependencies to assess whether one or both of these two phenomena are 

occurr ing. 
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3.6 R e s u l t s a n d D i s c u s s i o n 

3.6.1 S a t u r a t i o n of T w o - P h o t o n Exc i ta t i on 

W e present the normalized f luorescence intensity as a funct ion of laser 

power squared in Figure 3.6. Similar to Schwille et al., 3 8 we normalize the 

f luorescence intensity to r\, the intensity per f luorescing particle (in this case, per 

sphere). This is accompl ished through multiplying the intensity by the zero t ime 

intercept of the autocorrelation funct ion, G% (0), which is analogous to dividing by 

the number of particles in the excitation volume (usually between 1 and 15). 

From Figure 3.6, we note that we are in the linear regime for 32 - 90 m W and 

appear to approach the saturation limit thereafter. The linear regime is 

consistent wi th reference 24, where small nanospheres were also employed. 

The saturat ion we observe occurs at higher laser power than that observed for 

tetramethyl rhodamine by Schwil le et a / . 3 8 This is presumably because of the 

difference in dye molecules. Finally, because the emission spectrum of the 

orange spheres does not overlap with the laser wavelength (780 nm), we do not 

expect any signif icant st imulated emission. 
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3.6.2 E x c i t a t i o n T h r e s h o l d Wa is t 

The nonl inear least-squares fit of equations 3.5, 3.8 or 3.10 to the 

autocorrelat ion function al lows the recovery of the beam waist, coo. coo is twice 

the distance f rom the beam center to where the Gaussian radial intensity 

distribution falls to 1/e 2 of its max imum value and thus should not be a function of 

laser intensity. However, the absolute intensity at coo does change as a function 

of laser intensity. Furthermore, one can consider the existence of a finite 

threshold laser intensity for two-photon exc i ta t ion. 3 7 It is this excitation threshold 

that conf ines the two-photon excitation to a finite volume with a finite waist. As 

the appl ied laser intensity increases, the threshold waist, ami, will become larger. 

The effect of this would be an apparent change in coo. W e have therefore chosen 

to model the change in threshold waist by al lowing 0¾ to float in our fitting 

procedure. There are two parts of the ACF, which help determine COQ. These are 

the zero lag t ime intercept and the transit t ime through the excitation vo lume, 

given a constant diffusion coefficient. As the laser power is increased, the 

excitation vo lume increases for two-photon absorpt ion. This is clear f rom the 

Gq (0) values, which become smaller as laser intensity is increased, suggest ing 

that there are more spheres in the excitation volume. This is i l lustrated 

schematical ly in Figure 3.8, where the increasing volumes could potentially 

contain a larger number of spheres. 

The values of com verses laser power can be found in Table 3.1 and 

plotted in Figure 3.7a. In Figure 3.7a, we have included a plot of the predicted 
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value of coTh based on the square of equation 3.4. To do this prediction, we 

chose the lowest laser power value (i.e., I0= 32 mW) and plotted the square of 

equat ion 3.4 as a function of the radial position at an axial position of z = 0. This 

plot can be found in Figure 3.7b. One can then set the threshold value for 

excitation such that the threshold beam waist of 700 nm (i.e. coo for 32 mW) is 

recovered. Next, the square of equation 3.4 is replotted at the increasing values 

of laser power (i.e., with l0 = 66, 9 0 , 1 1 5 , 1 2 5 mW). Since the threshold intensity 

is constant, the threshold beam waist values increase. This is shown 

diagrammatical ly in Figure 3.7b, where the horizontal threshold line crosses the 

intensity-squared plots. The value of com also affects the threshold depth of 

focus (zr). Therefore, for clarity, we present in Figure 3.8 a schematic d iagram of 

vertical sl ices through the excitation volume using increasing laser intensities. 

Al though the predicted and measured beam waist agree to within 

experimental error, there appears to be a systematic deviation of the measured 

beam waist, being smaller than the predicted values. This could arise f rom slight 

laser- induced local heating, which causes the diffusion coefficient to increase 

with laser power. This would result in shorter transit t imes than predicted and 

therefore smaller apparent corn's. However, since this is speculative, we did not 

allow D to f loat in our data analysis. 

It should also be noted that there might be a systematic error in our 

measured vo lume. Since the spheres are fil led with many dye molecules, it is 

not necessary for the entire sphere to be in the excitation volume to observe 
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Figure 3.6. Normal ized f luorescence intensity (ki locounts/sphere) as a 
function of laser power squared. Normalization procedure is in the text. 
The data is independent of the collection sequence; the same response 
will be obtained going from high to low power as low to high power. 
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Figure 3.7.(a) Values of the excitation threshold waist, coih, versus laser 
power. The red line is predicted from equations 3.4 and 3.5 
(b) Normal ized squared Gaussian intensity functions versus radial 
posit ion, r, at an axial position of z = 0. The numbers near the peak of the 
functions are the relative powers of the incident laser. The horizontal line 
near the bottom represents the threshold squared power value for two-
photon excitat ion. 
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f luorescence f rom the sphere. Our calculations assume a whole sphere to be 

in the vo lume. This may result in an overestimation of the volume by about the 

diameter of a sphere. 

3.6.3 D i f f us i on Coe f f i c ien t 

The diffusion coefficient for the 100 nm spheres was held f ixed at 

4.9 x 10" 8 m 2 / s for the power series experiments, as calculated by the Stokes-

Einstein equat ion. In so doing, we assume only a negligible increase in solut ion 

temperature with increasing laser power. This is reasonable, because water 

absorbs very inefficiently at this wavelength (e78o = 0.01). Indeed, using thermal 

lens theory , 3 7 an increase of the local temperature in the laser volume is 

predicted to be less than 1°C. This is in agreement with Denk e r a / . , 1 8 who 

considered the effect of local one-photon heating on multi-photon imaging in 

aqueous solut ion. The intensities used in this experiment (<1 x 1 0 1 2 W/cm 2 ) are 

much less than those predicted by Xu and W e b b 4 8 (3 x 1 0 1 3 W/cm 2 ) to lead to 

the ionization of water and thus to heating of the solution through dielectric 

breakdown of the solvent. 

To further investigate this point, it is possible to fit our lower intensity data 

(32 - 66 mW) by al lowing the diffusion coefficient to float. At the higher 

intensities (>90 mW), a flow term must be added to the A C F to fit the long lag 

t ime tail (see Figure 3.9A). However, when this is done and the effective 

temperature is calculated from the diffusion coefficient (assuming Stokes-
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Einstein diffusion appl ies), the temperature ranges from 40 to 70°C as laser 

intensity increases. Figure 3.10 is a plot of the temperature of the solution as a 

funct ion of laser power. The jump in temperature seems highly unlikely in the 

absence of other evidence of high solution temperature, such as dissolved gas 

bubble format ion. As such, we feel confident in holding D constant when 

analyzing our data. 

The spheres have a coefficient of variation of 5%, thus the diffusion 

coefficients may range from 4.7 x 10" 8 m 2 /s to 5.1 x 10" 8 m 2 /s . These changes in 

diffusion coeff icient do not really affect the fit, as they must be coupled to the 

var iances of the other values based on the changes made. In a sense, this was 

done when the diffusion coefficient was al lowed to float as described in the 

previous paragraph. The data from the fits as descr ibed in Table 3.1 have val id 

significant f igures in that their values have already been varied in order to 

determine the best fit. 



Figure 3.8. Schemat ic d iagram of vertical sl ices through the 
excitation vo lume for increasing laser intensities. Also included are 
the 1/e 2 border of the focused laser beam and a scale representation 
of the 100 nm f luorospheres. Diagram is not completely to scale. 
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Figure 3.9. (a) The f luorescence correlation function for laser intensity 125 
mW (line) and the modeled data (squares) using equation 3.8 (simple 
diffusion). Note that the data and the model disagree substantially for the 
decay t ime of the ACF . (b-f) Examples of the f luorescence autocorrelation 
functions (l ines) and the modeled data (squares) for laser intensities 32, 66, 
90, 115, and 125 m W laser power. Here, the model included a dynamic term 
(i.e., equat ions 3.11 or 3.13), resulting in a much better fit. 



3.6.4 P h o t o d y n a m i c Rate C o n s t a n t 

For the ACFs col lected with laser intensity greater than 32 mW, a s imple 

diffusion model could not fit the data (see Figure 3.9). Instead, we include an 

exponent ia l decay term in the model . Thus, equat ion 3.11 was used for 

model ing the data and was derived as previously descr ibed. Again in this model , 

we assume a nonrecoverable l ight-induced extinction of f luorescence. This is in 

contrast with intersystem crossing (blinking), which leads to a much different form 

of the A C F . 3 8 , 4 9 The average value of the count rate appears to be flat over the 

data collection t ime, because of the enormous "sink" of spheres found in the 

sample chamber, which is many orders of magnitude larger than the excitation 

vo lume. In the present work, the decay rate of the A C F increases with increasing 

laser intensity, al though the extinction volume becomes larger. This implies that 

there is a dynamic process whose rate is a function of laser intensity. Examples 

of the modeled data can be found in Figure 3.9. In Figure 3.9a, we include an 

at tempted fit of equat ion 3.8 (i.e., simple diffusion) to the data. It is clear f rom 

this figure that equation 3.8 does not model the data adequately, because the 

A C F decay t ime is overest imated. In Figure 3.9b-f, we include a photodynamic 

term resulting in a much better agreement between data and model . The 

recovered constants are col lected in Table 3 .1 . Since the model represents the 

data very wel l , there is no reason to employ a more complex model for the A C F , 

such as including an intersystem crossing term. Since each sphere contains on 

the order of 7400 dye molecules, it is unreasonable to expect single-molecule 
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processes to be observable in our experiments. Therefore, in order for 

intersystem crossing to be observable, thousands of dye molecules would have 

to undergo this process nearly simultaneously and at a rate much slower than 

previously observed for rhodamine d y e s . 4 9 Permanent photobleaching of the dye 

is possible, but rhodamine dyes are very robust to photobleaching, and again, 

one would have to bleach a significant fraction of the 7400 dye molecules within 

the sphere to observe this effect using FCS. Indeed, unpubl ished two-photon 

FCS data of single rhodamine molecules at high power have revealed no 

signif icant photob leach ing. 5 0 

Examining the dependence of the rate constant on laser intensity may 

provide insight into the photodynamic process that we are measuring. If one 

assumes that there is a large excess of photons compared with absorbers, then 

the process 

sphere + n photons => product (nonfluorescent) (3.14) 

fol lows the rate equation 

rate = k'fsphere] (3.15) 

where 

k'= k[photonsT. (3.16) 

It fol lows that a plot of the natural logarithms of k' versus the laser intensity 

will have a slope of n (i.e., the number of photons involved in the process) and an 

intercept equal to the true value of the photodynamic rate constant. This plot is 

displayed in Figure 3 .11 . The slope (the number of photons absorbed per 
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reactive event) was determined as 3.6 (!0.3) and k was found to be 

1.1 x 10" 7 M" 4s" 1. Therefore, we observe a photodynamic process, which is 

dr iven by the simultaneous absorpt ion of four photons of wavelength 780 nm. 

The absorpt ion would be either by polystyrene or the rhodamine-based 

f luorescence dye. This would lead to sphere destruction, dye photobleaching, or 

both. 

As previously noted, nonlinear laser ablation of polystyrene spheres has 

been observed by Misawa et a / . 4 3 Using trapped 6 u.m diameter spheres, they 

observed ablation effects f rom a single 355 nm laser shot of - 1 5 J cm" 2 and 

complete sphere destruction for multiple laser shots on the trapped particle. 

A l though our laser system delivers only - 1 0 nJ of energy per pulse, our strongly 

focused beam (a>o <z1 um) concentrates the energy into - 1 Jem" 2 . Moreover, 

with multiple laser shots per transit t ime (8.2 x 10 4 m/s), considerable energy 

could be deposited into a single sphere. 

The possible photochemistry involved in sphere destruction also merits 

some discussion. A four 780 nm photon process delivers the equivalent energy 

of one 195 nm photon to the sphere. This wavelength has been shown to al low 

access into the S 2 state of polystyrene. 5 1 The possible photochemical outcomes 

of excitation into this state result f rom radical production, which may lead to 

cross-l inking, doub le -bond formation, or chain sc iss ion . 5 2 In both references 50 

and 5 1 , double-bond formation was cited as one of the photoproducts, because 

the unloaded spheres became increasingly f luorescent upon exposure to 
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Figure 3 .11 . Plot of the natural logarithm of the pseudo-
first order rate constant versus laser power. 
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O u.m 

Figure 3.12. (a) Picture of spheres with a 
100X oil immersion objective before 
application of 125 mW of laser power, 
(b) After laser application. Note the spheres 
have been ablated in the circled region. 

Table 3.1 Laser powers, values of co-m, photodynamic rate constants and 
convection velocit ies. 

Power co T h (u.m) k P D (s ' 1 ) v (m/s) 
32 0.70 0.0 0.0 
66 0.97 1.00 0.44 
90 1.12 4.34 0.92 
115 1.21 7.69 1.22 
125 1.24 14.29 1.67 
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radiation of X < 360 nm. However, we observed no fourth-order laser power 

dependent increase in f luorescence at any emission wavelength. W e did 

observe destruct ion of the spheres on a macroscopic level by focusing the laser 

into a dr ied f luorosphere sample. Figure 3.12 shows that there is a macroscopic 

change before and after the laser is applied. 

Since our spheres contain l ight-absorbing dye materials, we need to 

consider what effect this might have on the photodynamics, if any. From Figure 

3.6, it is clear that the rhodamine dye molecules in our spheres initially undergo 

two-photon excitation that leads to f luorescence. This effect then begins to 

saturate at high laser power (> 90 mW), suggesting ground state dep le t ion . 3 8 It 

is possible that a "dark" four -photon process takes place where the dye is 

excited and then transfers energy to polystyrene. This would probably be a weak 

interaction, owing to the poor overlap of the emission spectrum of the dye and 

absorpt ion spectrum of the polystyrene, which is nonzero only at X < 340 nm. It 

is also possible that the Stokes' shift between four-photon absorpt ion and 

f luorescence emission results in the deposit ion of energy into the polystyrene 

matrix. This type of effect has been observed for single-photon excitation of 

f luorescein- and nile red-containing polystyrene spheres . 5 1 However, if this were 

a dominant process in the present study, we would expect also to observe a 

dependence of the f luorescence signal on the fourth power of the laser intensity. 

As discussed in the theory section, there are two possible origins of the 

exponential decay behaviour of the ACF. These are l ight-induced 



photodestruct ion and flow. Since the nonrandom movement of spheres does 

not appear to arise from water heating-induced convection, the only other 

possibil i ty is radiation pressure . 4 6 Radiation pressure is often cited as the force-

generat ing phenomenon that is balanced with light gradient forces when a 

particle is optically trapped. When light reflects off an object, a momentum 

change imparts radiation pressure. Moreover, when an object absorbs a fraction 

of the incident light, radiation pressure dominates and an object is most likely to 

be accelerated by an intense, focused beam of light, such as a laser beam. 

Using equat ion 3.13, the resultant flow velocities span the range 4.0 x 10" 6 m/s to 

1.6 x 10 ' 5 m/s. Similar to the analysis of the photodamage kinetics, a In-ln plot of 

velocity verses laser power was constructed to evaluate the photon dependence 

of the f low velocity in Figure 3.13. Assuming that the velocity is a function of 

laser power, the slope of the plot suggests that the velocity varies as the laser 

power squared. 

Al though radiation pressure velocities of the order suggested here have 

been measured be fore , 5 3 we submit that this scenario is possible, but not 

dominant, in this work for the fol lowing reasons. Drift is observed where a single 

particle is in the beam focus, which is not the case here. In fact, as the laser 

intensity increases, the number of particles in the excitation vo lume (i.e., at or 

near the beam focus) increases, as can be observed f rom the G%(0) values. 

Radiat ion pressure induced by reflection from the sphere-buffer interface should 

result in a l inear increase of velocity as a function of laser intensity 5 4 and we 
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Figure 3.13. In-ln plot of f low velocity vs. laser power. The slope of 
the plot suggests that the f low goes as the square of the laser 
power, indicating this is not the four-photon process we are 
observing. 

observe a quadratic dependence. Furthermore, even if the radiation pressure 

depended quadratical ly on laser power (because of a convolut ion of the two-

photon dye absorpt ion into the radiation pressure model), the velocity should 

reach a max imum value, because the two-photon absorption saturates. 

W e must also consider the ramifications of optical trapping on the ACF. 

Al though we use spheres that are smaller than those usually employed in 

trapping exper iments, there remains a finite possibility that we trap some of the 

spheres in the laser focus. If signif icant trapping were occurr ing, then one would 
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expect to observe the transit t ime lengthening with laser power, because a 

t rapped particle has a longer residence time in the excitation volume. This is 

opposite to the present observations. If spheres are trapped in our experiments, 

the photodamage occurs too fast for the trapping event to be maintained for a 

signif icant per iod of t ime. 

3.6.5 Fu r the r Deta i ls of M o d e l i n g t he T w o - p h o t o n Exc i ta t i on V o l u m e 

Three methods of model ing the spatial extent of the two-photon excitation 

vo lume are general ly used in the literature. The first method assumes a beam 

profile which is Gaussian in both the radial and axial directions. Whi le this is a 

much simpler model to use, it is not entirely adequate in estimating the beam 

profile. Practically, the two most common methods of describing the beam profile 

are a Gaussian-Lorentzian profile previously described in this chapter and a 

point-spread funct ion. Xu and Webb 4 8 suggest that a point-spread function be 

used when the beam overfills the back aperture of the objective. Complex beam 

profi les result f rom the partial fill ing of the back aperture. If the incident beam 

diameter is kept much smaller than the back aperture, then the resulting beam 

profile will be a perfect Gaussian-Lorentzian profile. If this is not the case, the 

beam profile is a Gaussian-Lorentzian where the profile is more complex and 

depends upon the ratio of the Gaussian-Lorentzian beam waist and the aperture 

size. Using the expressions for the two-photon-excited f luorescence in the 

optically thick limit in reference 48, one can estimate that the Gaussian-



Lorentzian detected f luorescence is about 1.12 t imes larger than that of the 

point-spread funct ion. Since we expanded the beam to at least fill or overfill the 

back aperture, it is possible that we may recover a slightly larger excitat ion 

vo lume by using a point-spread function, if we assume that the f luorescence 

col lected is proport ional to the excitation volume. 

3.6.6 Er ro r A n a l y s i s 

Al though FCS as a technique has been around since the 1970's, very little 

work has been done on the analysis of the error in the calculation of the A C F or 

any values calculated from the ACF. In fact, papers in this area rarely speak of 

the error in analysis, instead choosing to quote the diffusion coefficients to only 

one or two decimal points. On the rare occasion when error is quoted, it is 

generally not ment ioned how this error is determined. One recent paper 

describes a theoretical treatment of the standard deviation for the A C F 5 7 and 

compares four methods of calculating the standard deviation. The authors come 

to the conclusion that all the methods they evaluated fall short because the 

models used in fitt ing the A C F are still approximations. The errors used in the 

fitting models far outweigh the standard deviations calculated. The authors 

propose that if one could use the measured point-spread function of a set-up to 

numerically calculate the expected model of the ACF, then the errors inherent in 

the ACF would be minimized and a standard deviation would become more 

relevant. In addit ion, the calculations require access to the data used in 
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calculat ing the ACF , which is usually not available from most data analysis 

programs. In our situation, we have chosen not to quote a standard deviat ion, 

but rather to predict the error in our measurements by fixing parameters at 

various va lues near their fitted values. Thus, we determine a range for 

parameters where the "goodness" of the fit is not reduced. 

3.7 C o n c l u s i o n 

W e have measured the photodynamic behaviour of 100 nm polystyrene 

nanospheres in buffer solution using two-photon f luorescence correlation 

spectroscopy. The photodynamics manifest as a laser intensity dependent 

increase in the decay rate of the f luorescence autocorrelation funct ion. This 

behaviour can be modeled assuming that the laser light induces a four-photon 

ablative process of the spheres. W e found that while the solvent was not 

significantly affected by the high laser intensities used ( -1 x 1 0 1 2 W /cm 2 ) , 

refractive organic material was severely compromised. This suggests that similar 

processes will occur for multi-photon imaging at high laser f luences and possibly 

in pulsed femtosecond laser optical traps. These photodynamic effects may be 

important for photodynamic therapy, as they may indicate the possibility of mult i-

photon t issue damage, f luorophore photochemistry, or other possible energy 

transfer processes from multi-photon excitation of a donor within the excitat ion 

volume. 
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C H A P T E R 4: PHOTOPHYSICS O F PROTOPORPHYRIN IX 

4.1 I n t r o d u c t i o n 

. Photosensit ive drugs such as porphyrins are not photostable. In both 

simple solut ions and complex environments, photosensit izers undergo light-

induced modif icat ions which result in a decrease of their initial steady state 

f luorescence intensity. This phenomenon is known as photobleaching and may 

include any of the fol lowing processes. 

1 . Photodegradat ion - the conversion of the photosensit izer into products 

wh ich are non-fluorescent or not l ight -absorb ing. 1 0 8 

2. Photorelocal ization - the l ight-induced migration of the photosensit izer 

f rom one binding site to another, changing the photophysical 

p roper t i es . 1 0 9 

3. Phototransformation - the l ight-induced formation of l ight-absorbing or 

f luorescent pho top roduc t s . 1 1 0 , 1 1 1 

Photobleaching has important implications for PDT dosimetry. 

Photodegradat ion of the photosensit izer results in a decrease in the initial 

concentrat ion and consequently, a lower sensit izing effect. If the photosensit izer 

bleaches too rapidly, then tumour destruction will not be comp le te . 1 0 7 The PDT 

effect has been demonstrated as being proportional to the product of the 

sensitizer concentrat ion and il lumination d o s e . 1 1 2 " 1 1 4 These studies do not take 

into account the destruction of the sens i t izer . 1 1 6 Finlay et al. have demonstrated 



that at the low laser f luence rates preferred for treatment, PDT-induced 

hypoxia is m i n i m i z e d . 1 1 5 

In order to use two-photon excitation photodynamic therapy (TPE-PDT), a 

better understanding is required about how potential photosensit izers behave 

when exposed to two-photon excitation. One important aspect of this behaviour 

is the rate of photobleaching and photoproduct formation. In PplX, the identity of 

the photoproducts is still a relative mystery, as they are difficult to isolate and 

purify. It has been speculated that these photoproducts may even be the active 

molecules in PDT or indicators that appropriate photodynamics have taken place. 

W e are l imited in our field of study because we can only observe f luorescent 

photoproducts; we cannot ignore the possibility that the active species in PDT 

may be nonf luorescent and the photobleaching is simply the indication of the 

formation of the active species from the drug. In this chapter, we explore the 

photodynamics of PplX and look into the possible identity of the observed 

photoproducts of PplX. 

In our work on TPE-PDT, we have chosen to study the TPE and 

photochemistry of PplX and Verteporfin. Verteporf in photobleaching kinetics are 

discussed in Chapter 5, although some of the data will be presented in this 

chapter, s imply because it is more relevant for comparison here. PplX is the 

sensitizer generated in situ when a specimen or subject has been administered 

its metabolic precursor, 5-aminoleveulinic acid (ALA). The photochemical 

behavior of PplX has been extensively documented 1 6 - 1 7 . 1 8 1 9 6 2 6 3 6 4 and thus 



serves as an excel lent test case for TPE-PDT. Since the photochemical 

behaviour of PplX may depend on the mode of excitation used, TPE may help to 

elucidate some of the photodynamic anomalies. The structures of PplX and 

Verteporf in are given in Figure 1.1 in Chapter 1. 

In this chapter, we describe the study of TPE initiated photodynamic 

response of the photosensit izer, PplX, in bulk organic and micelle solutions. 

These solut ions are selected to mimic a relatively polar cytoplasm and a 

relatively non-polar cell membrane, respectively. It is known than PplX 

aggregates in aqueous solutions and these dimers are thought to be non-

f luorescent; however in micelles, deaggregat ion is thought to take place. From 

our work in FCS presented in Chapter 3, we know that we obtain excitation 

volumes of the order 1 u m 3 . Thus, the data are collected under optical condit ions 

analogous to two-photon imaging. Since these optical condit ions represent an 

excitation vo lume limited only by the diffraction of light, our results represent 

condit ions expected for application of PDT with the highest possible vo lume 

selectivity. W e use pure solvents to directly compare our f indings with other 

studies using O P E . 8 2 
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4.2 Expe r imen ta l C o n d i t i o n s 

4.2.1 S o l u t i o n P repara t i on 

All chemicals were used as received by the supplier without further 

purif ication. All solut ions were prepared in darkroom condit ions and covered to 

prevent light exposure prior to experiments. Protoporphyrin IX (3,7,23,27-

tetramethyl-8,13-divinyl-2,18-porphinedipropionic acid, Sigma) solutions were 

prepared using a dry preparation method from a methanol solution (OmniSolv, 

EM Science). A stock solution of 10" 4 M PplX in methanol was pipetted into small 

containers and al lowed to evaporate. A specific volume of absolute ethanol or 

10" 4 M micel les of t-octylphenoxypolyethoxyethanol (Triton X-100, Sigma) in 

disti l led, deionized water was added to the dried PplX, then stirred and sonicated 

to create a 10" 5 M PplX solution. Bulk Verteporfin was received from QLT and 

mixed in dimethylsulfoxide (OmniSolv) to a concentrat ion of approximately 

10" 4 M. Concentrat ions were determined spectrophotometrical ly. To prepare 

solutions, 1 m L of Verteporf in solution was di luted to 10 mL with methanol or 

water with 10" 5 M micelles of TX-100 to make a solution of 10" 5M in Verteporf in. 

4.2.2 S a m p l e P repara t i on fo r T w o - p h o t o n F luo rescence Spec t ra 

A small amount of stirred, sonicated, and cooled sample solution was 

placed in the center wel l of a three well microscope slide. A cover slip of 0.13 to 

0.16 mm thickness (Corning Brand, No .1 , VWR Canlab, Mississauga, ON) w a s 
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sealed on the slide with mount ing medium (Cytoseal 280, VWR) . In the kinetic 

runs, a small air bubble was introduced into the sample well after it was sealed. 

The air bubbles represent approximately 0.03 ml_ and act as an oxygen reservoir 

dur ing the run. The cells had to be sealed in order to prevent evaporative losses 

dur ing the exper iment. 

4.2.3 T w o - p h o t o n F luo rescence Spec t ra 

The equipment set up is described in Chapter 2 using the microscope 

fluorimeter. The dichroic mirror used was a RMP2 special (CVI Ine, 

Albuquerque, NM) and the microscope objective was a 100X, Planapochromat, 

N.A. 1.4, oil immersion (Carl Zeiss Canada, Don Mills, ON) . The duration of one 

scan is 87 seconds. Data collection t imes varied f rom several hours to several 

days, with the sample being continuously exposed to the excitation beam. 

4.3 Resu l t s 

4.3.1 T w o - p h o t o n S p e c t r o s c o p y 

In Figure 4 . 1 , we display a series of PplX solution emission spectra that 

are taken after var ious NIR laser exposure levels. The two-photon f luorescence 

emission spectra of 10" 5 M PplX in both ethanol and TX-100 solutions display the 

classic PplX features at 632 nm. The maxima for the different solvents were 

632.1 nm and 630.9 nm for the TX-100 micel le/aqueous and ethanol solut ions, 



respectively. This slight shifting reflects the solvent/excited-state interactions 

and is likely governed primarily by dispersive interactions. This effect is 

d iscussed in more detail in Chapter 6. There is a second feature in the TPE 

f luorescence spectrum, typical of a one-photon PplX photoproduct f luorescence 

spectrum. 

This feature appears near 673 nm as a function of laser exposure t ime and/or 

when the solut ions are exposed to room light. Thus, this TPE feature is 

consistent wi th a photoproduct of PplX and will be referred to as Ppp673 (i.e. 

PplX photoproduct 673 in TX-100, 674.5 nm for ethanol). The photoproduct 

displayed a much stronger two-photon excitation wavelength dependence than 

does the 632 nm feature. 

Within the tuning range of our laser, the 673 nm, feature appears to have 

an excitation max imum around 746 nm. This is the energetic equivalent of a 

single 373 nm photon, placing excitation into the blue edge of a typical 

porphyrinic Soret spectral feature. It is possible to create a more intense one-

photon spectrum of the photoproduct if one excites the solution at 445 nm. 

Figure 4.2 displays the O P E f luorescence excitation and emission spectra of the 

photoproduct. When the solut ions are prepared in a darkened room, the higher 

wavelength band appears at 676 nm (675.5 nm for ethanol) but displays similar 

TPE behaviour in that this shifted feature is a minor impurity in the starting 

material that rapidly photobleaches but does not lead to Ppp673. 



71 

At a two-photon excitation wavelength of 756 nm (OPE equivalent of 

378 nm), Verteporf in displays its classic emission spectrum, with a peak around 

690 nm. The TPE process suggests that the f luorescence measured should be a 

quadrat ic function of the average laser power . 1 5 In Figure 4.3, we have plotted 

the natural logarithm of f luorescence intensity for Verteporf in in methanol, PplX in 

ethanol and the PplX photoproduct versus the natural logarithm of laser power 

measured at the back aperture of the objective lens. 
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Figure 4 . 1 . (a) T ime series of TPE f luorescence spectra of 
PplX 10" 5 M in ethanol. A,ex = 746 nm. (b) Time series of TPE 
f luorescence spectra of PplX 10" 5 M in 10" 4 M TX-100 micelle 
solution. 
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The slopes of these plots represent the number of simultaneously 

absorbed photons promoting excitation into a resonant electronic s ta te . 6 2 The 

s lopes of these plots are 1.94±.15, 2.2±.07 and 2.0±.15 for Verteporf in, PplX, 

and the photoproduct, respectively in Figure 4.3. This conf irms a TPE into the 

Soret region of the OPE spect rum. Here À=790 nm was used for excitation to 

maximize the power stability of the Ti:sapphire laser. 
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Figure 4.2. OPE f luorescence excitation (black) and 
emission (red) spectra of the photoproduct of PplX. 
The arrow shows where TPE falls in the spectrum. 
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Figure 4.3: In-ln plot of the laser power dependence of the f luorescence 
intensity of the features with peak intensities for Verteporf in at 690 nm ( T ) , 
PplX at 632 nm (%) and 673 nm ( • ) . The slopes of the plots represent the 
number of photons simultaneously absorbed and have the values 1.94±.15, 
2.2±.07 and 2.0±.15 for the Verteporfin, PplX and Ppp673 features, 
respectively. 
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Figure 4.4. Compar ison of raw data (black) and fit data (red) used 
to determine the band intensity and width of the PplX spectrum. 



One can estimate the two-photon absorption cross-section, ô, for PplX 

and Verteporf in by comparing them with a known dye under the same excitation 

condi t ions. W e have chosen to use Rhodamine 6G (R 6 G) as our standard 

because of its stability and high f luorescence quantum yield. The Ô for R 6 G has 

been previously measured 7 7 as 1.2x10" 4 9 c m 4 s photon" 1 at ^=1060 nm. Knowing 

this, one can calibrate the TPE spectrum of R 6 G using a previously recorded T P E 

laser- induced f luorescence excitation spectrum (data not shown). W e have 

measured the f luorescence intensities of R 6 G and PplX, both at 10" 5 M in ethanol, 

at four different wavelengths; 760 nm, 770 nm, 780 nm and 790 nm. For 

Verteporf in, we chose methanol solution and therefore also recorded R 6 G at 10" 5  

M in methanol , exciting at 756 nm. W e have calculated ô for the sensit izers using 

the fol lowing equa t ion : 7 9 

_Nm(Se»s»Jl(R6G)  
saa N^RÓG^iSens) «6G (4.1) 

where fais are the f luorescence quantum yields and Nem's are the number of 

emit ted photons for the two molecules. Nem is est imated by integrating the 

f luorescence. Our measured values for 5(PplX) are 0.7x10" 5 0 , 0.9x10" 5 0 , 

0 .6x10" 5 0 and 2 .0x10 ' 5 0 c m 4 s photon" 1 for 760 nm, 770 nm, 780 nm and 790 nm, 

respectively. For Verteporf in, we calculate ô(Verteporfin) to be 3.3x10" 4 7 c m 4 s 

photon" 1 at 790 nm. 
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4.3.2 P h o t o d y n a m i c s 

In order to follow PplX and photoproduct photokinetics via the changes in 

their T P E f luorescence spectrum, the features were fit via nonlinear least 

squares using Gaussian funct ions. The center wavenumbers were f ixed where 

appropr iate and the intensities and spectral widths were al lowed to float until the 

fit conve rged . 6 2 Within a given kinetic run, there appeared to be no spectral 

shift ing of either feature. An example of a spectrum and the best Gaussian fit is 

g iven in Figure 4.4, with the resulting rate constants given in Table 4 . 1 . Whi le 

error bars can be associated with the fit intensities used to plot the kinetic 

graphs, they are much smaller than the points on the graph on the scale used for 

the graph. 

For the TX-100 solution, prepared and exposed to room light, the PplX 

f luorescence peak near 632 nm was observed to decrease in intensity and the 

peak at 673 nm concomitantly increased in intensity, as il lustrated in Figure 4.1b. 

The plots of these photokinetics (laser power 300 mW at back aperture 

microscope objective) are displayed in Figure 4.5. 

In order to establish the kinetic behaviour of these solutions and be able to 

compare different systems, the data were fit to either a single exponential 

(equation 4.2) or a double exponential (equation 4.3). In each case, it was fairly 

obvious as to which fit was more appropriate. 

/,,(0= Ae-« (4.2) 

/.(0= Ae-**+ Ce-k* (4.3) 
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Figure 4.5. (a) The kinetics of f luorescence photobleaching for 10" 5 M of 
PplX in 10" 4 M TX-100 micelle solution. Data were fit by a single 
exponent ial decay yielding a rate constant of 0.06 min . (b) The kinetics of 
l ight- induced generation of Ppp673 in a 10" 5 M PplX in a 10" 4 M TX-100 
micelle solut ion. Data were fit by a single exponential decay yielding a rate 
constant of 0.03 min" 1 . The laser wavelength was 746 nm and the laser 
power at the back aperture of the objective was 300 mW. 
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Table 4 . 1 . Parameters for PplX photokinetics. 

Species ki (min" 1) k 2 (min" 1 ) 

PplX (TX-100) 0.060 

Ppp673 (TX-100) 0.030 

PplX (Ethanol) 0.0040 

Ppp673 (Ethanol) 0.0040 0.026 

Ppp676 (TX-100) 0.080 

In each case, an apparent steady state develops where the intensities of 

the two peaks no longer change. The data could be fit with a single exponential 

in both cases. The rate constants are given in Table 4 . 1 . 

For the ethanol solution, under the same preparation and laser light 

condit ions, the PplX f luorescence loss displayed a slower photokinetic decay. 

Moreover, the increase of the photoproduct fol lows a sigmoidal growth curve. 

This could result f rom either a two-step series reaction or an autocatalytic 

feedback reac t i on . 1 8 2 The data are presented in Figure 4.6. Here, the data 

suggest that this system also approaches a steady state, albeit more slowly. 

Under completely dark preparation condit ions and high laser f luence in ethanol, 

both the PplX peak and the photoproduct peak around 676 nm were observed to 

decrease in intensity with t ime of exposure and to follow first order condit ions. 

A lower laser power (120 mW) experiment was also conducted on the 

PplX ethanol solut ion. The changes in f luorescence intensity versus exposure 



t ime are plotted in Figure 4.7. The kinetic data were collected over 30 hours 

and a s low bui ld up of the Ppp673 peak was observed. There was also a slow 

decrease in PplX intensity, but the data are too noisy to establish the kinetic 

order or calculate a reliable rate constant. These data were found to scale 

quadratical ly wi th light dose, thus proving TPE induced photodynamics and are 

also shown in Figure 4.7. 
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Figure 4.6. (a) The kinetics of f luorescence photobleaching for 10" 5 M 
PplX in ethanol solution. Data were fit by a single exponential decay 
yielding a rate constant of 0.004 m in ' 1 , (b) The kinetics of l ight-induced 
generat ion of Ppp673 in a 10 ' 5 M PplX in ethanol solution. Data were fit 
by a two-step series of single exponentials yielding rate constants of 
0.004 min" 1 and 0.026 min" 1 for the first and second step, respectively. 
The laser wavelength was 746 nm and the intensity was 300 m W at the 
back aDerture of the microscope objective. 
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Figure 4.7. The kinetics of PplX ( • ) and Ppp673 ( • ) at 
low laser power (120 mW at the back aperture of the 
microscope objective) for a 10" 5 M PplX ethanol solution. 
A lso included are the high power data, which have been 
scaled for equivalent one-photon dose ( A ) and two-
photon dose ( • ) . Note the closer overlap for Ppp673 
generat ion between the low power and two-photon 
scaled dose. 
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4.4 D i s c u s s i o n 

4.4.1 T w o - p h o t o n S p e c t r o s c o p y 

Our data of PplX suggest that the one-photon and two-photon excitation 

f luorescence spectra are equivalent (data not shown). This suggests that using 

two-photon excitat ion does not result in the population of an excited state with 

vastly different electronic characteristics than is accessible exciting with one 

photon. The photoproduct f luorescence spectra that we observe are similar to 

those recorded in 5-ALA - treated t i s s u e s . 9 0 ' 9 2 , 9 3 These have been suggested by 

Whit ten and coworkers 9 1 , 1 0 4 to be chlorin products because they appear to have 

the red Q band feature typical of a chlorin-type photoproduct. This agrees with 

the work of Degroo t . 8 5 Previous studies 6 5 ' 6 6 - 6 8 6 9 8 2 have shown that it is difficult 

to determine the exact nature of the photoproduct. Our preliminary investigations 

with NMR have shown that exposing PplX to light in deuterated chloroform 

produces many changes to the original spectrum and a precipitate occurs in the 

NMR tube (data not shown). D e g r o o t 8 5 also at tempted NMR, but was unable to 

obtain a pure spectrum for PplX. However, she was able to take NMR spectra of 

PplX-dimethylester, in which she observed several changes to the spectrum 

indicative of hydroxyaldehyde photoproducts, but was unable to discount or 

confirm the presence of formyl photoproducts. W e have also observed a 

photoproduct feature with a maximum near 670 in one photon f luorescence (see 

Figure 4.2). The photoproducts with f luorescence maxima around 673 and 676 



are much more sensit ive to TPE in the range of 820 to 740 nm than is PplX. 

This could suggest that either their Soret band features are blue shifted or their 

two-photon transit ion moments within the two electronic states of the Soret band 

are more exclusive. The latter would suggest that these two excited electronic 

states have a more centrosymmetric electron distribution than do the equivalent 

states in PplX. This may be consistent with the work of Bagdonas et al. 6 9 where 

they observe that in vitro, the chlorin photoproduct with an emission max imum of 

675 nm has a strong excitation wavelength dependence of its f luorescence 

intensity. They found for OPE that the maximum fluorescence occurs when 

excit ing at 450 nm vs. 407 nm, which is in the opposite sense to what we 

observe. W e observe that the TPE f luorescence maximum occurs when we 

excite at 746 nm (373 nm equivalent OPE) vs. 820 nm (410 nm equivalent OPE) . 

This is in agreement with the parity dependence of OPE vs. TPE transit ion 

moments for chromophores with inversion symmetry. 

The two-photon absorption cross sections for PplX (5= 0.6 x 10" 5 0 - 2.0 x 

10" 5 0 c m 4 s photon" 1 ) suggest that the Soret band does not reflect strong 

nonlinear absorpt ion. The ô values for PplX are in the same range as dansyl , 

4' ,6'-diamidino-2-phenyl indole, and lucifer yel low, as determined by Xu and 

W e b b . 7 5 The small ô values may reflect the small change in electric dipole 

moment of PplX when comparing the ground electronic state with the state 

involved in the Soret b a n d . 8 0 Since we do not know the f luorescence quantum 

yields of the photoproducts, we can not report the ô values, but we can est imate 



that they are much larger than PplX, since we observe a considerably lower 

intensity ratio for the PplX/photoproduct f luorescence excitation spectra using 

O P E than that observed by Bagdonas et al. 6 9 Thus, we observe a signif icant 

contr ibution of Ppp673 to the f luorescence spectrum, despite its lower relative 

concentrat ion. This difference in ô values for PplX and Verteporfin suggests that 

the polarizability may be the key factor. Results presented in Chapter 6 in this 

thesis suggest that Verteporf in has a larger change in polarizability than PplX. 

4.4.2 The Na tu re o f t he P h o t o p r o d u c t 

During PDT, the photosensit izer f luorescence decays due to 

photomodif icat ions and photobleaching (photolysis) of the photosensit izer that 

occur as a result of light i r rad iat ion. 9 2 " 9 8 Several in vivo studies involving the 

photolysis of PPIX during PDT have shown changes in the f luorescence spectra, 

most notably the emission of a f luorescent photoproduct in the region of 670 

n m 90,92,98,99,100 5 ¡ n c e these photoproducts have general ly similar photophysical 

properties as PplX, they may contribute to the photosensit ization process. Many 

in vitro studies have at tempted to elucidate the nature and structure the 

photoproducts and elucidate their reaction m e c h a n i s m s , 6 7 , 7 1 , 8 8 ' 8 9 ' 9 2 , 1 0 1 , 1 0 2 

producing similar spectral changes as those observed in the in vivo studies. Akin 

to the f luorescence of the photosensit izers, the nature of the production of the 

photoproduct is found to be dependent on the solvent characteristics. This may 

be due to different production mechanisms for the photoproduct, which may 



result in differing types and ratios of photoproducts in the in vivo and in vitro 

model systems. In organic solvents, such as chloroform, stable photoproduct 

absorpt ion and emission bands are found at 670 and 676 nm, respec t i ve ly . 8 8 , 9 2 

Increased absorbance centered on 450 nm, as well as a broad, featureless 

absorbance in the region between 550 and 650 nm have also been 

documen ted . 8 8 In organized micelles and aqueous solutions irradiation results in 

the formation of an emission peak near 670 nm. This peak is much smaller and 

quickly photobleaches, which was also observed in w v o 8 7 , 9 0 , 9 9 , 1 0 0 , 1 0 3 , 1 0 4 . W e may 

have observed a similar peak at 676 nm in TX-100, when the solutions were 

prepared in the dark. This peak quickly photobleached and did not seem to lead 

to the format ion of the photoproduct. However, we do not observe the rapid 

photobleaching of the photoproduct in micelles; rather, the observed 

photoproduct appears to be more stable than PplX, in agreement with other 

s t u d i e s . 8 8 , 1 0 1 , 1 0 2 

When PplX is exposed to light of the correct wavelength, five possible 

photoproducts are fo rmed in most systems. It has been suggested that two of 

these are hydroxyaldehyde chlorin isomers, caused by the reaction of oxygen 

with the vinyl groups, referred to by us and several other groups as 

'photoprotoporphyrin ' . Isomerism results f rom the reaction of the two PPIX 

ground state tautomers, each differing in the posit ion of the pyrrole double 

bonds . 6 5 The two products are not only thought to be responsible for the green 

color produced in the solution after irradiation, but also for the increased 
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absorpt ion and emission in the region of 670 n m . 6 7 , 8 9 , 9 3 , 9 4 , 1 0 1 , 1 0 2 The remaining 

three photoproducts are referred to as the formyl photoproducts. Their identity is 

still under invest igat ion. 6 5 Unfortunately, the f luorescence and absorption spectra 

of these formyl products are difficult to resolve from those of PplX because they 

are only slightly red-shifted from the main PplX p e a k . 6 5 , 6 7 , 1 0 1 

Two major mechanisms have been proposed for photoproduct format ion, 

one involving singlet oxygen, and one involving superoxide ¡ o n -
6 5 6 7 ' 8 2 8 8 ' 8 9 1 0 2 j h e 

most predominant reaction is the reduction of a double bond via singlet oxygen 

attack on the vinyl group, yielding either the hydroxyaldehyde or the formyl 

photoproducts. A [2+4] cycloaddit ion to the vinyl group and one endocyclic 

double bond results in the formation of an endoperoxide intermediate which then 

cleaves to yield the hydroxyaldehyde i s o m e r s . 6 5 ' 6 7 , 8 9 , 1 0 2 ' 1 0 6 Figure 4.8 is a 

reaction mechanism for the production of the hydroxyaldehyde photoproduct. 

It is the reduction of the endocyclic double bond that alters the porphyrin 

structure to form a chlorin which produces the increased absorbance and 

f luorescence in the 670 nm region 8 8 with a concomitant decrease in the oscil lator 

strength of the Soret b a n d . 9 4 The [2+4] cycloaddit ion to form the 

hydroxyaldehyde products occurs only on one vinyl group of each PPIX 

tautomer, as reduction of the other would cause-destruction of the pyrrole r i n g . 8 2 

The second proposed mechanism is the cycloaddit ion of superoxide to 

the vinyl groups. Al though the yield of hydroxyaldehyde photoproduct product ion 
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by this process is low, it has been proposed as an addit ional source of the 

suspected formyl p h o t o p r o d u c t s . 6 5 , 8 8 ' 8 9 1 0 2 

Figure 4.8. Mechanism for the production 
of the hydroxyaldehyde photoproduct. 

Several studies have suggested that the superoxide mechanism is more 

prevalent in micelles, vesicles and aqueous solutions than in organic solvents. 

This would result in a substantial lowering of the hydroxyaldehyde to formyl 

photoproduct r a t i o s . 6 5 , 8 2 , 8 8 , 8 9 , 1 0 2 In such polar environments, net quenching of 

PplX by superoxide production is not favoured relative to singlet oxygen 

generat ion. The superoxide mechanism may become more pronounced 

because the efficiency of this mechanism increases in polar so lvent . 8 9 This 

results in an increase in the formyl photoproducts relative to that of 

hydroxyaldehydes. If this is the case in our system, then the generation rates in 

ethanol should be faster than in TX-100. In fact, this is opposite to what we 

observe, as the generat ion of Ppp673 is faster in TX-100. This is discussed in 

more detail in the next sect ion. 

It has been observed that the hydroxyaldehyde and formyl type 

photoproducts are more photochemical ly stable than the original ppix. 8 8- 1 0 1 , 1 0 2 



This has led to the proposal that the photoproducts may be photosensit izers 

t h e m s e l v e s . 6 5 , 9 0 , 1 0 1 ' 1 0 2 The proven photostability of the hydroxyaldehyde 

photoproducts indicates that they may be more persistent photosensit izers than 

PplX i tsel f . 1 0 1 

Since the 670 nm photoproduct absorption/f luorescence excitation peak is 

further red shifted from the PplX excitation band (centered at 635 nm) currently 

used for excitation of PplX during PDT, the use of the 670 nm photoproducts as 

photosensit izers could potentially allow for deeper light penetration of t issue by 

using a longer wave leng th . 8 6 ' 9 1 Unfortunately, prel iminary investigations into the 

usefulness of the photoproducts as photosensit izers in PDT have shown l imited 

phototoxic a b i l i t y . 7 1 , 9 0 , 9 2 TPE could improve their phototoxic abilities by sending 

the photoproducts to different excited states, where the production of singlet 

oxygen could be enhanced. Even if these molecules are not photosensit izers, 

they absorb radiation intended for photosensit izer activation. Thus their 

generat ion and presence may need to be taken into account in dosimetry. 

DeGroot et al.'s 8 5 study involved photoproduct generat ion using one-

photon excitation. Whi le it is impossible to compare rates of generation due to 

large differences in technique, it is interesting to examine their unpubl ished 

results. In the solution of PplX in Tris/methanol, they observed the formation of a 

peak at 670 nm. In further studies using PplX-dimethylester, DeGroot determined 

through thin layer chromatography and NMR that the peak at 670 is most likely a 

hydroxyaldehyde (chlorin) photoproduct . 8 5 Some of their data are presented in 



Figure 4.9. Whi le the exact posit ion of the peaks may be slightly different 

compared to our positions, either due to instrumental variation or precision of the 

determinat ion of the center of the band, their results do confirm that we are 

observing the two-photon generat ion of a hydroxyaldehyde photoproduct. 
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Figure 4.9. Fluorescence emission spectra of 2 x 10" 5 M PplX in 
Tris (4 x 1 o - 4 M) and 5 0 % methanol , photolyzed for 13 hours. 
Xex = 405 nm (Reference 85, used with permission of the author) 

4.4.3 P h o t o d y n a m i c s 

This work shows that the two-photon destruction of PplX and the 

generat ion of Ppp673 are intimately l inked. From Figure 4 . 1 , we can see 

evidence of an isosbestic point in the f luorescence spectra. As PplX is bleached, 

Ppp673 is created, though not in a one-to-one fashion. This is similar to other 

studies of the photodynamics of PplX using O P E 6 5 ' 6 6 ' 6 8 ' 6 9 ' 8 2 Because the kinetic 

rate coeff icients for the bleaching of PplX and the production of Ppp673 are 

different, the bleaching process could involve parallel channels, one of which is 



the conversion of PplX into Ppp673. Our results are similar to the in vitro 

studies by Dietel et al., 6 6 in that the photoproduct Ppp673 is itself fairly resistant 

to photobleaching compared to PplX. It is interesting to note that with even 

minimal exposure to room light, the photoproduct already exists and it seems to 

promote further Ppp673 generat ion. Thus, Ppp673 may itself be a 

photosensit izer, as has been suggested by Dickson and Pott ier . 6 5 

Solut ions prepared with little or no exposure to room light present no 

emiss ion feature at 673 nm, but rather one at 676 nm (called Ppp676), which is 

very photolabile (see rate coefficient, Table 4.1). Notably, the destruction of 

Ppp676 does not directly lead to detectable levels of Ppp673, al though the 

severe overlap of these two spectra makes it considerably more difficult to 

discern subtle changes in a spectrum that may contain unequal contributions 

f rom each. It is possible that Ppp676 is a precursor to Ppp673, but we cannot be 

more conclusive with our data. 

W e now consider the kinetics of PplX photobleaching and Ppp673 

photoge ne ration. By compar ing the ethanol (Figure 4.6) and TX-100 micelle 

(Figure 4.5) solutions, we observe that the photobleaching rate of PplX and the 

generat ion rate of Ppp673 are much greater in the TX-100 solutions. Because 

we are work ing with a 1:10 PplX to micelle ratio, this enhanced rate should not 

be due to aggregat ion effects f rom the PplX. Instead, the enhanced rate may be 

due to a higher O2 solubility in the TX-100 micelles compared with ethanol. 

Therefore, 1 0 2 produced in TX-100 micelles reacts immediately with PplX to 
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generate photoproducts. In contrast, the ethanol kinetics are slow enough that 

a s igmoidal generation curve for Ppp673 is observed (see Figure 4.6). Many 

previous s tud ies 8 3 suggest that the photobleaching of PplX is dependent upon 

the availability of dissolved oxygen. W e can also make this observat ion, 

phenomenological ly, for TPE. When an air bubble is introduced into the sample 

wel l , we observe the data presented. Without the air bubble, the photodynamic 

rates are extremely small . It is therefore likely that the process involves singlet 

oxygen. W e propose the standard Type II mechanism for PplX photobleaching 

via equat ions 4.4 - 4.6. The generat ion of singlet oxygen leads to a subsequent 

s tep for the formation of Ppp673 as found in equation 4.6. 

PplX + 2hv > PplX*  3PplX +  302 > PplX +  102 (4.4) 

102 + PplX^^> Ppp (nonfluorescent) (4.5) 

102 + PplX —^ Ppp673 (4.6) 

If the photobleaching mechanism (i.e., equations 4.5 and 4.6) is the same 

for both systems, then the faster photobleaching of PplX in TX-100 micelles 

could be due to the geminate singlet oxygen being held proximal to PplX. In 

ethanol, the singlet oxygen may diffuse away before it reacts with PplX. 

For ethanol solution, there appears to be a delayed onset of the more 

rapid Ppp673 production (see Figure 4.6). The data can be modeled using a 

two-step series mechanism, except that we do not observe a f luorescent 
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intermediate. Analysis of the data based on a two-step series produced rate 

constants of 0.004 min" 1 for the first step and 0.026 min" 1 for the second step. If 

the intermediate was f luorescent, it would be easily observed. Alternatively, the 

possibil i ty exists that the mechanism in ethanol is autocatalytic. This is possible 

if Ppp673 is itself a photosensit izing agent that produces singlet oxygen. 

Therefore, an additional singlet oxygen generation step may be involved. This is 

g iven in equat ion 4.7. 

Ppp673 + 2hv — 1 0 2 + Ppp673 (4.7) 

In this mechanism, 1 0 2 feeds back into the photobleaching and generat ion 

reactions (equations 4.5 and 4.6) to promote an increasing rate of PplX 

destruct ion and Ppp673 generat ion. Although a similar mechanism in TX-100 is 

possible, in ethanol solution, the singlet oxygen is more free to diffuse away f rom 

Ppp673 and react with PplX. There are closed form expressions for integrated 

autocatalytic rate laws. Unfortunately, there are simply too many unknown 

variables to produce meaningful rate constants from the analysis. If we were to 

be able to do this analysis, we would need to know the exact concentrat ion of 

photoproducts in order to determine the rate constant for autocatalysis. 

Compar ing the kinetics at different photon fluxes may help confirm the 

number of absorbed photons necessary for photodynamic action (i.e., equat ion 

4.4). W h e n the photon flux is lowered by a factor of 2.5, the rates of PplX 
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photobleaching and Ppp673 become almost impossible to measure. For a 

one-photon process, the rate, and therefore the pseudo-first-order rate constant, 

should decrease by a factor of 2.5. In Figure 4.7, we have plotted the high power 

data a long with the low power data. The scaling of the high power data for two-

photon absorpt ion is accompl ished by multiplying the t ime scale by the square of 

the photon flux (6.25), whereas the linear f luence scaling of the high power data 

is obta ined by multiplying the t ime scale by 2.5. When scaled for a two-photon 

rate of absorpt ion (i.e., two-photon light dose), the low and high power agree 

much more closely. In this we have evidence that the photodynamic kinetics 

fol low T P E and that the mechanism appears to be independent of the laser 

f luence for the range of laser intensities applied in this work. 

It is also notable that a steady state is reached or approached at long 

t imes in our photokinetic exper iments, rather than reaching a value of zero 

f luorescence. It is likely that this arises because of the large sink of available 

PplX that can diffuse into the excitation volume, since our sampl ing volume is on 

the order of 1 u rn 3 and we have a sink of 3 x 1 0 1 1 u.m3. The rate of depletion of 

PplX will eventual ly equal its regeneration by diffusion. Likewise, the generat ion 

of Ppp673 will reach a steady state as it will have a finite lifetime in the excitation 

vo lume def ined by its exit diffusion rate. Moreover, it is possible that a steady 

state concentrat ion of oxygen is reached after an initial deplet ion. 

If we examine the PplX micelle results, we observe that the first order 

photobleaching rate constant for PplX is approximately one order of magnitude 



larger that that for Verteporf in. (See Figure 5.2 in Chapter 5) PplX is known to 

display signif icant photobleaching in micelles. W e have suggested that the 

proximal 1 0 2 generated is less free to diffuse away in a micelle and therefore 

enhances the reactivity of micellar PplX, both in the photobleaching of PplX and 

the product ion of the photoproduct. However, it has been suggested that a 

superoxide mechanism is more prevalent in micelles, not the singlet oxygen 

m e c h a n i s m . 6 5 , 8 2 ' 8 8 , 8 9 ' 1 0 2 If this were true in our system, we should observe the 

format ion of the formyl photoproducts rather than the chlorins we believe to be 

observ ing. The monoformyl-hydroxyaldehyde photoproducts have f luorescence 

max ima in the range of 685 n m , 9 9 , 1 0 1 at a much higher wavelength than the 

photoproducts we observe at 676 nm. Since we do have some wavelength error 

in our instrumentat ion at high wavelengths, it is possible, albeit unlikely, that we 

are observing the formyl photoproducts. This may be a result of two-photon 

generat ion; perhaps in TPE, singlet oxygen generation is even more favoured 

than superoxide production, negat ing any increase in mechanism efficiency. 

4.5 C o n c l u s i o n s 

W e have presented two situations in which the photobleaching of PplX and 

the generat ion of a photoproduct are conducted in ethanol solut ion, which mimics 

the more hydrophyll ic cytoplasm, and in TX-100 micelles solut ion, which mimics 

the more hydrophobic cell membranes. We find that two-photon PplX 

f luorescence photobleaching rates are comparable to those for OPE for PplX and 



that the photodynamics appear to mimic those for OPE. In addit ion, we find 

that the chlorin-type photoproducts of PplX photobleaching that we observed 

have a large T P E efficiency. This has provided a means to examine the 

photoproduct behaviour at low concentrat ions. One can compare the condit ions 

used in this study to those used under typical clinical condit ions for OPE. A 5-

ALA concentrat ion of 1 mM typically leads to concentrat ions of PplX in the 5 x 1 0 " 

4 M range (i.e., 0.5 u.mol/g of t i ssue) . 7 0 Light dosage varies between 40 and 200 

J / c m 2 . Under these condit ions, PplX photobleaches with a half-life of - 2 0 

minutes. In this study, we observe a photobleaching half-life for PplX in TX-100 

micel les on the order of 25 minutes, as illustrated in Figure 4.5. Our photon 

f luence is considerably higher than that used for OPE applications, but consistent 

with TPE-PDT in vitro app l i ca t ions . 1 5 , 1 6 It should be noted that we used idealized 

condit ions (pure solvents). Shafirovich et al. 8 4 demonstrated that mult i-photon 

dynamics in vitro could be different f rom those done employing OPE. In Chapter 

5, we present the first of our studies of TPE photochemistry in vivo to assess the 

environmental effects on PDT and similar experiments with Verteporf in for 

compar ison to PplX. However, it is encouraging to see similarity between OPE 

and TPE for PplX in controllable condit ions. 
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C H A P T E R 5: PHOTOBLEACHING O F VERTEPORFIN: SOLVENTS, 

MICELLES, A N D C E L L S 

5.1 I n t r o d u c t i o n 

Cont inuing our work on TPE-PDT, we have chosen to study the TPE 

photochemistry of Verteporf in. In this chapter, we explore the photobleaching 

kinetics of Verteporf in in a variety of model systems. While the photobleaching 

kinetics of PplX and the formation of the photoproduct have been studied by 

many groups (see Chapter 4) , relatively less work has been done on the 

photobleaching kinetics of Verteporf in. Verteporfin photodynamics appear to 

differ f rom those of PplX. In addit ion, since we were unable to observe the 

formation of a photoproduct in Verteporf in, the entire data set we have on the 

photobleaching of Verteporf in will be presented together in one chapter, al though 

there will be some references to Chapter 4 for comparison to PplX. 

Solution studies of the fundamental photophysical properties of 

photosensit izers are important to understand the action of such molecules and to 

predict their possible photosensit izing abilities. While solvent studies can provide 

exact information about the environment of the sensitizer and a starting point for 

model ing biological systems, they fall short in providing the complexity of a living 

organism. However, cellular studies may lack the ability to report on the exact 

subcellular location of the sensitizer. By comparing the results of the solvent 



study to the cellular study, one can predict the subcellular local environment 

and thus the subcel lular location of the sensitizer. 

One important question in PDT is how the subcellular location affects 

photochemistry. Whi le f luorescence solvatochromism and f luorescence 

resonance energy transfer can be useful in determining the localization of the 

drug, photobleaching rates will also be affected by the properties of the medium. 

One would expect that a photosensit izer located in a non-polar environment such 

as a membrane would have a different photobleaching rate than a molecule 

located in a more polar environment, such as the cytoplasm. In addit ion, the 

instrumentat ion used to measure absolute f luorescence (the avalanche 

photodiode) is much more sensitive than our fluorimeter, so that the 

measurement of photobleaching may be more effective for the determinat ion of 

the location of the photosensit izer. In this chapter, we explore the 

photobleaching dynamics of Verteporfin in micelles, organic solvents, aqueous 

systems, and live CV-1 cells. 

5.2 B a c k g r o u n d 

Verteporf in is administered systemically during PDT treatment, and it has 

been suggested that the method of transport (i.e., with or without a l iposome and 

what type of l iposome) affects the final location of Verteporfin in the c e l l . 1 4 2 The 

photophysics of Verteporf in have been examined for one-photon exc i ta t i on . 1 6 ' 1 7  

Aveline et al. 7 3 show in their study that dimerization leads to lower f luorescence 
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quantum yield and lower triplet state quantum yield. They suggest that this 

would lead to a lower efficiency for photosensit ization. 

During PDT, the intensity of the f luorescence from the photosensit izer 

decreases. This photobleaching has been associated with therapeutic 

inactivation and/or alteration of the photosensi t izer . 1 0 7 Photobleaching can be 

considered a compl icat ion in PDT, as it results in a loss of reciprocity between 

drug dose and light dose and it places an upper limit on the photodynamic 

e f fec t . 1 1 7 One of the advantages of photobleaching is that the limiting effect of 

photobleaching on photosensit izer activity can reduce the skin photosensitivity 

associated with P D T . 1 1 8 , 1 1 9 

Another advantage of photobleaching is that it provides information on the 

photodynamic process, dosimetric information, and possibly the location of the 

photosensit izer within a cell. Previous experiments have shown photobleaching 

to be a first-order mechanism with respect to the locally experienced light 

exposu re . 1 2 0 If the concentrat ion of the photosensit izer is considered to be 

proportional to the f luorescence coming off the sample, then it is expected that 

photobleaching kinetics will follow first order k inet ics . 1 2 1 However, in practice, it 

is found that the photobleaching kinetics appear to follow higher order kinetics. 

Reasons for this deviat ion have been suggested as: (1) the presence of several 

f luorophores wi th different bleaching cons tan ts ; 1 2 2 (2) the formation of f luorescent 

p h o t o p r o d u c t s ; 1 2 3 , 1 2 4 (3) damage to cell binding sites, reducing the number of 

photosensit izers that are able to be ac t i va ted ; 1 2 5 or (4) dynamic oxygen 
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concentrat ion dependence in the local environment, as suggested by 

Georgakoudi et al} 2 7  

W e present three studies in the photobleaching of Verteporf in. The first 

study deals wi th our work in methanol and TX-100 micelles, which can be used 

to mimic cytoplasm and cell membranes, respectively. The second study will 

descr ibe our work in organic solvents, which are chosen with a wide range of 

refractive indices to examine the effects of polarity on photobleaching rates. The 

final study will descr ibe our results from TPE-PDT in CV-1 cells to probe the 

possibil ity of subcel lular PDT. The acquisit ion of an avalanche photodiode led to 

the possibility of measur ing the relatively fast initial photobleaching of 

Verteporf in. 

5.3 Expe r imen ta l C o n d i t i o n s 

5.3.1 S o l u t i o n P repa ra t i on 

All solut ions were prepared in darkroom condit ions and covered to prevent 

light exposure prior to experiments. Bulk Verteporf in was received from QLT and 

mixed in dimethylsulfoxide (OmniSolv) to a concentrat ion of approximately 

10" 4 M. Concentrat ions were determined spectrophotometrical ly. All solut ions 

were prepared f rom dilutions of a stock solution of Verteporfin in 

dimethylsulfoxide. To prepare solutions for the first study, 1 ml_ of Verteporf in 

solution was di luted in methanol or water with 10" 5 M micelles of TX-100 to make 



a solut ion of 10" 5 M in Verteporf in. For the coversl ip experiment, the micelle 

solut ion was al lowed to evaporate until a fi lm was deposited. For the second 

study, 100 uJ of the Verteporf in stock solution was added to 10 mL of the solvents 

and then stirred vigorously. The following solvents were used without purif ication: 

methanol , (OmniSolv, EM Science); ethanol (absolute); toluene, acetonitri le, 

acetone, ethylene glycol, dimethylformamide, chlorobenzene, benzene, 

d ichlorobenzene, dichloromethane, octanol (OmniSolv, BDH, Inc.); 

dimethylsulfoxide (Anal-R; BDH, Inc.). Phosphate buffer solution was prepared 

f rom N a H 2 P 0 4 H 2 0 and N a 2 H P 0 4 , diluted in ultrapure water and adjusted to pH 

6.7 wi th NaOH and H 3 P 0 4 . All solutions were approximately 10" 6 M because 

prel iminary FCS exper iments suggested that substantial photobleaching does not 

occur at concentrat ions less than 10" 6 M. For the third study, the stock solution of 

Verteporf in was di luted into 5 % fetal calf serum in phosphate buffered saline 

(PBS) to a concentrat ion of 100 nM and 250 nM. 

5.3.2 S a m p l e P repa ra t i on fo r T w o - p h o t o n F luo rescence Spec t ra 

A small amount of stirred, sonicated, and cooled sample solution was 

placed in the center well of a three well microscope slide. For the first study, a 

cover slip of 0.13 to 0.16 m m thickness (Corning Brand, No .1 , VWR Canlab, 

Mississauga, ON) was sealed on the slide with mount ing medium (Cytoseal 280, 

VWR) which gave the best seal and prevented air leaking into the sample 
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chamber. For the second study, the coverslips were not sealed due to the 

short duration of the experiments. 

5.3.3 T w o - p h o t o n F l uo rescence Spec t ra a n d Decays 

For the first study, the two-photon f luorescence spectra were col lected 

using the instrumental set-up as described in Chapter 2, where the detection 

device was the microscope fluorimeter. The duration of one scan is 87 seconds. 

The duration of exposure varied from several minutes to several hours. The 

dichroic mirror used was a RMP2 special (CVI Ine, Albuquerque, NM) and the 

microscope objective was a 100X, Planapochromat, N.A. 1.25, water immersion 

(Carl Zeiss Canada, Don Mills, ON) . 

For the second study, the two-photon f luorescence decays were col lected 

using the instrumental set-up as described in Chapter 2, where the detection 

device was the avalanche photodiode. The duration of exposure was several 

minutes. The f luorescence decay was digit ized using the ALV-5000 software. 

In order to examine the dependence on light dose, the intensity of the laser was 

varied from 300 m W down to 40 mW. The dichroic mirror used was as above and 

the microscope objective was a 63X, Planapochromat, N.A. 1.25, water 

immersion (Carl Zeiss Canada, Don Mills, ON). Several runs were obtained for 

each laser intensity by moving the slide under the objective and monitoring the 

f luorescence signal until it stops decreasing. This gave enough data to create an 

average and discard anomalous data. 
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5 .3.4 Cel l C u l t u r e a n d P la t ing fo r T w o - p h o t o n Obse rva t i on 

For the third study, Afr ican green monkey kidney cells f rom a CV-1 line 

were grown onto coversl ips. There appeared to be no difference in adhesion to 

coversl ips if col lagen-coated coversl ips or uncoated coversl ips were used. In 

fact, uncoated coversl ips were preferable, as the dead cells would not adhere to 

the coversl ip, al lowing a macroscopical ly visible endpoint to the experiment. The 

cel l -coated coversl ips were incubated with Verteporf in in the 5% fetal calf serum 

and PBS in the dark for at least an hour. From this t ime on, the cells remained in 

the dark at all t imes, except for the duration of the experiment. At this point, the 

cel ls (covered in foil) were removed from the incubator, placed in an insulated 

box and carr ied to the dark lab. The coversl ips were removed from the 

Verteporf in media and rinsed several t imes with the 5 % fetal calf serum solution. 

The cel l -covered coversl ip was placed face down onto the middle well of a three 

wel l slide which was fi l led with the 5 % fetal calf serum in PBS. The slide was 

sealed onto the wel l with vacuum grease to stabilize the position and allow us to 

move around in the sample. 

5 .3 .5 T w o - p h o t o n K ine t i c s 

For the third study, two-photon f luorescence kinetics were collected using 

the instrumental set-up as descr ibed in Chapter 2, where the detection device 

was the avalanche photodiode. The duration of exposure was several minutes for 

each run. The f luorescence decay was monitored using the ALV-5000 software. 
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The intensity of the laser was varied from 26 m W to 5 m W at 800 nm to 

prevent cell death f rom simple exposure to the laser. The dichroic mirror used 

w a s a RMP2 special (CVI Ine, Albuquerque, NM) and the microscope objective 

w a s a 63X, Planapochromat, N.A. 1.25, water immersion (Carl Zeiss Canada, 

Don Mills, ON) . As the horizontal micrometer translator for the microscope stage 

w a s not yet available, movement between cells had to be accompl ished by hand 

using the standard microscope horizontal translator. This limits the ability to 

move within an individual cell. To collect the data, the sample was translated 

under the microscope objective until a spike in f luorescence was recorded. If we 

were at the beginning of a run, the signal was col lected until the decay stabil ized 

or the run stopped. If it was too close to the end of a run, the run was quickly 

restarted and then al lowed to continue. Data were col lected over three days. 

Fluorescence signal levels suggest that the cellular Verteporf in concentration is 

~10" 7 M. Background runs of cells without Verteporf in were also run, but no 

signif icant signal was observed. 

5.4 S t u d y 1 : T w o - p h o t o n P h o t o b l e a c h i n g of Ve r tepo r f i n in Me thano l a n d 

TX-100 Mice l les . 

5.4.1 Resu l t s 

In Figure 5.1 is a series of Verteporfin spectra taken after various NIR 

laser exposure levels. It is notable that the f luorescence spectra do not differ 



f rom a one-photon spectrum of Verteporf in, as seen in Figure 6.6. This 

suggests that using two-photon excitation does not result in the population of an 

exc i ted state with vastly different electronic characteristics than is accessible 

excit ing with one photon. 

In order to fol low Verteporf in photokinetics via the changes in their TPE 

f luorescence spectrum, the features were fit via nonlinear least squares using 

Gauss ian functions. The center wavenumbers were f ixed where appropriate and 

the intensities and spectral widths were al lowed to float until the fit converged . 6 2 

Whi le error bars can be calculated for these fits, on the scale of the plots, they 

are smaller than the size of the data points. Within a given kinetic run, there 

Table 5 . 1 . Parameters for Verteporfin photokinetics. 

Species ki ( M 1 m i n 1 ) k2(min') 2 n d /To ta l * 
( 2 n d order) ( 1 s t order)  

VP (Methanol) - 0.070 

VP (TX-100, 1/1) 0.00034 0.0020 0.40 

VP (TX-100, 1/10) 0.00034 0.0020 0.17 

VP (on coverslip) 0.00034 

* The ratio of the second order population to the total fluorescence at time 
zero. 

appeared to be no spectral shifting of the f luorescence feature. The rate 

constants for the fit data are found in Table 5 . 1 . 
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Figure 5 . 1 . Representat ive spectra from the Verteporfin 
(10" 5 M) photobleaching studies as a function of t ime. The 
t ime increases from black to red to green to yellow. 
A. Methanol B. TX-100 micel les(1 Verteporfin : 1 TX-100) 
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The TPE f luorescence decays for Verteporfin are presented in Figure 

5.2. The samples examined were Verteporfin at 10" 5 M in methanol (Figure 

5.2a) , in TX-100 micelle solution at 1:1 sensitizer to micelle ratio (Figure 5.2b), in 

TX-100 micelle solution at 1:10 sensitizer to micelle ratio (Figure 5.2c) and a thin 

evaporated coat ing on a microscope coverslip (Figure 5.2d). The best model fits 

for the kinetic data are given in Figure 5.2. These are single first order for the 

methanol solut ion, second order plus first order for the micelle solutions and 

single second order for the thinly coated coverslip. Parameters for the fitted 

models are given in Table 5 . 1 . 

Verteporf in under TPE in micelle solution could be modeled only by 

consider ing two populations of sensitizer. 

[VP], , >. (5-1) 
[VP] = a • —-—®— + b • exp(- U ). 

\+[VP\k,t 

If one assumes that most of the sensitizers partition into the micelles then 

it is possible that the micelle populat ions differ in occupancy. At a 1:1 

sensi t izenmicel le ratio the probabil i ty of double occupation is 18%, assuming a 

Poisson distribution. The probability of single occupation is 3 6 % at the same 

ratio. The data from the micelle solutions are best fit using a combinat ion of 

second and first order integrated rate laws. 

Data were also recorded at a sensit izenmicelle ratio of 1:10. Here 9% of 

the micelles are singly occupied compared with 0.5% double occupancy based 

on a Poisson distr ibution. W e observe that the lower occupancy data can be 
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mode led using the same rate constants as for the higher occupancy, by 

adjust ing the relative second and first order contributions to the kinetics. 

The two-photon cross sect ion (Ô) gives information as to how well the 

sensit izer can absorb two-photons and therefore undergo a two-photon 

transi t ion. In equation 4 . 1 , we give the equation for calculating the two-photon 

cross sect ion by using a reference molecule. From the data value calculated in 

Chapter 4, the two-photon absorpt ion cross section for Verteporf in (0= 3.3x10" 4 7 

c m 4 s photon" 1) suggests that the Soret band reflects strong nonlinear absorpt ion. 

The Ô value for Verteporf in is nearly one order of magnitude larger than that for 

Rhodamine B determined by Xu and W e b b . 7 5 The large ô value could reflect a 

large change in electric dipole moment and/or a large change in polarizability of 

Verteporf in Soret state compared with its ground electronic state. A previous 

photophysical study 7 2 of Verteporf in has shown solvatochromic shifting of the 

Soret band comparing acetone (424 nm) to benzene (435 nm) solutions. This 

difference in ô values for PplX and Verteporfin suggests that the polarizability 

may be the key factor. Work in model ing the solvatochromic behaviour through 

spectral shifts and computer model ing in Chapter 6 suggests that Verteporfin 

should have a larger change in polarizability than PplX. 

5.4.2 D i s c u s s i o n 

This work shows that the two-photon destruction of Verteporf in is possible. 

(Refer to Table 5.1 in this chapter and Table 4.1 in Chapter 4 for the fol lowing 
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discussion). For Verteporf in in methanol , a single exponential decay of the 

f luorescence signal was observed. This is consistent with classic photochemical 

destruct ion of the photosensit izer as we observed for TPE of PplX. Note that 

exper iments were initially conducted in ethanol for PplX, but then switched to 

methanol for Verteporf in to allow direct comparison with other studies. The 

larger rate constant for Verteporf in in methanol (Table 5.1) compared with PplX 

in ethanol (Table 4.1) is likely due to a confluence of factors including the higher 

solubil i ty of 0 2 by 3 0 % in methanol compared with ethanol and the stronger TPE 

in the former. This may offset the fact that the OPE photobleaching yield for PplX 

(3 x 10 " 3 ) 7 1 is higher than that for Verteporf in (6 x 10" 5 ) . 7 2 

In contrast to PplX, no strongly f luorescent Verteporf in photoproducts 

were observed. At the highest resolution (1.0 nm) possible for our fluorimeter, 

there may be evidence of a second peak appearing at 650 nm. Such a peak has 

been observed by Gillies et al. 7 9 for Verteporfin in fetal calf serum. However, 

because this peak is extremely weak in the present study, we will speculate only 

that it either does not efficiently undergo TPE at 756 nm or is not a major product 

in the TPE photon-induced transformation of Verteporfin. From comparing the 

possible mechanism of photoproduct formation of PplX and the structural 

similarity of Verteporf in, there is a good possibility that a hydroxyaldehyde 

photoproduct would exist and since it does not affect the conjugation of the ring, 

one would expect that it too would be fluorescent. Another option is that the vinyl 
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Figure 5.2. (a) Verteporf in 10" 5 M in methanol (MeOH). (b) 
Verteporf in 10" 5 M in TX-100 micel le solution, 1:1 
Verteporf in:micel le. (c) Verteporf in 10" 6 M in TX-100 micelle 
solution, 1:10 Verteporf in:micel le. (d) Verteporfin on coversl ip in 
air. Lines are fits to the f luorescence photobleaching kinetics. 
Parameters for the fits can be found in Table 5 .1 . 

bond is not the double bond that undergoes the addition of singlet oxygen (or 

superoxide), such that the ring is destroyed in the addition process. In this case, 

the photoproducts would not be f luorescent. 

In TX-100 micelle solut ion, the difference in photobleaching between 

Verteporf in and PplX is quite str iking. In PplX, the TPE photodestruction was 
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faster than in organic solvent and displayed a single exponential decay 

(Figures 4.5 and 4.6, Table 4.1). In Verteporfin (Table 5.1), the photokinetics 

involved a combinat ion of second and first order behavior. This suggests that at 

least a fraction of the sensit izers in doubly occupied micelles undergo different 

phototransformat ions than those in singly occupied micelles. The lower ratio data 

(Figure 5.2C) suggest that single occupat ion leads to the single exponential 

decay in standard Type II photosensi t izers. 7 2 It must be noted that the constant a 

a n d [VP]o in equat ion 5.1 are highly correlated. This could explain why the ratio 

of second order to first order contr ibutions does not follow Poisson statistics 

exact ly. The fraction exhibit ing second order behavior means that two 

photosensi t izers simultaneously contribute to the loss of f luorescence. Since we 

observed no evidence of dimers in these solutions, it appears that excimer 

format ion may be involved in the photobleaching. The reaction scenario could be 

as fol lows. 

VP + 2hv -> VP * (5-2) 

VP* + VP-^(VP)* (5-3) 

(VP)2* -> Products (not able to fluoresce between 400 - 690 nm)- (5-4) 

Since we base our kinetic study on monomer f luorescence, we cannot 

exclusively conclude what the photoproducts of an excimer reaction would be. 

The excimer could behave as a Type II photosensit izer and produce 1 0 2 . Singlet 

oxygen could then go on to react with one or both members of the excimer. 

Alternatively, the excimer could undergo photodimerization similar to thymine in 
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DNA. The dimer would then have to possess a f luorescence spectrum shifted 

to the red of our detection limits (~ 740 nm). 

It is interesting that our observat ions in micelles are in contrast to those of 

Avel ine et al. 7 2 In their studies of aggregation of Verteporf in, they report that the 

introduction of organic solvent or detergent such as TX-100 into aqueous 

solut ions causes disruption of aggregate formation. In order to prove that we are 

indeed observing effects due to aggregat ion and to help determine the nature of 

the second order kinetics, we examined the TPE behavior of a thin Verteporf in 

f i lm. As is shown in Figure 5.2d, the f luorescence decay data displayed second 

order kinetics for the entire observat ion t ime. It is also notable that while all other 

samples appear to attain a steady state, the thin fi lm decays nearly to zero 

signal . This is likely owing to the lack of mobility in the solid thin f i lm. What the 

data do suggest is that both monomers constituting the excimer are changed 

photodynamical ly. However, this data does not distinguish between oxidative 

damage and photodimerizat ion. 

Turning to the Verteporfin micelle results, we find the first order 

photobleaching rate constant for PplX (Table 4.1) is approximately one order of 

magnitude larger than that for Verteporf in (Table 5.1). W e have suggested that 

the proximal 1 0 2 generated is less free to diffuse away in a micelle and therefore 

enhances the reactivity of micellar PplX and Verteporf in. Verteporf in is much 

more photostable than Pp lX , 7 2 thus the rate of photobleaching in Verteporf in is 

smaller. Here, oxygen dissolved in micelles may negate the effects of higher 
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excitat ion rates for Verteporf in, since the diffusion of free oxygen may not be 

a factor. 

Finally, it is notable that a steady state is reached or approached in our 

Verteporf in photokinet ics studies (Figure 5.2 A and B). It is likely that this arises 

because of the large sink of available sensitizer that can diffuse into the 

excitat ion vo lume. Therefore, the rate of depletion of sensitizer will eventually 

equal its regenerat ion by diffusion. Alternatively, a local depletion of oxygen 

could have the same net effect, again limited by 0 2 diffusion back into the 

excitat ion vo lume. 

5.5 S t u d y 2: P h o t o b l e a c h i n g of Ver tepor f i n in Organ i c S o l v e n t s a n d 

A q u e o u s S o l u t i o n 

5.5.1 Resu l t s 

Figure 5.3 is an example of the data collected during the photobleaching 

exper iment and the fitting procedure. For each data set, the f luorescence 

decays had to be separated and normalized so that the decay at long t ime 

approaches zero and the decay begins at a t ime of zero seconds. Data sets that 

looked like they might not be due to photobleaching were removed f rom the data 

set, as well as data that were too noisy to be relevant. The remaining data were 

averaged and the average data fit to a single exponential (equation 4.2) and 

double exponential (equation 4.3) decay. The determination of whether the data 
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were best fit to a single or double exponential was done by observat ion. 

Figure 5.3D is an example of the data fit. The single exponential fit is in red, the 

second exponent ia l fit is in green, and the raw data are in black. It is obvious 

f rom the data that the double exponential fit is more applicable than the single 

exponent ia l . This can be confirmed by a plot of the residuals f rom the fit (data not 

shown) . A coeff icient of variation (CV) was calculated for values taken f rom the 

fit. Data which have CV's of 10% or less can likely be considered a good fit. The 

CV are also useful in the next sect ion to compare the photobleaching in cells with 

the photobleaching in solution. Not all data were well modeled using a single or 

a double exponent ia l . Table 5.2 provides the decay rate constants. Since we are 

using an exponent ial model which does not take into consideration local oxygen 

concentrat ion (see Chapters 4), we only feel confident in reporting the data to 

two signif icant f igures. If the data did not appear to follow either a single or a 

double exponent ial , "No fit" is indicated in the table. For water, only the 300 mW 

laser power provided enough signal to observe photobleaching. The constants 

used in fitting the decays are given in Table 5.2, where A denotes the ampli tude 

of the first exponent ial , ki denotes the rate constant of the first exponential , C 

denotes the ampl i tude of the second exponential , and k2 denotes the rate 

constant of the second exponential. Note that while data for all four laser powers 

are reported, only the data at 275 m W and 97 mW will be analyzed in detail, as 

we can be sure that the laser powers for these two runs are indeed of different 

magnitudes. 
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Figure 5.4 is a plot of the f luorescence decay at the laser intensities 

used to show variat ion between solvents at similar laser powers. Figures 5.5A -

C present the data in individual solvents. Note that as the laser power increases, 

the rate of decay increases in some solvents. Both Figures 5.4 and 5.5 indicate 

a solvent-dependent rate of photobleaching. 

In addit ion, the rate constants appear to change as the laser power 

changes. There are only two complete data sets f rom which we can make such 

an analysis. For acetonitri le, where the photobleaching decay curves appear to 

fol low the laser power, the rate constants for 275 mW:97 mW go as 

0.42 : 0.041 s" 1 for the first exponential decay and as 4.8 : 3.6 s"1 for the second 

exponential decay. For octanol, the rate constants for 275 mW : 97 m W go as 

4.0 : 4.6 s"1 for the first exponential decay and as 0.52 : 0.30 s"1 for the second 

exponential . 

It is likely that at higher power, the available oxygen is rapidly consumed. 

It fol lows that the photobleaching rates may be dependent on both the oxygen 

concentrat ion in the solvent and the diffusion coefficient of oxygen in the solvent. 

The diffusion coeff icient can be related to the viscosity of the solvent. Thus, in 

Figures 5.6 and 5.7, we present plots of the photobleaching rates as a funct ion of 

the oxygen concentrat ion and solvent viscosity, respectively. With the double 

exponential fits come two decay constants. It is possible that these decay 
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Figure 5.3. Data analysis for photobleaching. A. Raw data f rom 
computer. B. Raw data is separated into individual peaks and normalized 
to t ime = 0. C. Raw data is normalized to Count Rate = 0. Anomalous 
looking spectra are removed f rom data set. D. Remaining data is 
averaged and fit to a single exponential and a double exponential curve. 
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constants are correlated to the local oxygen concentrat ion, since Verteporf in 

is a Type II photosensit izer. Furthermore, plotting the decay constants versus the 

oxygen concentrat ion may reveal whether the first or second decay constant has 

a strong oxygen dependence. Figure 5.6 contains plots of the decay rates for 

both the first and second exponential versus oxygen concentrat ion. The oxygen 

concentrat ion is g iven as the Ostwald coefficient, the details of which can be 

found in Chapter 6. 

For the higher laser powers, there appears to be no correlation between 

the concentrat ion of oxygen and the decay constants. However, there may be a 

slight correlation for the first decay constant for 275 mW; the decay constant 

increases as the oxygen concentration increases. At 97 mW, there appears to 

be a decrease in the decay rate as the concentrat ion of oxygen increases. Both 

the first and second decay rates display the same correlation; Figure 5.6 will not 

distinguish which of the rate constants is related to the oxygen dependent 

photobleaching. It is possible that both decay constants are sensitive to oxygen 

concentrat ion. 

If oxygen concentrat ion cannot distinguish between the first and second 

decay rates, then the oxygen availability may be better modeled by a plot of the 

decay rates as a funct ion of viscosity. Since oxygen is free to diffuse in and out 

of the excitation vo lume, the available oxygen will be dependent on the diffusion 

of the oxygen into and out of the volume. These plots are presented in Figure 

5.7. Again for the higher powers, there is no discernable correlation. For the first 
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order decay constant at 97 mW, there is no apparent correlation. However, 

for the second order coefficient at 97 mW, a trend appears. As the viscosity 

increases, the decay rate increases. 
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Figure 5.4. Presentation of photobleaching decay curves as a 
funct ion of laser power. Concentrat ion of Verteporfin is 10" 6 M. 
Count rates are in kHz. 
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Table 5.2. Fitting data used in photobleaching decays, and k 2 a r e in s" 1. 
Coeff icient of variation (CV) is in percent units. 

Solvent 300 mW CV(%) 275 mW CV(%) 188 mW CV(%) 97 mW CV(%) 
Acetone A = 23 1.3 A = 24 17 A = 9.6 52 A = 5.0 2.4 

k, = 3.2 2.4 ki = 4.7 34 ki = 2.6e+4 7.9e+5 ki =2.9 6.3 
C = 1.2 25 0 = 4.4 88 0 = 6.9 40 
k2 = 0.47 21 k2 = 0.77 66 k2 = 3.1 76 

Acetonitrile A = 93 26 A = 2.4 3.5e+3 A = 5.2 2600 A = 0.14 4.0e+3 
ki = 3.5 50 k, = 0.42 3.4e+3 k, = 5.0 6400 ki = 0.041 1.7e+4 
C = 31 73 C= 14 670 0 = 1.6 8400 0 = 2.9 440 
k2 = 0.48 63 k2 = 4.8 2.1 e+3 k2 = 0.71 6700 k2 = 3.6 1.4e+3 

Benzene A = 13 7.1 A = 22 470 No fit A=2.9 580 
ki = 370 1.7e+6 k, = 2.7 1.0e+3 ki=3.3 1.7e+3 
C = 8.4 11 C = 0.86 1.0e+4 
k2 = 2.1 8.6 k2 = 0.26 1.0e+4 

Chloro- No fit No fit No fit No fit 
benzene 
Dichloro- No fit No fit No fit No fit 
benzene 
Dichloro- No fit No fit No fit No fit 
methane 
Dimethyl- A = 6.1 9.6 A = 12 1.6 A = 5.6 19 No fit 
form amide ki = 6.3 32 ki = 4.7 5.5 ki = 8.7 110 

0 = 1.1 52 C= 1.8 8.2 0 = 2.4 44 
k2 = 0.80 41 k2 = 0.27 9.5 k2 = 1.2 29 

Dimethyl No fit No fit A = 22 9.3e-1 A = 0.48 12 
sulfoxide ki = 3.2 2.7 ki =0.12 18 

0 = 24 3.5e-1 0 = 4.9 1.8 
k2 = 4.7e-3 8.5 k2 = 2.9 4.8 

Ethylene No fit A = 9.1 11 No fit No fit 
glycol ki = 2.3 14 

0 = 8.0 13 
k2 = 0.49 8.8 

Ethanol No fit A = 62 1.9 No fit No fit 
ki = 1.4 3.7 

Methanol No fit No fit No fit A = 2.1 3.1 
ki = 4.3 12 
C = 0.25 13 
k2 = 0.045 42 

Water A = 0.37 7.0 No data No data No data 
k, = 1.9 15 

Octanol No fit A = 26 2.2 A = 20 2.2 A = 7.5 1.3 
k, = 4.0 4.6 ki = 5.5 6.6 ki = 4.6 4.5 
0 = 7.5 7.2 0 = 5.1 8.3 C= 1.4 5.6 
k2 = 0.52 6.3 k2 = 0.64 7.1 k2 = 0.30 6.0 

Toluene No fit No fit No fit A= 1.8 6.4 
k i=2.3 16 
0 = 0.15 42 
k2 = 3.9e-10 1.8e+10 
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Figure 5.5A. Photobleaching decay curves, presented at 300 mW, 
275 mW, 188 mW, and 97 m W for acetone, acetonitri le, benzene, 
chiorobenzene, dichlorobenzene, and dichloromethane. 
Concentrat ion of Verteporfin is 10" 6 M. Count rates are in kHz. 
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Figure 5.5B. Photobleaching decay curves, presented at 300 mW, 
275 m W , 188 mW, and 97 m W for dimethylformamide, 
dimethylsulfoxide, ethanol, ethylene glycol, methanol, and octanol. 
Concentrat ion of Verteporf in is 10" 6 M. Count rates are in kHz. 
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Figure 5.5C. Photobleaching decay curves, presented at 300 
mW, 275 mW, 188 mW, and 97 m W for water and toluene. Note 
that signal was only available for 300 m W for water. 
Concentrat ion of Verteporfin is 10" 6 M. Count rates are in kHz. 
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5.5.2 D i s c u s s i o n 

Finlay et a / . 1 1 5 observed that for the in vivo photobleaching of PplX, the 

lowest irradiance leads to the most efficient loss of f luorescence. This is 

consistent with f indings that PDT can be more efficient at lower i r rad iance. 1 1 5 

The suggested reason is that at high power, all the available oxygen is rapidly 

consumed in the initial photobleaching. 

It is obvious from our data that a simple exponential decay is inadequate 

to descr ibe photobleaching in even a simple system, as il lustrated in Figure 5.3. 

A better possibil ity is that the photobleaching follows a more compl icated process 

than can be modeled using a single or double exponential. The single or double 

exponent ia l fit assumes a process where oxygen is readily available. In practice, 

this is not the case. There are two complicating factors here. The first is that we 

have a very large sink of Verteporf in which is free to diffuse in and out of the 

excitat ion volume. This is why the f luorescence decay eventually reaches a 

steady state. 

The second complicating factor is the concentration of oxygen. For the 

oxygen-dependant photobleaching of Verteporfin, one can predict 

Verteporfin +  102 -> products (5.5) 

Rate = k1[Verteporiin][ 102]. (5.6) 

Since the concentrat ion of oxygen is changing, one cannot model the 

f luorescence decays as a simple first order equation. Our data suggest that 

there is an oxygen dépendance for the first component in the double exponent ial , 
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but the relationship is more complex than first order. If the relationship were 

first order, we would expect a straight line for the plots in Figure 5.6A and C. The 

oxygen would be free to move in and out of the TPE volume as wel l . However, if 

Verteporf in bleaches at a faster rate than it can be replenished, then the oxygen 

may be used up at a faster rate than it can be replenished. Thus the 

photobleaching rate would be affected by the loss of available oxygen in the two-

photon excitation volume. This has been suggested by Georgakoudi et al., 

al though they apply their model to photobleaching in multiceli sphe ro ids . 1 2 7 The 

equat ion they use to model their data is given as: 

where TPDT (t) is the t ime dependent rate of oxygen consumpt ion, kot is the 

bimolecular rate of triplet sensit izer quenching with oxygen, kp is the 

monomolecular decay of the sensit izer triplet state, kos is the bimolecular rate 

constant for singlet oxygen reaction with ground state photosensit izer, and koa is 

the bimolecular rate of reaction between singlet oxygen and the substrate, [A]. To 

is g iven as the equat ion 

where kd is the monomolecular decay of the singlet oxygen, S A is the fraction of 

the tr iplet-quenching coll isions between ground-state oxygen and the triplet state 

sensit izer molecules that result in the formation of singlet oxygen, la is the rate of 

(5.7) 

(5.8) 
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photon absorpt ion by the sensitizer, and tyt is the sensitizer triplet yield. 

Equat ion 5.8 must be calculated numerically. Modeling the TPE data using this 

equat ion is a future goal of this research. 

Georgakoudi et al} 2 1 state that under no circumstances can 

photobleaching data be modeled as a simple exponential decay which assumes 

a constant bleaching coefficient. Even if bleaching is not l imited by oxygen 

availabil ity, the rate of photodynamic oxygen consumption will be a t ime-

dependent funct ion because of the progressive loss of sensitizer concentrat ion. 

In our si tuat ion, the sensitizer and oxygen population are likely in a steady state 

si tuat ion, where diffusion accounts for fresh Verteporfin and oxygen being 

introduced into the excitation volume. 

Another consideration is that in the system we studied, it is likely that the 

oxygen is in excess when compared to the Verteporf in. The quantum efficiency 

for the reaction of Verteporfin with oxygen is less than one. When a singlet 

oxygen is produced, it may not f ind a Verteporfin to react with within the radical's 

l i fet ime. It may be possible that the singlet oxygen is more likely to react with or 

be deact ivated by a solvent molecule. Thus, it may be that reaction of the 

solvent with 1 0 2 is more responsible for the depletion of oxygen than Verteporf in. 
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5.6 S t u d y 3: In vivo P h o t o b l e a c h i n g of Ver tepor f in 

5.6.1 Resu l t s 

The results of our cellular studies are presented in Figure 5.8, grouped 

according to the incubation concentrat ion of Verteporfin and the power level of 

the laser. Note that within one data set, not all the data were necessari ly 

col lected on the same day, al though all the data were collected within 3 days. In 

addit ion, we are not taking into considerat ion the point in the cell cycle an 

individual cell may be in. The data were treated in a similar manner to the 

photobleaching data in the Study 2 in the previous section, al though no 

averaging of the data was possible. 

It should be noted also that we are unable to determine the exact 

subcel lular location of the two-photon excitation volume. In addit ion, no staining 

of the cell was done, so the only subcellular structure that we observe is the 

nucleus, by exclusion of the sensitizer. Since our microscope does not operate 

in scanning mode, new locations are accessed by translating the objective 

manual ly (using the standard translator on the microscope). W e at tempted to 

locate the objective such that different data sets come from different individual 

cel ls. 

Interestingly, there are some similarities in the data. In Figure 5.8B, the 

first and third runs look similar to the fifth run in Figure 5.8C and to the first, fifth, 
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sixth, and seventh runs in Figure 5.8D. It is possible that these runs were 

conducted in similar environments in different cells. 

At tempts were made to fit the data to a simple exponential model . For the 

data that could be fit, a double exponential model fit the data reasonably wel l . 

The fitting coeff icients can be found in Table 5.3. Again, coefficients of variation 

(CV) were calculated for the values f rom the fits and plots of the residuals can be 

used to show that a double exponential is a more appropriate fit than a single 

exponent ia l . It is interesting that the first exponential decay increases as the 

concentrat ion decreases. This may be an indication of dimerization in the higher 

concentrat ions. 

It wou ld be interesting to compare the photobleaching results in solvents 

to the photobleaching results in cells, as this may give some insight to the 

compl icat ions. If the ratio of the first and second decay rates can be assumed to 

be a constant, then perhaps the ratios for the data can be compared. The data 

for this is found in Tables 5.4, 5.5, 5.6, and 5.7. Whi le most of the data did not 

match up, we were able to make possible matches to acetonitri le, benzene, 

dimethylsulfoxide, and octanol. 

The match to dimethylsulfoxide is not surprising (Table 5.4 and 5.6); this 

may indicate that there was some Verteporf in still associated with the original 

dimethylsulfoxide f rom the stock solut ion. This is consistent with observat ions of 

l iposome-del ivered te t ramethy lhematoporphyr in , 1 3 3 where f luorescence of single 

cells revealed punctate f luorescence of the porphyrin within the cytoplasm of the 
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Figure 5.8. Plots of photobleaching in cells, at varying intensities and 
different incubations of Verteporf in. 
A. 100 nM Verteporf in, 5 mW laser power. 
B. 100 nM Verteporf in, 26 mW laser power. 
C. 250 nM Verteporf in, 5 mW laser power. 
D. 250 nM Verteporf in, 26 mW laser power. 
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cell and no localization in the nucleus or nuclear membrane. It was 

suggested that the porphyrin is incorporated into the cell through endocytosis of 

the l iposome. Verteporf in is likely incorporated into a cell a similar manner. 

It is possible that we are observing a lysosomal subcellular environment. Direct 

observat ions of sensit izers in lysosomes is complicated by the dif ferences in 

concentrat ion and power levels of the laser, in addit ion to any cellular enzymes 

which would destroy the lipid bilayer of the l iposomes and release the 

photosensit izer to act within the l iposome or in other cellular compar tmen ts , 1 3 4 

such that the cell would be destroyed (or undergoing apoptosis) before imaging 

could be completed. In addit ion, similar results were obtained when chlorin e6 

conjugated to microspheres was phagocytosed by bladder carcinoma c e l l s . 1 3 5 In 

our work, it is possible that, in this case, we had focused on the outside of a cell 

or a vesicle f rom endocytosis which still retained the dimethylsulfoxide. 

However, due to large CV's for some data f rom the cell run to which this match 

was made, this match may be suspect. 

Octanol is also an expected match; it has long been used as an 

approximation for a cellular membrane. It is known that porphyrins accumulate 

in cell and nuclear m e m b r a n e s 1 3 8 and cause cell necrosis through their action 

there. Porphyrins are found in mitochondrial membranes, so it is possible in this 

instance that w e had focused on a structure with a membrane. The possible 

match to benzene (although suspect due to large CV's in some of the data from 

the fit) may also indicate a very non-polar environment. 
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Acetonitr i le is also a possible match (Table 5.4 and 5.7). This may 

indicate that the Verteporf in is in a relatively polar environment. This match could 

also indicate protein binding, since it is known that serum Verteporfin is bound to 

proteins or l i pop ro t i ens . 1 3 6 , 1 3 7 

While the kinetics of photobleaching varied in behaviour between runs, the 

same general t rend is displayed in each cell. Initially, there is a fast decay, 

fol lowed by a s lower tail. W e believe that this fast initial decay is due to 

bleaching in an oxygen-r ich environment and that the slower tail is due to an 

oxygen poor environment. However, to confirm this, we needed to determine 

whether we were observing reversible photobleaching or a mobile populat ion of 

sensit izers; thus, a mobility study was conducted. Once a photosensit izer 

populat ion had been detected, photobleaching was initiated. After a short 

durat ion, the laser beam was blocked for 15 minutes. Photobleaching was 

reinitiated and al lowed to continue. These data are found in Figure 5.9. If the 

Verteporfin is mobi le, then one would expect some signal recovery after al lowing 

t ime for more Verteporf in to diffuse into the volume. The recovery of 

f luorescence has been shown by Morliere e / a / . 1 4 3 to be a result of diffusion of 

porphyrins from non-irradiated areas of the plasma membrane to the previously 

irradiated area. The photosensit izer in this case was Photofrin II. In addit ion, if it 

is oxygen deplet ion that is causing the photobleaching to stop, then al lowing t ime 

for the oxygen to diffuse into the volume should allow for the double exponential 

photobleaching decay to resume. If we are indeed in the fast oxygen deplet ion 
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regime of photobleaching, then 15 minutes of darkness should be ample t ime 

to re-establish the oxygen concentrat ion. After the laser is unblocked, there is no 

signal recovery, but the fast bleaching regime is reestablished, fol lowed by the 

conversion to the slower tail regime. This indicates that, in this case, the 

Verteporf in is not mobi le, but must be attached to a cellular structure, such as a 

membrane or has induced a locally immobile environment. The latter is possible 

if singlet oxygen induced crosslinking of the subcellular lipids has occurred where 

the photosensit izer is located. The reinitiation of photobleaching indicates that 

photobleaching is l imited by available oxygen. These results are comparable 

with prel iminary in vivo rabbit experiments performed by Gilles et al., where they 

suggest that reoxygenat ion of the treated skin sites occur during the dark periods 

of high dose, fract ionated t reatment . 7 9 
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Table 5.3. Fitting data from cell photobleaching studies. A and C are the 
ampl i tudes of the 1 s t and 2 n d exponential decays, respectively, and k 2 

are the decay rate constants of the 1 s t and 2 n d exponential decays, 

Run 100 nM CV(%) 100 nM CV(%) 250 nM CV(%) 250 nM CV(%) 
5 mW 26 mW 5mW 26 mW 

1 A = 2.6 14 A = 9.2 4.7e+6 A = 9.5 2.5 A = 6.2 2.8 
ki = 2.1 26 ki = 0.11 5.0e+4 k, = 1.1 5.0 ki =0.010 1.8 
C = 3.9 7.9 C = 2.6 1.7e+7 C = 4.5 3.0 C = 2.7 6.1 
k2 = 0.28 6.9 k2 = 0.11 1.8e+5 k 2 = 0.080 3.3 k2 = 0.044 8.5 

2 A= 16 4.1 No fit No fit 
k1 = 1.9 8.2 
C = 33 1.1 
k2 = 0.13 1.3 

3 No fit A = 0.44 30 No fit 
k, = 0.27 37 
C = 8.4 2.7 
k2 = 7.0 8.0 

4 - No fit A= 11 0.83 
ki = 6.5 e-3 0.75 
C = 5.3 2.0 
k2 = 0.053 4.0 

5 - A= 1.6 13 No fit 
k, = 4.5 e-3 6.7 
C = 0.31 61 
k2 = 0.014 51 

6 - - A = 0.93 6.3 
ki = 0.038 13 
C = 3.1 1.6 
k2 = 4.5 e-3 1.5 

7 - - No fit 
8 - - A = 4.4 1.7 

ki = 0.067 3.3 
C = 6.2 0.73 
k2 = 5.8e-3 0.76 
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Table 5.4. Photobleaching decay ratios for solvent comparison from data at 
100 nM Verteporf in incubation, 5 m W laser intensity.  

1 s t decay rate 2 n d decay rate 1 s t / 2 n d cell Solvent match 1 s t /2 n d solvent 
2.1 0.28 7.5 Octanol 7.7 (275 mW) 

Table 5.5. Photobleaching decay ratios for solvent comparison from data at 
100 nM Verteporf in incubation, 26 m W laser intensity.  

1 s t decay rate 2 n d decay rate 1 s t / 2 n d cell Solvent match 1 s t / 2 n d solvent 
0.11 0_1J 1 - -
1.9 0.13 15 Octanol 1 5 ( 9 7 m W ) 

Table 5.6. Photobleaching decay ratios for solvent comparison from data at 
250 nM Verteporf in incubation, 5 m W laser intensity. 

1 s t decay rate 2 n d decay rate 1 s t / 2 n d cell Solvent match 1 s t /2 n d solvent 
1.1 0.080 14 Octanol 15 (97 mW) 
0.27 7.0 0.039 Dimethyl

sulfoxide 
0.041 (97 m W ) 

4.5 e-3 0.014 0.32 

Table 5.7. Photobleaching decay ratios for solvent comparison from data at 
250 nM Verteporf in incubation, 26 mW laser intensity. 

1 s t decay rate 2 n d decay rate 1 s t / 2 n d cell Solvent match 1 s t /2 n d solvent 

0.010 0.044 0.23 - -
6.5e-3 0.053 0.12 Acetonitri le 0.11 (97 mW) 
0.038 4.5 e-3 8.4 Octanol 8.6 (188 mW) 
0.067 5.8 e-3 12 Benzene 1 0 ( 2 7 5 m W ) 

Note that the red data indicates that the match is suspect due to large coefficients of 

variat ion in either the cell data or the solvent data. 
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Figure 5.9. Mobility test. Photobleaching of Verteporf in is 
initiated under the same condit ions as the other data, then the 
laser is blocked for 15 minutes. At that point, the laser is turned 
back on and photobleaching is al lowed to continue. 

5.7 G loba l D i s c u s s i o n a n d C o n c l u s i o n s 

While solvent studies can provide useful information about how a sensitizer 

will behave in a simple environment, they cannot completely model the 

complexity one f inds in a real biological sample. Thus, to complement our 

solution studies, we present our first forays into cellular photosensit ization. 

Because TPE-PDT lends itself to subcellular excitation, we chose to examine 

single layer, cultured CV-1 cells. Thus, all cells in our studies should have equal 

access to oxygen. This is in contrast to studies which use the average 
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f luorescence col lected from cells in suspens ion . 6 9 In vivo studies remain a 

powerful tool in the investigation of photosensitization processes in clinical 

appl icat ions. It is unfortunate that we are currently unable to collect f luorescence 

spectra of single cel ls, as our current fluorimeter is unable to analyze such low 

signal and would require much averaging. Prolonged exposure to the laser 

wou ld likely kill the cell before a single spectrum could be collected. However, 

C C D cameras wou ld be able to collect f luorescence spectra and it is hoped that 

this data can be compared with such spectra at a later point in t ime. 

African green male monkey kidney cells have a fibroblast morphology and 

are often used in transformation and viral studies. These cells grow rapidly and 

form adherent mono laye rs . 1 4 8 These cells are used because of the ease of 

location of subcellular structure and the large cytoplasm to nuclear size ratio. 

Whi le these are not human cells, it is expected that human cells will display 

similar sensitivity to Verteporf in. 

Photobleaching of porphyrins is well documented in solution, in vitro, and 

in vivo. Photobleaching in vivo and in vitro is usually observed by measuring 

photoinduced decay in f l u o r e s c e n c e . 7 1 , 1 2 0 , 1 3 1 ' 1 3 2 It has been suggested that 

monitor ing f luorescence in vivo during PDT could be clinically useful for definit ion 

of an appropriate treatment regimen and as a guide for further development of 

P D T . 9 5 

The cellular localization of sensitizers has been gaining much attention. 

Intracellular location determines the subcellular damage sites and the 
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aggregat ion state of the photosensitizer, which affects the formation of the 

react ive oxygen species responsible for cell d a m a g e . 9 7 Intracellular localization 

of the photosensit izer depends largely on the delivery mode. For porphyrins, the 

incubat ion condit ions, the porphyrin concentration, and the components of the 

incubat ion medium (i.e., the presence or absence of proteins) would determine 

the site of intracellular porphyrin binding and therefore the primary 

photobiological t a rge t s . 1 4 2 W h e n serum proteins are present, the porphyrins may 

local ize to the cytoplasm as well as to the membranes. In addit ion, it has been 

shown that the growth phases of cells may also influence the localization of the 

photosens i t izer . 1 4 4 

Cell pellet studies conducted by Aveline et al. 7 3 indicate that a 

predominant cellular localization site for Verteporfin is in a non-polar, 

hydrophobic region, such as a membrane. This is in agreement with several 

other groups, who show that membranes are the preferred site of action in w V o 1 2 9 

and report that the lethal effects of photodamage were well correlated with 

membrane d a m a g e . 1 3 0 Whi le it has been shown that cell membrane and nuclear 

membrane damage lead to cell d e a t h , 1 3 8 more attention is being paid to the 

interaction of sensit izers wi th mitochondria. Mitochondrial membranes may be 

the preferred site of action in vivo, as they appear to be less selective in their 

uptake of porphyrins and accumulate more porphyrins than cytoplasmic 

m e m b r a n e s . 1 4 0 Co-local ization of Rhodamine 123 with Verteporf in has 

determined the location of the Verteporf in to be mitochondrial. This same study 
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demonst ra ted that ovarian cancer cells have not only mitochondrial 

local izat ion, but also extramitochondrial , intracellular, diffuse cytosolic 

f l uo rescence . 1 4 1 

In addit ion, it has been shown that permeation of lysosomes is a primary 

cel lular event in the photosensit ization by hematoporphyrin, even at low f luences. 

Th is same study also showed that it is the hydrophobicity of the photosensit izer 

that is a prerequisite for photodynamic action on l ysosomes . 1 4 0 As an application 

of this technique, Schneckenburger e r a / . 1 4 4 used f luorescence decay kinetics to 

determine the intracellular pH by comparing buffer solut ions at different pH's and 

single cells. Through this, they were able to determine that the granular 

f luorescence patterns they had observed were a result of photosensit izer 

localization in lysosomes. 

A considerat ion in PDT is whether cell death is due to apoptosis or 

necrosis. Necrosis is usually accompanied by an inf lammatory response. 

Apoptos is is a programmed cell death and is the preferred method of cell death, 

as it does not involve the immune system. Necrosis will occur when the cell 

membrane is damaged, whereas apoptosis is induced by the presence of stress 

proteins due to metabolic stress. Verteporf in causes phototoxicity by an oxygen-

dependent mechanism and can thus cause oxidative stress. The types of stress 

proteins and their kinetics of induction and expression appear to depend to some 

extent on the photosensit izer, the condit ions of PDT and possibly on the cell 

type. Stress protein induction also may depend on the intracellular localization of 
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the photosensit izer. Whether or not damage to particular organel les by PDT 

is responsible for induction of specif ic stress proteins is so far unknown. 

Increasing evidence points to the mitochondria as a target for cell death due to 

oxidat ive damage, particularly in the case of apop tos is . 1 4 7 

The differences in the photobleaching curves at the same Verteporfin 

concentrat ions and laser powers indicate that there are several different locations 

for Verteporf in localization within a cell. We infer f rom the data that these 

locat ions include membranes, lysosomes, and proteins. Unfortunately, we do not 

have enough data to suggest whether one location was more prevalent than 

another. Further correlative work needs to be done to determine the exact 

locat ion, but photobleaching rates appear to be a promising technique to 

determine location. 

As in any experiment, there are a few complications which one is unable 

to remove f rom the system. If there is a f luorescent photoproduct (which we may 

have been unable to observe), then its emission may be complicat ing our data. 

The dichroic mirror used would have let both the signal f rom Verteporf in (690 nm) 

and the potential photoproduct (650 nm) reach the detector. Thus we cannot 

ignore the possibility that in both the solution and cell Verteporf in photobleaching 

studies, a f luorescent photoproduct is increasing the f luorescence, obscuring the 

true f luorescence decay. However, the first study in methanol and micelles 

suggest that any contribution f rom a fluorescent photoproduct is minimal. 
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Finally, it should be reiterated that a simple exponential model, which 

assumes a constant bleaching coefficient, does not adequately describe 

photobleaching, even in a simple solvent system, let alone a cell. It has been 

shown that Type II photochemistry is l imited by photochemical oxygen deplet ion, 

even at very low i r rad iances . 1 1 5 However, since the simple exponential model is 

the only model we have easily available to us at this point in t ime, we will use it to 

compare our results. At some point in the future, these results may be revisited 

using a similar model as proposed by Georgakoudi e r a / . 1 2 7 W e are not alone in 

using a simple exponential model . Several groups 1 4 4 1 4 6 use a three exponential 

model to exponential decays in solution and single cells. However, the further 

deve lopment of models such as those presented in reference 127 should lead to 

better correlative experiments. 



C H A P T E R 6: EXCITED ELECTRONIC STATE PROPERTIES OF 

PHOTOSENSTIZERS: EXPERIMENT A N D THEORY 

141 

6.1 I n t r o d u c t i o n 

Photodynamic therapy is a treatment finding use for a variety of condit ions, 

including cancer and macular degenerat ion. The photosensit izers used in these 

t reatments include endogenous drugs such as protoporphyrin IX and exogenous 

drugs such as Verteporf in. Both drugs have mechanisms of action that include 

the product ion of singlet oxygen. These drugs are also f luorescent and this 

f luorescence can be used to determine the environment in which the sensit izer is 

located. Moreover, many groups are developing the use of sensitizer 

f luorescence to monitor d o s i m e t r y . 9 3 ' 9 5 , 1 1 5 , 1 2 7 , 1 7 6 > 1 7 7 1 7 8 

More needs to be known about how these drugs interact with their 

surroundings. One way to examine these interactions is to measure how the 

excitat ion and emission spectra vary with solvent environment, both in terms of 

the shifting of the absorption and emission spectra with respect to solvent 

(solvatochromism) and quantum yield in terms of f luorescence. With this 

information, it is possible to get an insight into the low energy excited state 

propert ies of the photosensit izer and to use this information as a spectroscopic 

indicator of sensitizer location in cells. Additionally, this study provides insight 

into the photochemistry of the sensitizer, as it describes the excited state solvent 

cage. 
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6.2.1 S o l v a t o c h r o m i s m 

Molecules can be sensitive to their environment. Dyes in particular can 

display this through their absorpt ion and emission spectra. The term used to 

descr ibe this phenomenon is solvatochromism, f rom the Latin solvens (to 

dissolve) and the Latin chromaticus or Greek chros (color). Solvatochromism is 

def ined as the change in posit ion and sometimes intensity of an electronic 

absorpt ion or emission band, accompanying a change in the polarity of the 

med ium. There are two kinds of solvatochromism: hypsochromic and 

bathochromic. A hypsochromic shift is a shift of a spectral band to higher 

f requency, or shorter wavelength, upon substitution or change in medium. It is 

informally referred to as blue shift or negative solvatochromism. A bathochromic 

shift is a shift of a spectral band to lower frequencies (longer wavelengths) owing 

to the influence of substitution or a change in environment. It is informally 

referred to as a red shift or positive solvatochromism. Red shifts are somet imes 

accompanied by a decrease in the quantum yield of the f l uo rophore . 1 5 9 

Precise interpretation of the solvent sensitivity of f luorophores requires a 

detai led knowledge of the effects of solvents on the energy levels in both the 

ground and excited states of the individual f luorophores. A complete quantitative 

descript ion of all these processes and their effects on f luorophores is not readily 

available, but we can use simple theories about solvent-f luorophore interactions 
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to interpret these spectral shifts in terms of the average environment 

surrounding the f luorophore. 

Solvatochromism was first observed by G.G. Stokes in the 1850's. Later 

work by Pierre (1862-1866), Hagenbach (1872), Morton (1872-1875), Stenger 

(1886), Wal ter (1889), and Knowblanch (1895) conf irmed that the wavelength 

and the solvent affects intensity of f luorescence. Several models were 

introduced in the late 1950's to explain solvatochromic behaviour. It was McCrae 

w h o descr ibed the extent to which the solvent affects the energy difference 

between the ground and excited s t a t e . 1 5 8 From his theory and the modif ications 

which others have fol lowed with, the electric dipole moment, u, of a molecule in 

the exci ted state can be determined from the spectral shifts of the absorbance 

and f luorescence in various solvents. However, spectral shifts arising from 

specific solvent effects, such as hydrogen bonding and complexat ion, are often 

- Solvent relaxation 

Figure 6 . 1 . An electronic transit ion. This figure shows the effects on the 
dipole moment , u,, the arrangement of electrons the ground state (R e ) and 
excited state ( R e ) , and the solvent orientation in the ground state (R r) and 
exci ted state ( R r ) . 
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larger than shifts due to general interactions. Specific effects depend more 

on the structures of the f luorophore and the solvent; this makes them more 

difficult to model on the basis of general solvent parameters such as refractive 

index, n, and the dielectric constant, e. 

The general model for an excitation to emission cycle is depicted in Figure 

6.1 and descr ibed as fol lows. In absorpt ion, a ground state solute-solvent 

equi l ibr ium exists prior to the transit ion. Immediately after absorpt ion, the solvent 

cage still retains its ground state orientational configuration (or state). The 

absorpt ion of light occurs around 10" 1 5 s, which is too short for signif icant nuclear 

d isplacement, but long enough for the redistribution of electrons. The dipole 

moment of an electronically excited state (u*) is generally larger than that of the 

ground state (u). The absorption of a photon then creates an instantaneous 

dipole, which perturbs the environment surrounding the f luorophore. Solvent 

relaxation (the reorganization of the solvent around the f luorophore) occurs on a 

t imescale wh ich is dependent upon the physical and chemical propert ies of the 

solvent. Thus, the observed shifts in absorbance are of an unrelaxed excited 

state in wh ich the solvent has not had t ime to rearrange to accommodate the 

exci ted state of the f luorophore. 

In f luorescence, there is usually sufficient t ime for the solvent cage to 

relax. Therefore the f luorescence spectrum is red-shifted compared to the 

absorpt ion. Nevertheless, some molecules will return to the ground state through 

emission in relatively unrelaxed states and some will nearly relax before they 

return to the ground state. The observed spectrum is a superposit ion of all the 
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different states of relaxation that the f luorophores obtain before returning to 

the ground state. This can be thought of as molecules emitting all along the 

upper arrow of Figure 6 .1 . Figure 6.2 also illustrates this concept. 

The lifetime of the excited state is influenced by temperature and viscosity 

of the solvent. In solvatochromism, it is the excited state lifetime, rather than the 

natural radiative lifetime, that is relevant to the shifting. The radiative lifetime is 

affected by intramolecular processes which cause non-radiative deactivations 

and inter-molecular processes causing non-radiative decay, such as quenching. 

These processes have important consequences for solvatochromic observat ions, 

as f luorescence emission starts immediately after excitation and competes with 

solvent relaxation. In an ensemble of molecules, some of those molecules will 

emit f rom an unrelaxed state in an unrelaxed solvent shell; others will emit f rom a 

relaxed state in an equil ibrated solvent shell. All the possible states between 

these two ext remes may also occur. For the most part, it is safe to assume that 

the solvent-f luorophore interactions have reached equil ibrium prior to emission. 

This is reasonable for non-viscous solvents near room tempera tu re . 1 5 9 

Several theories exist to explain solvatochromism. Some empirical 

models include the E T (30) scale and the Z Polarity scale. These models all give 

an empirical picture of solvatochromism in terms of solvent polarity by compar ing 

the reaction of the molecule in quest ion to another dye. While they can be useful 

in qualifying general behaviour, they lack the predictive power of a more rigorous 

model . There are also the "Donor Number" and "Acceptor Number" scales and 

the mult iparameter scales, which take into account specific and non-specif ic 
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Figure 6.2. Illustration of solvent relaxation. The steady-state f luorescence 
spectrum is the integration of all the instantaneous spectra, which depend 
upon the solvent re laxa t ion . 1 6 9 If interactions with the solvent cause the 
relative intensities of the instantaneous spectra to change, then the peak 
max imum will be observed to shift. 

interactions such as hydrogen bonding and solvent polarity. However, empir ical 

models are limited by the assumpt ion that the polarity functions are intrinsic 

solvent propert ies and do not depend upon the solute. In addit ion, many papers 

explore variat ion comparing no more than five solvents, which limits the 

generali ty of the f indings. 

Several mathematical models also exist, which concern themselves with 

the general effects, arising f rom the refractive index (n) and dielectric constant 

(s), reflecting the f reedom of motion of the electrons in the solvent molecules and 

the dipole moment orientations of the solvent molecules. The most widely used 
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which the f luorophore is contained. The interaction between the f luorophore and 

its solvent is modeled by the ground and excited electronic state dipole moments 

coupl ing with the reaction fields they induce. While this is somewhat l imited in 

scope, this model provides a general f ramework from which experimental solvent 

effects can be analyzed, since general solvent effects are always present. W e 

will use a modif icat ion of the Lippert model , i.e., the Lippert-Mataga app roach . 1 6 1 

Since we are measur ing f luorescence, we can only examine refractive index 

effects. If this is the case, then it is only the reorganization of the electrons which 

is responsible for the shift in the position of the f luorescence band, compared 

with its (hypothetical) vacuum value. 

Electron distribution of electronically excited molecules can be descr ibed 

experimental ly by measurement of the permanent dipole moment. The 

dependence of the f luorescence shift in solvent is used to determine the excited 

state dipole moment . 

The shift ing of absorbance or f luorescence maxima (Av) can be modeled 

by interactions wi th the photosensit izer dipole and/or dispersion interactions 

between the photosensit izer and solvent. 

Av (solvated) = Av (vacuum) + Av (dipole) + Av (dispersion) • (6.1) 

This can be modeled in terms of the change in electric dipole moment for 

the excited state. If there is no trend in spectral shift versus the solvent low 

frequency dielectric characteristics (e), the changes can be modeled solely in 

terms of the high frequency dielectric properties (the refractive index, n). 
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Av (solvated) = Av (vacuum) + 
1 fe-^2„) / ( « ) where / ( « ) = (6.2) 

Here, h is Planck's constant, c is the speed of light, eo is the vacuum permittivity, 

\iso and u.sn are the dipole moments of the ground and excited states, 

respectively, and a is the Onsager radius of the solvent cavity. The polarizability 

of the solvent is due to the mobility of the electrons in the solvent and the dipole 

moments of the solvent molecules, each of which have different t ime 

dependencies. Reorganization of the electrons in the solvent is essentially 

instantaneous. Thus, the high frequency polarizability, f(n), is a function of the 

refractive index, n. From this model , it is possible to determine the excited state 

dipole moment of the solute if the ground state dipole moment is known. 

Several variat ions on the model exist, which include adding a term for the 

dielectric constant or simply taking into account only the dielectric constant or 

measuring absorbance/f luorescence solvatochromic ra t ios . 1 6 9 However, the 

Lippert approach does not appropriately deal with situations where the change in 

dipole moment is very small . The approach taken by Beck and 

Cramb 1 6 4 examines how the polarizability of the molecules is affected by high 

frequency dielectric properties. 

If static dipole-solvent interactions are not the cause of the spectral 

shift ing, then dispersive (or London) interactions may be domina t i ng . 1 6 4 Thus, 

Av (solvated) = Av (vacuum) -z j a f " - a 
L+I. 

(6.3) 
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where z is the number of molecules in the first solvent shell, R is the center to 

center distance of solvent and solute, aiS n and ai s o are the isotropic 

polarizabil i t ies of the solute in the excited and ground states, respectively, a2 is 

the isotropic polahzabil i ty of the solvent, /7 is the first ionization energy of the 

solute, and \ 2 is the first ionization energy of the solvent. 

Rearranging the terms, it is possible to determine the excited state 

polahzabil i ty 

A + / 2 " I?'+I2 2 R6 

Av (salvateci) - Av (vacuum) - t\ = , 

Therefore, if one plots the right hand side of equation 6.4 on the ordinate 

and the left-hand side of equation 6.4 on the abscissa, the slope reveals the 

excited state polarizability of the f luorophore. 

W e have several cases to consider. Verteporf in and PplX are predicted to 

be relatively non-polar molecules; their structures are given in Figure 1.1 in 

Chapter 1. In the present study, we consider the case of a relatively non-polar 

molecule in a non-polar solvent and a polar solvent. In the case of a non-polar 

solvent, the major factor involved should be the change in polarizability between 

the ground and excited states. It is expected that the changes in band posit ion 

will be smal l , as the measured solvatochromic shifts of the f luorescence spectra 
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of some non-polar aromatic molecules in a series of non-polar solvents are 

quite s m a l l . 1 6 9 

In the case of the non-polar molecule in a polar solvent, the 

solvatochromic shifts are attributed to either a solvent Stark effect or a change in 

the quadrupole m o m e n t . 1 6 9 Since the quadrupole moment is related to the 

polarizability, we can also predict that a model which takes into considerat ion the 

change in polarizabil i ty will be a sufficient model for a non-polar molecule in any 

solvent. 

6.2.2 Q u a n t u m Y ie ld 

The f luorescence quantum yield is a ratio of the number of molecules that 

emit compared to the number of molecules that are excited. The excited state is 

depopulated both by radiative decay (f luorescence) and non-radiative decays. 

Fluorescence quantum yield is determined by the relative rate constants for the 

processes by which the lowest excited state is deact ivated. These processes 

include f luorescence (kf), intersystem crossing (kisc), internal conversion (kic), 

predissociat ion (kpd) and dissociation (kd). The relationship that def ines quantum 

yield can then be expressed as: 

k f 

®r=  i—ir • (6.5) 
kf + kisc + kic + kpd + kd 

Several of these processes are worth further discussion. The magni tude 

of kf, and kdare related to the chemical structure of the f luorophore, and thus are 

not affected by the solvent condit ions. However, the shorter the natural 
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f luorescence lifetime of the excited state, the less likely are deactivation 

processes which compete with f luorescence. Figure 6.3 illustrates some of the 

processes involved in deactivation of the excited state. 

Predissociat ion may be the result of internal conversion. In internal 

conversion, the electron moves f rom an excited electronic state to an upper 

vibrational level of a lower excited state, which may not be a state from which 

f luorescence originates. If the excited electron moves from a higher electronic 

state to an upper vibrational level of a lower electronic state in which the 

vibrational energy is enough to cause a rupture of a bond, then predissociat ion 

has occurred and f luorescence will not. Dissociation differs f rom predissociat ion 

in that there is no internal conversion required; the electron is simply excited to a 

sufficiently high state that the rupture of a bond is induced, without internal 

conversion. Radiat ionless transitions may result f rom internal conversion. 

Intersystem crossing is a process that results in the spin of the excited 

electron being f l ipped, such that the molecule moves f rom a singlet manifold to a 

triplet manifold. The probability of this transition is improved if the vibrational 

levels of a singlet excited state and triplet excited state overlap. If condit ions are 

right, the molecule may phosphoresce from the triplet state, but this occurs at a 

wavelength much different f rom the f luorescence, so it can easily be identi f ied. 

The presence of paramagnet ic species such as oxygen in a solution can 

increase the l ikel ihood of intersystem crossing. In our case, intersystem crossing 

is most likely the cause of variations in quantum yield, as the dark channel is 

believed to be a conversion to a triplet state. 
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Figure 6.3. Jablonski d iagram illustrating deactivation of the electronic 
excited state. 

Fluorescence quantum yields can be determined by relative 

measurements with respect to a standard solution for which the absolute 

quantum yield is known. Other methods of determining f luorescence 

quantum yield include photothermal measurements and thermal lens 

spectroscopies with pulsed laser exc i ta t ion . 1 6 2 Whi le thermal lens spectroscopy 

purports to reduce the errors in quantum yield due to both pre- and post-filter 

effects, the quantum yields f rom thermal lens spectroscopy for Rhodamine 6 G 

(R 6 G), do not vary substantial ly f rom the quantum yields determined by 

photoacoustic or f l uo rescence . 1 6 2 Relative O f can be determined via the 

following relation 163 



A r  í2 (6.6) 

where A is the absorbance, a is the area under the f luorescence band, n is the 

refractive index of the solvents, and the superscript r indicates properties of R 6 G . 

Since the quantum yield of R 6 G is well known and d o c u m e n t e d , 1 6 2 it was used as 

our standard of cal ibration. 

6.3 Expe r imen ta l C o n d i t i o n s 

All f luorescence spectra were collected using a Cary Eclipse Fluorimeter 

(Varian, Canada) , using quartz 1 cm cuvettes (Suprasil , Helma). All absorbance 

spectra were col lected using a Cary 1E UV-VIS (Varian, Canada). 

Protoporphyrin IX was purchased from Sigma and used without further 

purif ication. Stock solut ions were made in methanol and then dry prepped into 

appropriate solvents. Verteporf in was obtained f rom QLT and dissolved in 

dimethylsulfoxide. 100 uL of the Verteporfin solution was added to 10 mL of 

solvent. All solut ions were prepared, stirred, and kept in the dark until a 

spectrum was taken. The fol lowing solvents were used without purif ication: 

methanol, n-heptane, (OmniSolv, EM Science); ethanol (absolute); cyclohexane, 

toluene, acetonitri le, acetone, ethylene glycol, dimethyl formamide, 

chlorobenzene, benzene, dichlorobenzene, chloroform, n-hexane, 

dichloromethane, octanol (OmniSolv, BDH, Inc.); dimethylsulfoxide (Anal-R; 

BDH, Inc.). Phosphate buffer solution was prepared f rom N a H 2 P 0 4 H 2 0 and 

N a 2 H P 0 4 , di luted in ultrapure water and adjusted to pH 6.7 with NaOH and 
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H 3 P 0 4 . All PplX solut ions were at 10" 5M and Verteporf in solutions were at 

10" 6 M. No deviat ions f rom Beer's law were observed. 

R 6 G was purchased f rom Exciton and used without further purif ication. 

R 6 G solutions were di luted from an ethanol 10" 4M stock solution. Solutions used 

were 10" 7 M where concentrat ion was determined from absorbance 

measurements. 

6.4 Data a n d resu l t s 

6.4.1 M o d e l i n g C o n d i t i o n s 

Much of the data required to do these calculations do not exist in the 

literature, so some values had to be approximated through computer simulat ions. 

Computer simulat ions were conducted on modif ied Protoporphyrin IX and 

Verteporf in structures. 

Since propionic groups would likely not contribute significantly to the 

electronic propert ies of the structure, they were replaced with methyl groups. 

One propionic group was left in the structure for Verteporf in as it was in 

conjugat ion with the ring. Molecular modeling simulat ions were done using 

Gaussian 98, Revision A7. Ground state calculations on the modif ied PplX 

structure and solvents were optimized at the B3LYP/6-31 G(d) level. It has been 

shown that the inclusion of polarization functions and electron correlation are 

important for the calculat ion of reliable structures for similar systems to those 

studied h e r e . 1 8 1 As a result, it was necessary to perform ground state 
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opt imizat ions on the modif ied Verteporfin structure at the B3LYP/6-31G(d) 

level. Excited state calculations have been carried out at the single point CIS/6-

31 G(d)/ /B3LYP/6-31 G(d) level. Data which were not available for PplX or 

Verteporf in were taken f rom porphine, a simple porphyrin ring with no side 

groups. From the model ing, we extracted ground state dipole moments, ground 

state polarizabilit ies, and molecular geometry of PplX, Verteporf in and solvents. 

In addit ion, we at tempted calculations for the excited state polarizability and 

dipole moments. The vinyl groups on PplX are free to rotate. By comparing the 

energies of every possible configuration of the vinyl groups, it was determined 

that the lowest energy conformation has the vinyl groups pointing towards the 

methyl groups. This was conf i rmed by modeling fragments including of the 

pyrrole rings, vinyl groups, methyl groups, and the hydrogen on the ring. The 

hydrogen on the ring and the hydrogens on the vinyl group have poor stearic 

interaction. Thus, we are confident that we are using the appropriate geometry 

for PplX. 

6.4.2 S o l v a t o c h r o m i s m 

Figures 6.5 and 6.6 are illustrative of the solvatochromism effects on Pp lX 

and Verteporf in, respectively. Three plots were necessary in order that all the 

data could be v iewed. The absorption spectra (data not shown) follow similar 

t rends. The most intense f luorescence is observed in ethylene glycol and 

weakest f luorescence is observed in hexane and heptane. For Verteporf in, the 

most intense f luorescence was observed in dimethyl formamide and the weakest 



Figure 6.4. Modified PplX (A) and Verteporfin (B) structures used for 
computer model ing. 

f luorescence was observed in hexane and heptane. It is likely that solubility 

effects come into play in the f luorescence intensity. It is known than PplX 

aggregates in aqueous solut ions and these dimers are thought to be non-

f luorescent. It can be observed in very non-polar solutions that the Verteporfin 

prefers to stick to the stirring bar rather than stay in solution. Although we were 

not concerned with the solvatochromism of the photoproducts of PplX and 

Verteporf in, it is suspected that the formyl photoproducts are located near the 

main f luorescence peak and may cause some red-shifting of the peak. In any 

case, this may contribute a minor systematic error in our peak values. The 

wavenumbers for f luorescence for PplX and Verteporfin can be found in Table 

6.1. 



7e*6-

6e*6-

5e»6-
- — s 

ó 4e+6-
co 

co 
cz 
CD 

• 
a d 

ieta-

• ethylere gfycd 
acetone 

•ethanol 
benzene 

• octanol 
- acetonitrìle 

Oe+O 

Wavelength (nm) 

Wavelength (nm) 

1.6e*6 

1.4e*6 

1.0e*6 

8.0e*5 

6.0e+5 

S 4.0e*5 

20e+5 

O.OeK) 

3 

CO 
c 
CD 

B A . 7 

U  8  

1 ^ 9 

cHoraforrri 
hexane 

~™~- cHorobensBnB 
cydohexane 

^—toluene 
"-™-" heptane 

I f 

. 7 

U  8  

1 ^ 9 

1 I 
» 1 0 

\" 1 1 

i 
600 650 700 

Wavelength (nm) 

Figure 6.5. Fluorescence 
emission of PplX in various 
solvents. Each spectrum was 
excited at its excitation 
maximum. 
A. Solvents in which PplX 
exhibited high intensity 
f luorescence. (1) ethylene 
glycol; (2) acetone; (3) ethanol; 
(4) benzene; (5) octanol; 
(6) acetonitrìle. 
B. Solvents in which PplX 
exhibited medium intensity 
f luorescence. (7) chloroform; 
(8) hexane; (9) chiorobenzene; 
(10) cyclohexane; (11) toluene; 
(12) heptane. 
C. Solvents in which PplX 
exhibited low f luorescence 
intensity. (13) dimethylsulfoxide; 
(14) dimethylformamide; 
(15) methanol; 
(16) dichloromethane; 
(17) dichlorobenzene; 
(18) water. 
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Figure 6.6. Fluorescence emission of Verteporfin in various solvents. 
Each spectrum was excited at its excitation maximum. Spectra had to 
be divided so that individual resolution was possible. 
A. Solvents in which Verteporf in exhibited high intensity f luorescence. 
(1) ethanol; (2) octanol; (3) acetone; (4) dimethylformamide; 
(5) chlorobenzene. 
B. Solvents in which Verteporf in exhibited high intensity f luorescence. 
(6) toluene; (7) methanol; (8) dimethylsulfoxide; (9) ethylene glycol. 
C. Solvents in which Verteporf in exhibited high and medium 
f luorescence intensity. (10) benzene; (11) chloroform; (12) acetonitri le. 
(13) dichlorobenzene; (14) water; (15) octanol; (16) dichloromethane; 
D. Solvents in which Verteporf in exhibited low f luorescence intensity. 
(17) heptane; (18) cyclohexane; (19) hexane. 



Table 6 . 1 . Emission Wavenumbers ( c m 1 ) 
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Solvent PplX Verteporfin 
Acetone 15860 14441 
Acetonitr i le 15890 14449 
Benzene 15861 14447 
Chlorobenzene 15768 14367 
Chloroform 15824 14711 
Cyclohexane 15770 14389 
Dichlorobenzene 15723 14355 
Dichloromethane 15796 14412 
Dimethyl formamide 15805 14399 
Dimethylsulfoxide 15808 14374 
Ethanol 15852 14438 
Ethylene Glycol 15889 14419 
Heptane 15777 14389 
Hexane 15777 14380 
Methanol 15833 14454 
Octanol 15807 14402 
Toluene 15772 14382 
Water 16050 14479 

Figure 6.7 is a Lippert-Mataga plot for PplX (equation 6.2). The fitted line 

uses the change in dipole moment to model the spectral shift. Rather than using 

the Stokes shift or absorpt ion, we use only f luorescence. If the model works, the 

plot will determine the energy of the transition in vacuum from the intercept and 

the exci ted state dipole moment f rom calculations on the slope. It is difficult to 

determine a correlation f rom the data. However, we can take some information 

f rom this plot and can approximate that the f luorescence emission wavelength in 

vacuum is 16 204 cm ' 1 , which is very close to the value for porphine, 

16 300 cm" 1 . Using the ground state dipole moment calculated f rom computer 

model ing (1.20 D), we calculate an excited state dipole moment of 3.8 D. 

i 
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Note that because the data is rather uncorrectable, this value is suspect at 

best. However, the magnitude of the calculated dipole moment seems 

reasonable even if it's not exact, considering that PplX is rather symmetr ic and 

the computer model ing suggests an excited state dipole moment of 1.25 D. 

Figure 6.8 is a plot using the Lippert-Mataga model (equation 6.2) for 

Verteporf in. Using this model and removing some of the outlying data, we are 

able to see a better correlation. The model gives a vacuum wavenumber of 

14 687 cm" 1 and an excited state dipole moment of 3.5 D. The computer 

calculated value for this excited state was 2.23 D, but the calculated ground state 

dipole moment was 2.74 D. Al though the computer calculated dipole moment is 

closer to the experimental dipole moment for Verteporfin than for PplX, the 

computer modeled excited state dipole moment is smaller than computer 

calculated ground state dipole moment. This is not the trend fol lowed by PplX, 

nor is it the t rend fol lowed by the experimental model. Computer model ing of the 

exci ted state is not often done for molecules of such large size, so while the 

values retr ieved from the computer modeling are as good as can be expected 

f rom the techniques used, the parameters can not be considered absolutely 

accurate. As such, the excited state modeling was conducted strictly for use as a 

compar ison. It should be noted that Verteporfin is less symmetr ic than PplX, so 

it would be expected that Verteporf in has a higher excited state dipole moment 

than PplX. A larger dipole moment would be consistent with a higher two-photon 

cross sect ion. This is supported by the experimental models, even if the data are 

suspect due to poor correlation with the experimental model , and the data in 
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Chapter 4, which show a higher two-photon cross section for Verteporf in than 

for PplX. Table 6.2 gives a summary of the computer modeled and experimental 

model data. 

Figure 6.9 is a plot based on the polarizability model (equation 6.4) for 

PplX presented by Beck and C r a m b . 1 6 4 The model has a better fit to the data 

than the Lippert-Mataga model does. From this model, we predict the 

polarizabil i ty of the excited state to be 2.1 x 10" 2 8 m 3 . This does not agree 

precisely wi th the value predicted by computer model ing, 1.69 x 10" 2 8 m 3 . It 

should be noted that to determine the experimental value, we have used 

approximat ions in the calculation, most notably that we used a computer 

calculated value to determine the polarizability of the ground state, 1.67 x 10" 2 8 

m 3 . However, we did not expect absolute agreement; it is most promising that 

the computer model ing gives the same order of magnitude as the experimental 

model . Al though PplX has been modeled many t imes by publication-prolif ic 

groups such as Gouterman's, we were unable to f ind a publication where the 

polarizabilty was reported. 

Figure 6.10 is a plot of the polarizability model (equation 6.4) for 

Verteporf in. The data has a slightly better fit to the polarizability model than the 

Lippert-Mataga model . Note that here, all the data can be used. From this 

model , we predict the polarizability of the excited state to be 2.7 x 10" 2 8 m 3 . Th is 

is not exactly the same as the value predicted by computer model ing, 2.12 x 10 " 2 8 

m 3 , but again, they are on the same order of magnitude. Again, it should be 

noted that to determine the experimental value, we have used approximat ions in 
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the calculat ion, most notably that we used a computer calculated value to 

determine the polarizability of the ground state, 2.07 x 10" 2 8 m 3 . 

Table 6.2. Compar ison of computer modeled data and experimental data. 

Experimental Computer (CIS) Computer 
(B3LYP) 

Mso PplX 
Verteporf in 

1.20 D 
2.70 D 

1.17 D 
2.80 D 

fi-Sn PplX 
Verteporf in 

3.8 D 
3.5 D 

1.25 D 
2.23 D 

2 2 
M-SO - M-Sn PplX -13.1 -0.125 

Verteporf in - 4.6 D 2 2.31 D 2 

ocso PplX 

Verteporf in 

1.67 e-30 m 3 

2.07 e-30 m 3 

PplX 2.1 e-28 m 3 1.69 e-28 m 3 

Verteporf in 2.7 e-28 m 3 2.12 e-28 m 3 
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6 .4 .3 Q u a n t u m Y ie ld 

Table 6.3 gives the results of the quantum yield calculations for 

Verteporf in and PplX. The largest quantum yields for PplX and Verteporf in are in 

toluene and dimethylsulfoxide, respectively. Measurement of quantum yields 

was at tempted in chloroform and cyclohexane for PplX; however, we were 

unable to col lect a valid UV-VIS spectrum for cyclohexane, most likely due to 

solubility issues. In chloroform, photoproducts f rom PplX, which are normally 

suspected to convert to another photoproduct, were inexplicably stabil ized and 

prevented us f rom making an accurate determination of the area under the 

f luorescence curve. Solubility prevented quantum yields from being determined 

for Verteporf in in hexane, heptane, cyclohexane, and chloroform. While a 

quantum yield was determined for Verteporfin and PplX in toluene, the values 

seem out of the ordinary for both molecules. Al though solubility was not an 

obvious issue (i.e., the Verteporf in was not stuck to the edges of the glass vial or 

stir bar), the value is reported with the hope that the differences may be resolved 

in the future. For either molecule, the dependence of quantum yield on solvent 

appears to be smal l . 

6.5 D i s c u s s i o n 

6.5.1 S o l v a t o c h r o m i s m 

W e presented two models for solvatochromism: the Lippert-Mataga 

model , which takes into account solvent-dipole interactions, and the second 
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model which takes into account solvent-quadrupole interactions, (the 

polarizabil ity model) . Both models ignore specif ic solvent effects, such as 

hydrogen bonding. W e used a broad range of solvents, although many 

publ ished papers consider only a few solvents. The data used in calculations 

can be found in Appendix B. 

Table 6.3. Quantum Yields 

Solvent avPPIX O f VP 
Acetone 0.0051 0.019 
Acetonitr i le 0.0033 0.018 
Benzene 0.0031 0.016 
Chiorobenzene 0.0093 0.020 
Chloroform - -
Cyclohexane - -
Dichlorobenzene 0.0092 0.021 
Dichloromethane 0.0028 0.018 
Dimethyl formamide 0.0012 0.020 
Dimethylsulfoxide 0.0025 0.022 
Ethanol 0.0032 0.018 
Ethylene glycol 0.0063 0.018 
Heptane 0.0013 -
Hexane 0.0032 -
Methanol 0.0022 0.014 
Octanol 0.0052 0.019 
Toluene 0.043 8.2 e-6 
Water 0.00019 0.0018 

PplX solvatochromism is presented in Figures 6.5, 6.7, and 6.9. The 

Lippert-Mataga model does not fit the data wel l , with a r 2 value of only 0.33. This 

means that any values we retrieve from this data are suspect for errors in 

absolute value. The polarizabil ity model has a better fit to the data, with a r 2 

value of 0.988. Several approximations were used in the calculation of all 

solvatochromic data for PplX. The ionization energy and vacuum wavenumber 
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for f luorescence were not available for PplX, so values for porphine, a 

molecule with the same ring structure but no side groups, was substituted in the 

calculat ions. No crystal structure of PplX has been reported, so we used 

computer model ing to determine the longest distance between two points on the 

molecule. Computer model ing was used to determine the ground state dipole 

moment and ground state polarizability and to calculate the excited state dipole 

moment and exci ted state polarizability for compar ison to the experimental 

model . Table 6.2 presents the computer-calculated values and the experimental 

values for compar ison. Note that there are two values for the ground state dipole 

moments , one calculated at a CIS level and one at a B3LYP level. There is not a 

large difference between the two values. In both the excited state polarizability 

and excited state dipole moment, the computer-modeled data does not agree 

with the experimental values. The excited state dipole moment predicted f rom 

the computer model ing, 1.25 D is much smaller than the value from the 

experimental model , 3.8 D. At least both models predict an excited state dipole 

moment greater than the ground state dipole moment. PplX is a relatively 

symmetr ic molecule, so it would be expected that the ground state dipole 

moment would be very smal l . Whi le the f luorescence maximum does have a 

solvent dependence, the difference is not so large that one would expect a 

drastic change in the molecular polarization in the exci ted state. Whether it is 

more reasonable to expect the excited state dipole moment to be 1.25 D or 3.8 D 

is difficult to determine without comparing our results to other molecules. Rani et 

al. used solvatochromism to determine the excited state dipole moment of 
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f l uo renone . 1 6 5 Fluorenone has a ground state dipole moment of 3.35 D and 

they determined that the exci ted state dipole moment to be 5.99 D using 

Bakshiev 's equat ion, which is very similar to the Lippert-Mataga model. Beck 

and Cramb 1 6 4 using the same approach as in this chapter, predicted the exci ted 

state dipole moment of benzo[a]pyrene to be a ridiculously high 12 D through the 

Lippert-Mataga model . The polarizability model determined a much more 

reasonable value for the polarizability. It is interesting to note that the computer 

model ing conducted also predicted the ground state dipole moment to be larger 

than the exci ted state dipole moment, as we did with Verteporf in, even though we 

used a slightly better method for calculation. It is likely that both molecules are 

too large to be effectively modeled with the current l imitations in computer 

model ing. 

Solvatochromism plots for Verteporfin are presented in Figures 6.6, 6.8, 

and 6.10. Again, it should be noted that we had to use some approximations in 

our calculations. To our knowledge, no crystal structures, ionization energies, 

dipole moments, or polarizabil it ies have been reported, so the same 

accommodat ions were made for Verteporfin as for PplX. Some interesting 

dif ferences present themselves for Verteporfin. For the Lippert-Mataga model , it 

w a s necessary to remove the data points for heptane, hexane, benzene, 

chloroform, and water in order to have a reasonable fit to the data, whereas for 

PplX, removal of some data points did not make a signif icant difference in the fit 

or value of the slope. From the Lippert-Mataga model , we predict an excited 

state dipole moment of 3.5 D, using a value of 2.70 D as the ground state dipole 
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moment f rom computer model ing. The computer model ing predicts an 

exci ted state dipole moment of 2.23 D. Two interesting points appear here. The 

first is that the exci ted state dipole moment appears to be smaller than the 

ground state dipole moment if only the computer model ing is considered. This is 

not consistent wi th the experimental data, although this t rend is also fol lowed by 

benzo[a]pyrene as presented by Beck and C r a m b . 1 6 4 The second point is that 

the excited state dipole moment predicted by the Lippert-Mataga model is larger 

for PplX than Verteporf in. If this is true, then it indicates that in the excited state, 

the electrons are more polar ized in PplX than in Verteporf in. If we look at the 

structure of the molecules, we can see that Verteporfin is much more asymmetr ic 

than PplX; it would be more logical that the dipole moment would be larger for 

Verteporf in than that of PplX, unless electron distribution for Verteporfin becomes 

more symmetr ic in the excited state. It is possible for the ground state dipole 

moment to be larger than the excited state dipole moment if the electrons in the 

exci ted state are more symmetrical ly polarized than in the ground state. 

Again , Verteporf in should show a larger change in dipole moment than PplX, 

since Verteporf in has a larger two-photon cross sect ion than PplX and it is more 

asymmetr ic. However, we are using computer calculated ground states, which 

are suspect in their absolute accuracy, and we are using a model to which the 

data does not present a good fit, especially for PplX. Thus, while this data is 

interesting and could present a basis for comparison in the future, it is difficult to 

make any sol id conclusions f rom the results, other than that the Lippert-Mataga 
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model does not appear to be val id for molecules where the dipole moment 

a n d the dipole moment change is small . 

The Lippert-Mataga model also predicts the value of the f luorescence 

max imum in vacuum. For PplX, the value predicted, 16 204 cm" 1 , is shorter than 

any value of the f luorescence we observed, as expected. This is not the case for 

Verteporf in, as the value of 14 687 cm" 1 predicted for the vacuum wavenumber is 

shorter than the value observed for chloroform. It is more likely that the 

chloroform value is incorrect, as there are solubility problems with Verteporfin in 

chloroform. It is possible that what little Verteporfin that enters the chloroform 

solut ion exists as dimers or mult imers, which may be the reason for the abnormal 

wavenumber in chloroform. 

Just for interest, we modif ied the PplX and Verteporf in model ing structures 

so that the relative direction of the dipole moment could be v iewed. Figures 6.11 

and 6.12 present the dipole moment for PplX and Verteporf in, respectively. 

Whi le the magnitudes are not to scale, one can observe that the dipole moment 

appears to change direction. These pictures were created by placing a "dummy 

atom" along the vector of the dipole moment and another atom at the coordinates 

0,0,0. This assumes that the standard orientation does not change between the 

ground and excited state. 

The polahzabil i ty can be determined from the slope of a plot of equat ion 

6.4. Again, in this calculat ion, we used the ground state polarizability as 

calculated f rom the computer model . For PplX, the fit gives an excited state 

polarizability of 2.1 e-28 m 3 , using a ground state polarizability of 1.67 e-30 m 3 . 



Figure 6 .11 . Direction of dipole moments of PplX. A. Ground 
electronic state. B. Excited electronic state. 

Figure 6.12. Direction of dipole moments of Verteporf in. A. 
Ground electronic state. B. Excited electronic state. 
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The computer modeling predicts an excited state polarizability of 

1.69 e-28 m 3 . For Verteporf in, the fit to equation 6.4 reveals an excited state 

polarizabil i ty of 2.6 e- 28 m 3 , using a ground state polarizability of 2.07 e-30 m 3 . 

The computer predicts an exci ted state polarizability of 2.12 e-28 m 3 . Excited 

state polarizabilit ies are reported for only a few aromatic molecules. Table 6.4 

presents these values for compar ison. While these molecules are all smaller 

than PplX and Verteporf in, they have polarizabilities an order of magnitude 

smaller. This data would then suggest that PplX and Verteporf in are also 

polar izable. 

Table 6.4. Polarizability of comparison molecules. 

Molecule Ground State 
Polarizability 

Excited State 
Polarizability 
2 . 7 x 1 0 ^ m 3 

1.2 x 10" 2 9 m 3 

4.9 x 10" 2 9 m 3 

2.1 e-28 m 3 

2.7 e-28 m 3 

Reference 

naphthalene 
C60 
Benzo[a]pyrene 
PplX 
Verteporf in 

1.6 x 1 0 " ^ m J 

7 x 1 0 " 2 9 m 3 

3.6 x 10" 2 9 m 3 

1.67 e-30 m 3 

2.07 e-30 m 3 

lwe ibo(166) 
Li (167) 
Beck (164) 
This study 
This study 

Some comments should be made about the computer model ing. It is 

interesting to note that both the experimental model and computer model ing 

predicts a greater excited state polarizability than the ground state. This is 

different f rom the calculations of the dipole moment, where for Verteporf in, the 

ground state dipole moment for Verteporfin is predicted to be larger than the 

excited state by the computer model ing, but the polarizability in the excited state 

is larger than the ground state. The predicted polarizability f rom the computer 



175 
model ing fol lows the solvatochromism data, but the dipole moment does not. 

The dif ferences between the computer modeled data and the experimental data 

may be a result of several factors. PplX and Verteporfin are very large 

molecules. Molecules this size are not usually computer modeled for ground 

state propert ies, let alone excited state properties. Typically, computer model ing 

gives better results for smaller molecules. The ground state calculations are 

more likely to be relevant than the more difficult excited state calculations. It 

wou ld seem that the computer underest imates the polarizabilit ies. In addit ion, 

there are current limitations in programming, memory use, and wall t ime on the 

MACI supercomputer. It was necessary to have a value to start f rom for the 

ground state dipole moment and the ground state polarizability; in this situation, 

the computer-modeled values at least allow us to calculate an excited state 

dipole moment and polarizability. However, we were not looking for complete 

agreement wi th a computer model , rather we are looking for a deeper 

understanding of solvatochromism. 

There are limitations with the solvatochromic models. The largest 

considerat ion is that both the models assume the molecule is a sphere. Real 

molecules are not spheres; they have complex charge distributions that are not 

accurately represented by a centered point dipole. In calculating the size of the 

cavity in either model , we took the radius of the longest axis of PplX and 

Verteporf in, as modeled by the computer. This value was used as the Onsager 

radius in the Lippert-Mataga model and as the value to calculate the solvent 

cavity in the polarizability model . Whi le Beck and C r a m b 1 6 4 add 1 0 to either side 
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of the molecule to create the solvent cavity, this was not done in this analysis, 

as the vo lume is going to be largely overest imated without adding an extra 

angstrom. There are corrections for molecules which are better modeled as a 

prolate or oblate ellipsoid and perhaps this would be a better way to model the 

solvent cavity. 

The polarizability model assumes the use of a solvent cage to model the 

vo lume surrounding the solute. The solvent cage is def ined as the first solvent 

shel l . This model assumes only "long distance" interactions of the solvent with 

the solute and ignores any interactions such as hydrogen bonding. It also 

assumes that there are no longer distance interactions than the first solvent shel l , 

that the solvent molecules do not interact with themselves, and that there is no 

signif icant absorpt ion of light by the solute. 

It is general ly assumed that the dipole moments in the ground and excited 

states are independent of the so l ven t . 1 6 9 In practice, this is a val id 

approximat ion, but its validity can be tested by use of solvatochromic plots, which 

would present a curved plot rather than a straight line if the dipole moments were 

dependent on the solvent. It is also important to distinguish between the 

permanent dipole moment and the total dipole moment, which includes the 

induced dipole moment resulting f rom the polarizability of the f luorophore. The 

Lippert-Mataga model uses the permanent dipole moment and thus any 

contr ibut ions f rom the induced dipole moment are ignored. However, f rom our 

data, it wou ld seem that the induced dipole moment is much more important than 

the permanent dipole moment when considering solvatochromism. 
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It wou ld appear that the polarizability model is a better model for 

molecules that do not have a large dipole moment change, such as PplX and 

Verteporf in. Even this theory is a highly idealized model and as such, is inexact. 

However, it does give us a general ized overview on the effect of the polarizability 

on the solvatochromic shift. Perhaps a better model would encompass more 

solvent characterist ics than just dipole moment, polarizability or refractive index 

to become more globally appl icable. It would certainly be possible to construct a 

model similar in which the data is fit to a polynomial model , taking into account 

specif ic solvent effects such as hydrogen bonding where applicable but scalable 

to their contr ibut ion. 

One final point is that the f luorescence changes enough that 

so lvatochromism could be used to monitor the location of photosensit izers such 

as PplX and Verteporf in in cel ls. Whi le work has been done to identify the 

location of photosensit izers in cells, the majority of the work has been done by 

lifetime measu remen ts . 1 4 4 The f luorescence spectra reported are not generally of 

a single cel l , but of entire t issue. Some cell specific spectra are reported, and the 

results are reported in Table 6.5. However, these results are for entire t issues, 

not components within individual cells, thus the results are an average of all 

sensit izer environments. 

From the comparison of the solvent data from this study to more complex 

biological models, it appears that skin is more polarizable than bladder. In other 

words, skin is more aromatic in nature than alkane. This could also be a 

reflection of different cellular localization sites in different t issue types. 
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Table 6.5. Compar ison of Cell Studies to our Solvatochromism Studies. 

Sensit izer Tissue Wavenumber 
(cm" 1) 

Compar ison 
Solvent 

Ref. 

PplX Skin (female 
nude mice) 

15748 Chlorobenzene 
or 
dichlorobenzene 

177 

PplX Skin (human) 15748 Chlorobenzene 
or 
dichlorobenzene 

95 Chlorobenzene 
or 
dichlorobenzene 

Verteporf in Bladder 
carcinoma 
cells (human) 

14409 Octanol 
or 
dichloromethane 

79 

6.5.2 Q u a n t u m Y ie ld 

Quantum yields are presented in Table 6.3. It should be noted that the 

values do not vary largely, even though the spectra in Figures 6.5 and 6.6 would 

suggest a large solvent dependence in f luorescence quantum yield. When 

normal ized to changes in absorpt ion, the f luorescence quantum yield appears to 

be the same in most solvents. This implies that quantum yield would not be a 

good method to determine the location of a photosensit izer in a cell; in addit ion, it 

would be very difficult to quantify quantum yield in vivo. 

Red shifts are somet imes accompanied by a decrease in the quantum 

yield of the f l uo rophore . 1 5 9 Thus, Figure 6.13 is a plot of f luorescence max imum 

versus quantum yield. There does appear to be a slight correlat ion, in that as the 

red shift increases, the quantum yield decreases. This may indicate that S i and 

Ti states are moving closer together, increasing the possibility of intersystem 

crossing or that closer proximity to So promotes more internal conversion. 
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Since there does appear to be a trend of f luorescence with quantum 

yield, it may be useful to examine the dependency of the quantum yield on the 

probabil i ty of f luorescence emission. If the matrix element, Ffm, also known as 

the transit ion moment, is non-zero for the two states n and m, then the two states 

combine with each other with a certain probability with emission or absorpt ion of 

radiation. If it is zero, then the transition is considered forbidden as a dipole 

transit ion. Even if the matrix elements of the electric dipole moment are zero, a 

non-zero transit ion probability may also be produced by the interaction of an 

electromagnet ic wave with the quadrupole moment (polarizability). However, 

quadrupole transit ion probabilit ies are only 10" 8 of dipole transition probabil it ies. 

Anm is the Einstein transition probability of spontaneous emission which is related 

to the matrix e lement of the dipole or quadrupole moment by 1 7 9 

647cV, 
(6.7) 

3/i 

If one plots the ratio of the quantum yields (setting water as the standard 

value) versus the corresponding ratio of the wavenumbers of the f luorescence, 

the dependence of the quantum yield on Anm can be determined. These plots 

can be found in Figure 6.14. For PplX, there does not appear to be a strong 

trend. Verteporf in does have a dependence on Anm. In general, the larger the 

gap between the S i and S 0 states, the greater the energetic drive towards 

f luorescence. However, the f luorescence for PplX (630 nm) is at a higher energy 

than the f luorescence of Verteporf in (690 nm). From this information, one would 

expect a stronger dependence on Anm for PplX than for Verteporf in. What this 
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plot might indicate is that there are more processes causing the deactivation 

of the f luorescence than simply a change in Anm. 

Quantum yields are known to depend on the viscosity and temperature of 

the so l ven t . 1 5 3 Since we conducted our experiments at the same temperature, 

we may only expect to see a dependence on viscosity. If we consider our data, 

we f ind no dependence on viscosity. This is not surprising, since viscosity would 

be more of a factor if a twisted intramolecular charge transfer (TICT) state was 

expected. Figure 6.15 is a plot of solvent viscosity vs. quantum yield. 

Quan tum yields are also known to depend on the dielectric constant, e. 

Figure 6.16 displays our results, but there does not appear to be a large 

correlation for PplX or Verteporf in. The dielectric constant (e) contr ibutes to the 

polarizability of the solvent, which includes the effect of molecular reorientation of 

the solvent molecules. This occurs on a slower t ime scale and is referred to as 

the low-frequency polarizability of the solvent, f(e). If PplX and Verteporf in had 

very long exci ted state lifetimes, then one might expect the dielectric constant to 

be a factor. 

One of the factors which inf luences the quantum yield is the intersystem 

crossing rate. If intersystem crossing occurs, it is possible for the f luorophore to 

interact with oxygen to produce singlet oxygen, which can react with the 

f luorophore and cause its destruct ion. Thus, it may be the loss of active 

f luorophore which is causing the apparent changes in quantum yield. If this is so, 

there may be a dependence of quantum yield on the concentrat ion of oxygen in 

the solut ion. The concentrat ion of oxygen in solution is modeled by the Ostwald 
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coefficient, which is a ratio of the volume of the gas, V(gas), absorbed to the 

volume of the solvent, V(solvent). 

L= V ( g a s ) . (6.8) 
V(solvent) 

The Ostwald coefficient can be converted to the mole fraction solubility if the 

partial pressure of the gas, P(g), and temperature, T, is known. Thus, 

(6.9) 

where R is the gas constant. The original data is available such that the 

interested reader could convert the Ostwald coefficient to the mole fraction 

solubility if they can locate reference 168. Since we are solely concerned with 

relative oxygen solubility, we use the Ostwald coefficient. We observe no 

discernable correlat ion between quantum yield and oxygen solubility, as seen in 

Figure 6.17. This implies that while intersystem crossing may be important in 

quantum yie ld, intersystem crossing is not promoted by oxygen concentrat ion. 

This is in contrast to the observations of McLean e i a / . 1 2 8 , who observe an 

increase in intersystem crossing as the concentrat ion of oxygen increases. 

X = 
RT 

P(g)Lv°(V) 
+ 1 
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Figures 6.18A and 6.18B are plots of quantum yield versus electron 

affinity and proton affinity. Electron affinity is the measure of the tendency of a 

molecule to remove an electron from a donor molecule. Proton affinity is the 

tendency of a molecule to remove a proton from a donor molecule. Examining 

the plots of electron affinity, there does not seem to be an appreciable 

correlat ion. This conf i rms that there is no charge-transfer state taking place. 

However, upon examinat ion of the proton affinity, there appears to be a slight 

t rend in that the quantum yield increases as the proton affinity increases. 

Certainly, the acidic protons on the propionic groups could be easily removed. 

Th is may affect the solubility of PplX and Verteporfin or perhaps reduce potential 

aggregat ion, thus altering the relative quantum yield. Thus proton affinity might 

not have an effect on the electronic state of the molecules, but rather the number 

of molecules available for excitat ion. 

Figure 6.19 is a plot of quantum yield versus solvent. The data is ordered 

in terms of increasing quantum yield for Verteporfin and the PplX data fit to the 

same order of solvents. It is interesting to note that the solvent does not affect 

PplX and Verteporf in quantum yield in the same way; i.e., changing solvent does 

not a lways cause the quantum yield to change in the same direction or 

magni tude. This indicates that the Si and T i levels are not affected in the same 

manner for PplX and Verteporf in. 

Table 6.6 includes values of quantum yield for several porphyrin type 

molecules. All PplX specific results are in mitochondria. The values quoted are 

an order of magnitude higher than the quantum yields we calculated, except for 
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to luene. If we accept our value for the quantum yield of PplX in toluene as 

accurate, then it would follow that a non-polar mitochondrial membrane might be 

modeled using toluene as a solvent. Although we had considered our toluene 

value to be anomalous, the value for porphyrin in toluene is on the same order of 

magni tude. The method used to calculate the quantum yield in reference 170 

involves a Stern-Volmer type equat ion measuring the f luorescence in presence 

and absence of quencher. The method requires the relative measurements of 

decreasing f luorescence yields and the relative measurements of increasing 

triplet yields. It is encouraging that such different methods result in such similar 

values for quantum yield. In addit ion, the quantum yield of Hematoporphyrin 

derivative in buffer is of the same order of magnitude as the value we calculate 

for PplX, but Hematoporphyrin is two orders of magnitude higher. 

Deuteroporphyr in IX is an order of magnitude higher in benzene than we 

observe. W e observe the same order of magnitude for PplX as for Hypocrell in B 

in dimethylsulfoxide. 

For Verteporf in, we observe quantum yields in the same order of 

magni tude as those observed by Aveline in water and me thano l . 7 3 The quantum 

yield for Verteporf in is similar to most reported porphyrins in Table 6.5, but has a 

quantum yield greater than PplX. Thus, if quantum yield can be considered a 

measurement of potential photodynamic efficiency, Verteporf in should be a better 

photosensit izer than Hematoporphyr in derivative or PplX. The two-photon 

quantum yield for tetraphenylporphyrin is an order of magnitude higher than the 

one photon quantum yield. This data is included for interest, as the majority of 
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our work is done with two-photon excitation. Because the quantum yields in 

to luene appear to be an order of magnitude higher for both PplX and 

tetraphenylporphyr in, it is difficult to suggest whether or not the high quantum 

yield f rom two-photon spectroscopy is significant or not. This is complicated by 

the fact that the reference for the two-photon quantum yields is f rom 1986; it is 

possible that the authors would have been unable to accurately measure a two-

photon absorpt ion cross sect ion, which would be necessary for the calculation. 

W e make several assumpt ions in our calculations of quantum yield. Since 

we are work ing at low concentrat ions, there will be no inner filter effects from 

Verteporf in or PplX concentrat ion. W e assume all PplX and Verteporf in went 

into solut ion. W e assume no major effects from dimerization, even though we 

are aware that it may be present in aqueous solution, or f rom sticking to the side 

of the cuvette. Beer's Law plots did not show any evidence of concentrat ion 

effects. 

One complicat ion for PplX is that some of the PplX is already in 

photoproduct form. Since we used a dry preparation from a standard solution 

into each test solvent, we assume there may be a systematic error in 

concentrat ion, but the error is equal in each solvent. Keeping solutions in the 

dark permits only dark pathways of destruction for PplX and Verteporf in. 

A complicat ion for Verteporf in is that the stock solution is in 

dimethylsulfoxide, which does not evaporate off as easily as methanol. It is 

possible that the interaction of dimethylsulfoxide with the other solvents may 
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have interfered with the calculat ions of the appropriate quantum yields for 

Verteporf in, al though they still agree in order of magnitude with Avel ine's 

resu l ts . 7 3 

Table 6.6. Compar ison Values for Quantum Yield 

Fluorophore Quantum Solvent Ref. 
Yield 

Hematoporphyr in 0.02 Water 150 
0.09 9 0 % Methanol 150 
0.065 Mitochondria ( l iposomal delivery) 151 

Protoporphyrin 0.07 Mitochondria (l iposomal delivery) 151 
0.07 Inner mitochondrial membrane 151 

(l iposomal delivery) 
0.10 Outer mitochondrial membrane 151 

(l iposomal delivery) 
Deuteroporphyin IX 0.068 Benzene 152 
Hematoporphyr in 0.00024 Buffer 17 
derivative 
Tetraphenyl porphyrin 0.09 Propanol 170 

0.70 Toluene (two photon) 155 
Octaethy I porphyrin 0.75 Toluene (two photon) 155 
Hypocrel l in B 0.07 Chloroform 156 

0.03 EPC l iposome 
Verteporf in 0.051 Methanol 73 

0.002 PBS 
4'-hydroxymethyl-4,5' , 0.0045 1:3 ethanol/water (two photon) 76 
8-tr imethylpsoralen 
Hypocrel l in B 0.0058 Dimethylsulfoxide 157 
Porphyrin 0.06 Toluene 170 

6.6 C o n c l u s i o n s 

Solvatochromism may be an effective tool for determining the local 

environment of a photosensitizer. Quantum yield is not likely going to be useful 

in determining the local environment of the photosensitizer, as the changes in 
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quantum yield due to changes in refractive index are much smaller than the 

changes in the position of the f luorescence maximum. In addit ion, it would be 

difficult to quantify quantum yields in vivo, whereas solvatochromic shifts require 

only the measurement of the posit ion of the f luorescence band. However, 

examin ing the effects of solvent on quantum yield, however smal l , can still 

provide information as to how PplX and Verteporfin interact with their 

env i ronment on a general basis. 
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C H A P T E R 7. CONCLUSIONS A N D FUTURE DIRECTIONS 

PDT is a potentially powerful technique in the treatment of skin condit ions, 

cancers, and age-related wet macular degenerat ion. The addit ion of two-photon 

excitat ion to the PDT arsenal opens up a wide variety of treatment opt ions. The 

highly local ized nature of TPE-PDT makes it appealing for PDT in sensit ive 

t issues, such as the eye, where small treatment volumes would be desirable. 

Verteporf in has already been approved for use in OPE treatment of macular 

degenerat ion. However, before TPE-PDT can be used in humans, more must be 

known about how the current photosensit izers react under TPE. Wi th these 

studies, we hope to take steps closer to the clinical application of TPE-PDT. 

In Chapter 3, we examined f luorescence correlation spectroscopy to 

determine the size of the TPE-PDT volume. W e have developed a model for 

two-photon FCS. Using FCS, we have determined the TPE volume to be in the 

range of 1 to 10 fl_ and demonstrated that photochemistry can take place in this 

small vo lume. In the near future, FCS should be attempted on photosensit izers 

in solut ions and in cells. FCS can be used to determine the rate constants for 

intersystem crossing and to confirm the immobility of Verteporfin in vivo. Future 

directions include applying the FCS model to PDT. 

In Chapters 4 and 5, we have extensively examined the photobleaching 

behaviour of PplX and Verteporfin in a variety of environments. W e used 

idealized condit ions (pure solvents) and in vitro condit ions. The photobleaching 
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of PplX and the generat ion of a f luorescent photoproduct were examined in 

methanol and micellar environments to mimic cytoplasm and cell membranes, 

respectively in Chapter 4 . The photochemistry of PplX is faster in TX-100 

micelles, but possibly more complex in methanol. The photobleaching of 

Verteporf in was examined in aqueous solution, micelles, organic solvents, and 

live single CV-1 cel ls in Chapter 5. Whi le we were unable to observe the 

formation of a photoproduct for Verteporf in, we did observe more complex 

photobleaching behaviour than for PplX, especially in micelles. Photobleaching in 

micellar envi ronments may be compl icated by the presence of excimers. The 

aqueous solut ion and organic solvent data in Chapter 5 showed a solvent 

dependence on the decay rate. An attempt to fit the aqueous solution and 

organic solvent data with a single or double exponential model met with little 

success. This conf i rmed the observat ions of Georgakoudi e i a / . 1 2 7 that 

photobleaching is not able to be modeled using a simple exponential fit, as the 

photobleaching is dependent on the local concentrat ion of oxygen which changes 

with t ime. However, comparing the photobleaching data from organic solvents 

with the photobleaching data from the live CV-1 cells, we were able to suggest 

three subcellular locations of Verteporf in: membrane, dimethylsulfoxide-

associated ( lysosome) and protein associated. In the near future, more 

exper iments should be done on photosensit izers in cells, perhaps examining the 

mode of sensit izer delivery. The photobleaching rates of PplX in cells should 

also be determined for comparison to Verteporf in. Future directions in this work 
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include the incorporation of the oxygen-dependant photobleaching model 

developed by Georgakoudi e r a / . 1 2 7 and the use of photobleaching rates to 

determine subcel lular location. Photobleaching could be a powerful tool to 

determine the local environment of a photosensit izer and as a diagnostic tool to 

help determine the efficacy of a photosensit izer in vivo. 

In Chapter 6, we have examined the solvatochromic behaviour of PplX 

and Verteporf in in aqueous solution and organic solvents using one photon 

excitat ion. W e modeled the data using the Lippert-Mataga and a model based 

on changes in polarizabil ity. It was found that the polarizability model is more 

effective in descr ibing solvatochromic behaviour when the changes in the dipole 

moments between the ground and excited electronic states are small . W e have 

also determined the quantum yields of Verteporf in and PplX in aqueous solution 

and organic solvents and have found good correlation with the results of other 

studies. However, the dependence of quantum yield on solvent is too small to 

make quantum yield a useful tool in subcellular localization. Solvatochromism 

and photobleaching could be very useful tools in subcellular localization studies. 

In the near future, two-photon quantum yields should be determined for 

comparison to the one-photon quantum yields. Future directions in this work 

should include cellular fractionation studies for the determination of f luorescence 

maxima to compare to the solvent studies. In addit ion, f luorescence spectra of 

photosensit izers incorporated into cells should be taken. 
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Finally, animal models need to be examined in detail to determine the 

effectiveness of TPE-PDT. While the preliminary work in this area has started in 

our group, we are l imited in our ability to use animal models in our current facility. 

However, the data presented in this thesis could be used by another group as a 

background to begin animal modeling of TPE-PDT. The experiments in this 

thesis and future projects are all required experiments before clinical application 

of TPE-PDT is possible. Most importantly, this work shows that PplX and 

Verteporf in behave in a similar way whether under one-photon or two-photon 

excitation. This implies that the knowledge base of OPE-PDT can be appl ied to 

TPE-PDT with respect to post-excitation PDT efficacy. Whi le TPE-PDT is still 

only a future possibil i ty, it is encouraging to see similarity between OPE and TPE 

for Verteporf in in "perfect" condit ions. Moreover, these studies have proven that 

subcellular PDT is possible. 
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A. A p p e n d i x t o Chap te r 3 

Spectroscopic experiments usually involve the measurement of an 

appropriate correlat ion function; thus, in the case of f luorescence f luctuation 

spectroscopy, it is the f luorescence autocorrelation function (ACF), 

<ÒF(f)ÒF{t+ x)>, that plays a central role. Here 5F(r) = F(t) - <F> is the f luctuation 

in the measured f luorescence intensity F(f) f rom its average value <F>, <> 

represents an ensemble average, and t and t + x are two points in t ime between 

which the correlat ion in studied. In some of the equations written below, we will 

use the shorthand notation t r\t + x. In this chapter, a two-photon excitation 

caused by a laser of intensity /(F ,f) and directed along the z a x i s of a Cartesian 

f rame will be considered. The vector r (x,y,z) denotes a location within the 

experimental chamber with respect to the coordinate origin. The f luorescence 

intensity, F(f), must be related to both the intensity of the excitation and as well 

as the concentrat ion of the molecules undergoing f luorescence. The detai led 

derivation of this relationship can be found in references 20 and 24, so it will not 

be discussed here. The final form of the f luorescence fluctuations can be written 

as: 

ÒF(t)=ajdrI 2(r,t)òc(r,t) (3.A.1) 

where a is a constant and 8c( F ,f) is a f luctuation in the concentrat ion, c(r ,t), of 

the f luorescing molecules from its average value <c> given by 8c(r ,f) rj c(r ,f)-
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<c>. The precise form of the function /( F, 0 is given in the main body of 

Chapter 3 in equat ion 3.4. 

With these quantit ies, the A C F is expressed in terms of the concentrat ion 

autocorrelat ion funct ion f(7,r\t,t+x) (CACF) as: 

(ÒF(x)ÒF(t +x))=a2 jdrdr'I2 (7,t)I2 (7\t)f(7, 7\t,t+x) (3.A.2) 

with 

f(r,r',t,t+x) = \ - ^ - ^ e i k ' + i V r f(k,k\t,t+x) (3.A.3) 
j (2TU) 3 (2TT)3 

where 7 (x,y,z) and 7 \x',y',z) are two points within the excitation vo lume. It is 

convenient to study the A C F in Fourier transform space: 

f(k,k\t,t+x) = (dc(k,t)dc(k',t+x)). (3.A.4) 

Here, f(k,k\t,t+x) = (dc(k,t^c(k',t+xfj where £ a n d k' are the Fourier 

transform vectors. Physically, the CACF must obey the criterion of translational 

invariance and be independent of the origin of t ime (stationarity). The former 

criterion requires the equality k=k\ while the latter al lows t = 0 resulting in a 

simplif ied form: 

j(r,F,0,x) = j-^ik(f-F)(òc(k,0)òc(-k,x)) . (3.A.5) 

To compute the autocorrelation funct ion, the Fourier transform, dc(k,t), 

must first be calculated, which is achieved by assuming an equation of motion for 

the concentrat ion, general ly either the diffusion equation itself or its modif icat ion. 
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If one suspects that the concentrat ion of the f luorescent species could be 

affected by a unidirectional chemical reaction- and radiation pressure- induced 

f low, then these phenomena can be represented in the equation of motion for 

concentrat ion. These phenomena are represented by a velocity (Dz) term along 

the z-axis, and a kinetic term with rate constant, kPD, representing a 

photodynamic reaction: 

^8c(r\t') = DV28c(r\t')-\)z^8c(r\t')-kPD8c(r',t'). (3.A.6) 
dt dz' 

To solve this equat ion, we begin with a time dependent transformation: 

5 c ( r \ / ' ) = 8 c ( r , i , ) e ~ w ' • (3.A.7) 

This al lows the reaction term to be el iminated, leading to a simpler 

diffusional equat ion: 

4-$c(r\t') = DV28c(r',n-x>2 ^ U c t f V ) . (3.A.8) 
dt dz 

For t = 0, the correlation function def ined in equation 3.A.5 may now be 

writ ten as 

f(r,F,0,x) = ek"* \-^^ £^(Sc(k,o)Sc(-k,x)) = ek^f(r,r\0,x). (3.A.9) 

The solution to equat ion 3.A.8 in Fourier transform space can be obtained 

using the standard methods and is of the form: 

òc(kX)=àc-(k,t)e-[Dk2+ivk^M). (3.A.10) 

Here, kz is the z-component of the vector k . Substitution of equat ion 

3.A. 10 into 3.A.9 yields: 
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\ I J ( 2 j t ) 3 
-(Ot'+rut-X'+x) (3.A.11) 

where <c>=<Ôc(£ ,0)5c(-& ,0)> and the form of the constant may be determined 

in the manner suggested by T h o m p s o n . 2 0 

Substi tut ion of equat ion 3.A.11 into 3.A.2, along the relevant definit ions of 

the functions l(r ,f) and l(r',f), al lows the integration over the set of variable 

{x,x',y,y) to be explicit ly carried out. The only remaining integrals are those over 

z a n d ¿ ; a change in variables to a new set, S and u, 

z = z. S- +—Dx and z '=z, 2 S + V2 
1 

+ —DT 2 
(3.A.12) 

al lows equat ion 3.A.2 to be written as 

(ÔF(O)ÔF(T)) = p ( c ) é r ( i » + w 2 / 4 D ) T r d u e - ' 2 / 2 D x + v " / 2 D T dS—-— (3.A.13) 

where 0 ( u , 5 ) i s a quadrat ic polynomial in the variable S a n d the relevant 

integration can be carr ied out by using Cauchy's theorem. The parameter (3 is a 

collection of wel l -def ined constants. Finally, the integral takes the fol lowing form: 

- i i 2 / 2 D T + X > U / 2 D 

(ÔF(O)ÔF(T)) = Ç2e- { k^ 2 , 4 D* [ du-

u" +(2 + 16Dx/(O2

0)u
2z2 + 

1 16DT 

03n 

2m2 + 
\6Dx 

(à 2  
-4 

4l(4z2

r+u2) 
• + -

( 
u2+2 2 + 

\6Dx 

(On 

(3.A.14) 
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where 

a - a f f a i ( c ) . (3.A.15) 
À2V(4TC)3£>T 

Equation 3.A.14 is written in a form closely all ied to that derived by 

Ber land et a / . 2 4 and reduces to it in the limit kPo = 0 and v= 0. Moreover, if one 

chooses v= 0, then the normalization of equation 3.A.14 leads to equation 3.11 

in Chapter 3, whereas if one chooses /CPD = 0, then the normalization leads to 

equat ion 3.13. 



B. A p p e n d i x t o Chap te r 6 

Table 6 .A .1 . Oxygen Solubil ity Data and Viscosity Data. 

Solvent Ostwald Coe f f i c i en t 1 b B Viscosity ( c P ) 1 / 1 

acetone 0.313 0.3160 
benzene 0.249 0.6080 
chiorobenzene 0.214 0.7990 
dichloromethane 0.257 0.4210 
ethanol 0.195 1.2000 
ethylene glycol 0.031 19.900 
methanol 0.2231 0.5470 
octanol 0.183 10.600 
water 0.033 1.0000 
heptane 0.390 0.3860 
hexane 0.495 0.2940 
toluene 0.221 0.5580 

Table 6.A.2. Electron and Proton Affinity Data. 

Solvent Electron 
Affinity 1 7 2 

(eV) 
Acetone 1.50e-3 
Acetonitr i le 0.0115 
Benzene -1.63 
Chiorobenzene -0.90 
Dichlorobenzene -0.40 
Dichloromethane 1.50 
Dimethyl formamide 0.0136 
Water 0.90 
Toluene -1.30 

Solvent Proton Affinity 
( k J / m o l ) 1 7 2 ' 1 7 * 

Acetone 812.0 
Acetonitri le 779.2 
Benzene 750.4 
Chiorobenzene 753.1 
Dimethyl formamide 887.5 
Dimethylsulfoxide 884.4 
Ethanol 776.4 
Ethylene glycol 815.9 
Methanol 754.3 
Water 691.0 
Toluene 784.0 



Table 6.A.3. Data Used to Determine the Solvent Cage. 

Solvent Area Z Z 
(A 2 ) Verteporfin PplX 

ethanol 9.17 90 69 
methanol 6.51 127 97 
cyclohexane 23.80 35 27 
ethylene glycol 10.55 78 60 
acetone 27.87 30 23 
chlorobenzene 105.18 8 6 
acetonitri le 4.04 204 157 
n-hexane 19.66 42 32 
benzene 23.46 35 27 
dichloromethane 2.33 354 272 
dichlorobenzene 92.02 9 7 
dimethyl formamide 17.01 48 37 
dimethylsulfoxide 62.13 13 10 
water 1.10 750 576 
toluene 109.53 8 6 
n-heptane 22.53 37 28 
chloroform 3.01 274 211 
octanol 27.55 30 23 

Table 6.A.4. Solvents Modeled as Rectangles. 

Solvent Length (À) Width (A) Area (Aj ¿  

acetone 4.796 5.810 27.87 
ethanol 4.024 2.279 9.173 
ethylene glycol 3.297 3.200 10.55 
heptane 2.256 9.985 2.526 
hexane 2.257 8.712 9.661 
methanol 2.276 2.858 6.505 
octanol 12.03 2.289 27.55 

Table 6.A.5. Solvents Modeled as Ovals. 

Solvent Longest side (A) Shortest side (A) Area (A)' ¿  

chlorobenzene 6.125 5.469 105.2 
dichlorobenzene 5.467 5.360 92.02 
dimethylsulfoxide 5.100 3.879 62.13 
toluene 6.390 5.458 109.5 



Tab le 6.A.6. Solvents Modeled as Circles. 

Solvent Radius (À) Area (A) 2 

benzene 
cyclohexane 
dimethyl formamide 

5.467 
5.506 
4.655 

23.46 
23.80 
17.01 

Tab le 6.A.7. Solvents Modeled as Triangles. 

Solvent Base (A) Height (A) Area (A)' ¿  

acetonitri le 2.279 3.546 4.040 
chloroform 3.394 3.006 5.102 
dic loromethane 3.492 2.332 4.072 
water 2.023 1.099 1.111 

Table 6.A.8. Data Used for Both Solvatochromism Models. 

solvent a 2 ( m 3 ) 1 7 4 l 2 ( J ) 1 / 4 £ . 74 174 
n 

ethanol 5.475E-30 1.68E-18 24.30 1.3611 
methanol 3.28E-30 1.74E-18 32.63 1.3288 
cyclohexane 1.094E-29 1.57E-18 2.023 1.42662 
ethylene glycol 5.70E-30 1.63E-18 37.7 1.4318 
acetone 6.373E-30 1.55E-18 20.7 1.3588 
chiorobenzene 1.32E-29 1.45E-18 5.621 1.5241 
acetonitri le 4.44E-30 1.95E-18 37.5 1.34423 
n-hexane 1.19E-29 1.63E-18 1.89 1.37506 
benzene 1.049E-29 1.48E-18 2.284 1.5011 
dichloromethane 6.48E-30 1.81E-18 8.93 1.4242 
dichlorobenzene 1.145E-29 1.54E-18 10.12 1.5515 
dimethyl formamide 7.81 E-30 1.46E-18 36.7 1.4305 
dimethylsulfoxide 5.06E-28* 1.46E-18** 4.70 1.477 
water 1.465E-30 2.02E-18 78.54 1.333 
toluene 1.228E-29 1.41E-18 2.379 1.4961 
n-heptane 1.37E-29 1.59E-18 1.92 1.38777 
chloroform 9.50E-30 1.82E-18 4.81 1.4459 
octanol 4.10E-29 1.65E-18** 10.3 1.4295 

* = modeled ** = N I S T 1 
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Tab le 6.A.9. Miscel laneous Data. 

Av (vacuum) 16300 c m - 1 (porphine)*** 
KS,) 1.11E-18 J (porphine)*** 

KSn) * 7.82E-19 J 
R (PplX) ** 7.1 E-10m 

R (Verteporfin) ** 8 .10E-10m 
N A 6.63E+23 
eo 8.85E-12 (S'C ¿m') 

= calculated ** = modeled ***=reference 180 

Tab le 6.A.10. Standard Orientation of PplX. 
Center 
Number 

Atomic 
Number 

Atomic 
Type 

Coordinates (Angstroms) Center 
Number 

Atomic 
Number 

Atomic 
Type X Y Z 

1 6 0 4.304250 3.972750 0.057662 
2 6 0 3.555698 2.670450 0.024400 
3 6 0 -0.190723 3.303148 0.020843 
4 6 0 2.177050 2.478643 0.010527 
5 6 0 5.630373 1.139404 0.006810 
6 1 0 1.500953 4.485570 0.051003 
7 1 0 5.862165 0.083906 0.074943 
8 7 0 1.947775 1.144142 -0.019203 
9 6 0 -2.378051 3.820312 0.030306 
10 1 0 1.046034 0.723022 -0.032771 
11 6 0 3.120268 0.464139 -0.023972 
12 6 0 4.150613 1.399588 0.004063 
13 6 0 3.225146 -0.962607 -0.055157 
14 1 0 0.123880 -5.512270 -1.002562 
15 6 0 1.146250 3.473192 0.027786 
16 1 0 4.229629 -1.339447 -0.043090 
17 6 0 -0.814752 5.857470 0.075875 
18 6 0 2.238163 -1.881323 -0.091974 
19 1 0 6.111237 1.630600 0.848027 
20 6 0 2.453168 -3.335817 -0.115728 
21 7 0 0.879353 -1.615606 -0.086262 
22 1 0 1.709612 -5.962089 -0.406211 
23 6 0 0.280658 -2.767991 -0.105047 
24 1 0 -0.225546 6.135549 -0.792793 
25 6 0 3.777464 -3.982314 -0.154619 
26 1 0 -5.747760 0.162541 -0.889700 
27 6 0 1.231761 -3.895622 -0.130555 
28 6 0 -1.145419 -2.961877 -0.103199 
29 6 0 0.844777 -5.342950 -0.208215 
30 1 0 -6.169610 -1.453663 -0.348645 
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31 1 0 -1.500177 -3.973254 -0.092601 
32 6 0 -2.075667 -1.985720 -0.096774 
33 7 0 -1.860392 -0.639887 -0.077731 
34 6 0 -3.538920 -2.163119 -0.095767 
35 6 0 -1.169994 4.400174 0.043706 
36 1 0 -0.959280 -0.217838 -0.053963 
37 6 0 -3.032919 0.056126 -0.058523 
38 6 0 -4.178680 -3.490278 -0.146133 
39 6 0 -4.109532 -0.947799 -0.083183 
40 6 0 -3.185620 1.395942 -0.024373 
41 6 0 -5.563371 -0.586646 -0.127137 
42 1 0 -5.893700 -0.175324 0.822352 
43 6 0 -2.122699 2.365491 -0.001747 
44 1 0 -4.189054 1.772775 -0.008971 
45 7 0 -0.855410 2.086076 -0.006615 
46 1 0 0.392645 -5.687561 0.718586 
47 1 0 -1.698389 6.481984 0.087226 
48 1 0 -0.229583 6.097646 0.958481 
49 1 0 6.098953 1.518445 -0.897989 
50 0 -3.743360 4.443744 0.042945 
51 1 0 4.975232 4.060753 -0.792255 
52 1 0 3.641617 4.828605 0.035453 
53 1 0 4.910577 4.054969 0.955742 
54 1 0 -4.314009 4.165159 -0.838711 
55 1 0 -4.314318 4.128859 0.912146 
56 1 0 -3.685463 5.524354 0.065276 
57 0 4.162341 -4.983430 0.617587 
58 1 0 3.520669 -5.400638 1.372892 
59 1 0 5.145021 -5.410718 0.527002 
60 1 0 4.476949 -3.584391 -0.872150 
61 0 -5.159066 -3.893744 0.642042 
62 1 0 -5.561463 -3.269209 1.419380 
63 1 0 -5.583295 -4.876620 0.542699 
64 1 0 -3.788051 -4.170806 -0.884803 
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Tab le 6 .A .11 . Standard Orientat ion of Verteporfin. 

Center 
Number 

Atomic 
Number 

Atomic 
Type 

Coordinates (Angstroms) Center 
Number 

Atomic 
Number 

Atomic 
Type X Y Z 

1 6 0 3.462665 -2.636831 0.015014 
2 6 0 2.554390 -1.669495 0.280949 
3 6 0 2.997758 -0.262125 0.617874 
4 6 0 4.220502 0.147681 -0.242082 
5 6 0 5.256294 -0.976377 -0.172288 
6 6 0 4.862557 -2.272777 -0.071001 
7 6 0 1.674804 0.484473 0.413925 
8 7 0 0.631148 -0.355866 0.275113 
9 6 0 1.093249 -1.645948 0.234428 
10 6 0 0.302920 -2.788436 0.140848 
11 6 0 -1.090755 -2.885483 0.065798 
12 6 0 -1.862338 -4.094906 0.009361 
13 6 0 -3.205930 -3.740104 -0.033339 
14 6 0 -3.271756 -2.296363 -0.042937 
15 7 0 -1.977474 -1.841756 0.039816 
16 6 0 -4.387016 -1.476115 -0.194139 
17 6 0 -4.424352 -0.077160 -0.224067 
18 6 0 -5.661239 0.689690 -0.396924 
19 6 0 -5.292871 2.004912 -0.358542 
20 6 0 -3.839691 2.007469 -0.168400 
21 7 0 -3.341847 0.744254 -0.090813 
22 6 0 -3.075215 3.183427 -0.078075 
23 6 0 -1.703079 3.291540 0.088655 
24 6 0 -0.915569 4.496938 0.195109 
25 6 0 0.403442 4.122596 0.351911 
26 6 0 0.453587 2.677517 0.340744 
27 7 0 -0.828157 2.232831 0.183098 
28 6 0 -1.491969 5.880113 0.139344 
29 6 0 1.591702 1.877091 0.459695 
30 6 0 1.611199 4.997954 0.505859 
31 6 0 -6.150878 3.228509 -0.480993 
32 6 0 -7.027662 0.097950 -0.572536 
33 6 0 -4.335149 -4.669836 -0.067323 
34 6 0 -5.524471 -4.510644 0.530835 
35 6 0 -1.278141 -5.475553 0.043166 
36 6 0 3.358331 -0.186859 2.129586 
37 6 0 3.889709 0.444938 -1.721543 
38 6 0 6.702830 -0.706544 -0.328335 
39 8 0 7.588306 -1.543292 -0.306218 
40 8 0 6.958682 0.619319 -0.503808 
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41 6 0 8.343070 0.953897 -0.668487 
42 1 0 -6.298774 -5.267122 0.441815 
43 1 0 8.369454 2.035962 -0.804146 
44 1 0 -1.734223 -0.856821 0.035905 
45 1 0 -5.855613 3.849482 -1.337110 
46 1 0 5.620809 -3.049885 -0.109013 
47 1 0 -4.162606 -5.594724 -0.617617 
48 1 0 -7.204674 2.967737 -0.617323 
49 1 0 2.337310 4.829310 -0.299543 
50 1 0 3.178182 1.270851 -1.812728 
51 1 0 1.343445 6.057762 0.488737 
52 1 0 3.456733 -0.434530 -2.210193 
53 1 0 -1.112469 1.260495 0.142730 
54 1 0 -7.083616 -0.538570 -1.465246 
55 1 0 -7.313856 -0.526741 0.283943 
56 1 0 2.130810 4.806056 1.453322 
57 1 0 -7.791125 0.874582 -0.677834 
58 1 0 8.917651 0.663505 0.215490 
59 1 0 -6.085136 3.862977 0.412822 
60 1 0 -0.741570 -5.663385 0.982144 
61 1 0 -0.563312 -5.633024 -0.774295 
62 1 0 8.762514 0.446531 -1.541631 
63 1 0 -5.755590 -3.645293 1.144648 
64 1 0 3.170772 -3.664026 -0.189515 
65 1 0 -2.054908 -6.239706 -0.043205 
66 1 0 4.803715 0.718570 -2.257300 
67 1 0 -2.210833 6.049474 0.950863 
68 1 0 -2.023345 6.056275 -0.804303 
69 1 0 -0.714183 6.643434 0.225438 
70 1 0 2.513750 -0.511283 2.745333 
71 1 0 4.217826 -0.824352 2.356231 
72 1 0 3.606745 0.843903 2.407490 
73 1 0 -5.330890 -1.992694 -0.323379 
74 1 0 0.831873 -3.736144 0.134976 
75 1 0 2.527596 2.411743 0.589632 
76 1 0 -3.616477 4.122122 -0.144839 
77 1 0 4.656870 1.052224 0.194876 
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Figure 6 .A .1 . Plot showing raw and fit data. Fit provides 
intensity (I), center wavenumber of the band ( v), and the 
width of the band at half height ( w 1 / 2 ) . 




