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ABSTRACT

Photodynamic therapy (PDT) is a form of local
cancer treatment in which cell death is caused by
photochemical reactions involving an exogenous
photosensitizer. The photosensitizer, which is
preferentially retained in malignant tissues, is
photoactivated and cell death results from the generation
of reactive products - most likely excited molecular
(singlet) oxygen. The development of in vivo PDT dosimetry
would be greatly aided by the ability to directly measure
the local concentration of this product by non-invasive
means.

In condensed media singlet oxygen will, with some
small probability, undergo a radiative transition to the
ground state with emission at 1270 nm. This infrared
phosphorescence may provide a means for monitoring the
production of singlet oxygen in vivo. Unfortunately the
background infrared fluorescence observed from tissue may
be many times the expected magnitude of the 1270 nm
phosphorescence, even within the bandwidth encompassing the
peak.

The principal aim of this project was the design of
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a system optimized for the in vivo detection of the singlet
oxygen emission. The system makes use of the most sensitive
commercially available detector and uses phase sensitive
detection to discriminate against infrared fluorescence.
The system's performance matched theoretical expectations
for the photosensitizer Photofrin II in aqueous and
methanol solutions. However, a discrepéncy in the observed
and theoretical values was noted for aluminum
chlorosulphonated phthalocyanine suggesting a deviation
from simple first order kinetics. Singlet oxygen
phosphorescence was not observed during PDT of cell
suspensions or mouse tumours even though considerable cell
death and tumour necrosis were observed.

The most likely explanation of this failure is
that, due to quenching by biomolecules, the lifetime of
singlet oxygen in cells or tissue is much lower than in
solution so that the probability of emission is reduced
accordingly. Quantitative calibration of the system yielded
a lower limit of approximately 0.1 Ms on the singlet
oxygen lifetime in tissue. This suggests that singlet

oxygen is generated in a protein environment.
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CHAPTER 1

INTRODUCTION

l.1 Cancer

Cancer is the second leading éause of death in
Canada accounting for approximately 51 000 deaths in 1987.
The high mortality rate can be attributed to the fact that
cancers dgrow rapidly and readily disseminafe throughout the
body. The causes of cancer are probably many and varied,
however, the most likely include viruses, environmental
factors and aberrant genes (Tannock and Hill 1987).

At present there are three standard treatment
modalities which are used either singly or in combination:
surgery, radiotherapy and chemotherapy. The efficacy of
these treatments depends on numerous factors and the
prognosis for cure varies from poor to excellent. Obviously
then, there is a need for better cancer therapy.

In spite of the ability of cancers to disseminate
throughout the body, it has been found that local tumour
control leads to an improved prognosis (Suit 1982), and
certainly can alleviate symptoms resulting in a better
quality of life. Photodynamic therapy is an experimental

form of cancer therapy which has recently shown promise in



providing local control of some cancers (Wilson and Jeeves

1987).

1.2 A brief overview of the photodynamic therapy process

The term "photodynamic" refers to biological change
caused by the photochemical products of light-activated
photosensitizers in the presence of oxygen. As applied in
oncology, photodynamic therapy (PDT) is a tool for
management of cancer patients with localized, small
tumours.

PDT is essentially a two-step process. A
photosensitizer is first administered intravenously, then,
after a delay of 1 to 3 days to allow accumulation in the
tumour tissue, the target volume is irradiated with visible
light at a wavelength matching one of the absorption peaks
of the photosensitizer. For example, when using
haematoporphyrin derivative (HPD), the excitation
wavelength is in the red portion of the spectrum
(approximately 630 nm). HPD was the first photosensitizer
to be widely used clinically but a purified version, known
as Photofrin II (PFII), is now most commonly employed. PFII
is a mixture of several different porphyrins, however, its
attractiveness lies in the fact that it is rich in

dihaematoporphyrin ether (DHE) which contains all the



tumour localizing and photosensitizing activity (Dougherty
1984). In spite of its widespread use in PDT, PFII is far
from ideal. Since it is a mixture of several different
porphyrins, reproducibility is a problem. Furthermore,
tumour selectivity is relatively poor and the side effects,
primarily cutaneous photosensitivity, can be unpleasant.
Perhaps the greatest drawback with PFiI is its weak
absorption peak in the red portion of the spectrum where
tissue penetration is high. In response to these problems,
a new group of ndn—porphyrin photosensitizers (the
phthalocyanines) has recently come under close scrutiny
(Spikes 1986). These photosensitizers may be useful in PDT
due to their strong absorption in the red portion of the
spectrum. Aluminum chlorosulphonated phthalocyanine (AlSPc)
is one of many of these new photosensitizers which is
currently being investigated for use in PDT.

As a result of light absorption, the
photosensitizer is raised to an excited state. One mode of
sensitizer de-excitation involves energy transfer to ground
state triplet molecular oxygen, producing molecular oxygen
in an excited singlet state. It is this "singlet oxygen"
that is thought to be responsible for the majority of cell
death in PDT (Weishaupt et al. 1976). Cell death is most
likely caused by the interaction of singlet oxygen with

essential biomolecules such as certain amino acids and



nucleic acid bases, phospholipids, unsaturated lipids and

proteins (Spikes and Bommer 1986).

1.3 Singlet oxygen

Oxygen is a very stable molecule since it is the
only molecular element with a ground étate that has triplet
multiplicity (Rodgers 1985). Almost all substances that are
to react with ground state molecular oxygen have singlet
multiplicity. Spin selection rules forbid reactions between
singlet and triplet states thus, in order for a reaction to
occur, a change in multiplicity must take place. One way of
accomplishing this is by inverting the spin of one of the
oxygen electrons to generate one of the singlet states of
oxygen (Rodgers 1985).

Using the Linear Combination of Atomic Orbitals
(LCAO) approach, the combination of two oxygen atoms into
an oxygen molecule results in the setting up of 10 distinct
molecular orbitals (5 bonding and 5 antibonding) into which
16 electrons can be assigned with a maximum of 2 electrons
per orbital (Figure 1.1). The lower energy orbitals in
Figure 1.1 are filled first and when 14 electrons have been
inserted, 3¢ ,2frand 20 * orbitals are filled. The
antibonding orbitals are denoted by stars in Figure 1l.1.

The two remaining electrons, each with a choice of an "up"
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or "down" spin vector are placed into the degenerate T7 *
orbital pair resulting in six possible spin-orbital
assignments:
(T x* 402, (T y* 4 2
(M ™M (m ™D (™)) (g™
(7 5 8) (T ™), (T ™M) (T ™)

From these six spin-orbital assignments six independent
electronic state components can be derived. The first pair
shown correspond to the two components of the 1A state,
with orbital angular momentum eigenvalue 2, and spin
angular momentum eigenvalue 0. This state is generally
referred to as "singlet oxygen" by organic chemists (Turro
1978). The next pair of assignments correspond to the +1
and -1 spin angular momentum components of the 35 state,
both with orbital angular momentum eigenvalue 0. The third
pair of assignments correspond to 0 eigenvalue under both
orbital and spin angular momentum operators. They can be
represented by the 1y term symbol (Frimer 1985). Since
the term with the highest multiplicity is lowest in energy
(Hund's rule), the 33 state is the ground state. This
agrees with the observed paramagnetism of ground state 0Oj
(Levine 1983). The electronic configuration of ground state
07 can thus be written:

(01s)2(0*1s)2(0 28)2(0 *2s)2( I 2p) 2

(T x2P) 2 (17 y2p) 2( T " 2p) (17 4" 2p),



In subsequent discussions, the triplet (3XZ ) and singlet
(lA) states of molecular oxygen will be referred to as
30, and lo; respectively.

The experimentally determined potential energy
curves of the three electronic states are illustrated in
Figure 1.2 (Turro 1978). From Figure ;.2 it can be seen
that de-excitation of l02 to 302 may be accompanied by the
emission of near-infrared photons at 1270 nm. As will be
discussed below, this emission may provide a means of

non-invasive in vivo PDT dosimetry.

1.4 Project proposal

The development of in vivo PDT dosimetry is still
in its infancy. One of the major aims of present day PDT
research is thus to develop reliable techniques which can
be used in the quantitation of biological effects at the
tumour level. Since 10, is believed to be the primary
cytotoxic species in PDT, it follows that the biological
response to this form of therapy will depend on the local
102 concentration at the tumour. This in turn depends
on the light fluence rate, and on the photosensitizer and
ambient oxygen concentration in the tumour. Therefore, an
accurate calculation of the local 102 concentration would

require knowledge of these three parameters. Measurements
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of these parameters are, however, non trivial. A more

direct approach involves determination of the in vivo

10, concentration via detection of near-infrared

photons resulting from 10, de-excitation. Such an

approach is taken in this work.

six

(1)

(2)

(3)

(4)

(5)

(6)

The purpose of this project can be summarized in
steps: |
develop a non-invasive, near-infrared detection system
for monitoring the production of loO,.
determine the capability of the system for 102
detection, i.e., determine the system sensitivity and
noise.
monitor the production of 102 in various organic and
aqueous solutions and compare with theory.
monitor the production of 102 in vivo using animal
tumours and in vitro using cell suspensions.
compare the in vivo and in vitro results to those
obtained using the solutions in order to learn
something about the biological environment in which
lo, is produced.
obtain a lower limit of the 102 lifetime in biological

media.
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1.5 Detection of singlet oxygen

Previous studies concerning the detection of
102 in the liquid phase have relied almost exclusively
on indirect methods. The most popular of these methods
involves the use of chemical acceptors, or traps, which
react selectively with 102 but which are essentially
inert to 302. The use of such indicators is a problem
for a number of reasons (Parker and Stanbro 1984):

(i) concentration problems - too high a concentration
leads to significant quenching and too little to
serious indicator depletion.

(ii) certain indicators react with both 102 and free
radicals in the same manner.

(iii) acceptors tend to be either water soluble or lipid
soluble, but not both.

(iv) they cannot be used in vivo due to problems
associated with their delivery to and removal from
the tumour volume.

The detection of 102 in solution by emission
spectroscopy was not accomplished until the mid 1970s. This
can be attributed to the unfavourable spectral location of
its phosphorescence in the near-infrared where
photomultipliers are ineffective and PbS or Ge

semiconductor devices have relatively poor detectivity.
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With the improvement of Ge diode detectors, l0, emission
measurements have become feasible and the contradictory
data obtained earlier through the use of indirect methods
have largely been resolved (Schmidt et al., 1987).

The first direct spectroscopic observation of the
lo, infrared (1A, V =0)—>(3%, V =0) emission in dye
sensitized solution was made by Krasnovsky (1976). This
first direct attempt was rather crude due in large part to
the poor detection systems available. Due to the fact that
the photomultiplier used had very poor sensitivity in the
near-infrared, Krasnovsky's observations must have been
very close to the limits of detectability. Significant
improvements in the direct measuring technique were made a
few years later by Khan and Kasha (1979). They used a more
sensitive near-infrared spectrophotometer that featured a
thermoelectrically cooled PbS detector. These investigators
were also the first to use HPD in direct spectroscopic
investigations. The present day kinetic techniques
involving pulsed laser excitation in combination with Ge
semiconductor photodiodes were largely developed in the
early 1980s (Parker and Stanbro 1984). However, optical
monitoring of 102 using a continuous wave, tunable dye
laser as the excitation source and a lock-in detection
technique was only recently developed by Parker (1987).

This method of 102 detection was used in this work.
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Parker's continuous wave method was considered more
feasible than a pulsed technique since the fast (short time
constant) detectors needed for such an approach have poor
sensitivity. Furthermore, the continuous wave method can
easily be used to monitor l0, emissions during treatment
since the beam is only off for half the time and the

treatment laser itself can be used for excitation.



CHAPTER 2
THEORY

2.1 Production of the 1270 nm 10, emission

2.1.1 Triplet photosensitized production of 102

The optical transitions and energy transfer
processes involved in the photosensitized production of
102 (using PFII) are summarized in Figure 2.1. The
solid and dashed arrows represent radiative and
radiationless transitions respectively. Absorption of 624
nm light causes the photosensitizer to make a transition
from its ground singlet electronic state (Sg) fo a higher
electronic energy state with no spin change. The lifetime
of this excited state (Sy) is very short, between 1 and 10
ns (Parker and Stanbro 1981). S; returns to Sy by way of
three deactivation paths (two direct and one indirect). The
direct paths involve: (i) a radiationless fransition,
otherwise known as an internal conversion, in which the
excess energy is lost to the surroundings as heat (very low
probability), and (ii) a radiative transition involving
emissions starting at 624 nm and continuing into the
near-infrared - the so-called characteristic red porphyrin
fluorescence occurring with low probability. The indirect

path, occurring with high probability, involves an

13
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intersystem crossing in which a transition from S; to the
lowest allowed triplet state (T;) takes place. The
efficiency of Ty formation depends on the particular
sensitizer and solvent, but typically ranges from 0.3 to
0.8.

Deactivation from Tj; to Sy occurs via three
pathways. the first involves a non-radiative mechanism
while the second involves a radiative transition. Since the
energy of the T; state is approximately 1.1 ev (Boulnois
1986), the T; (V= 0)—>Sy (V = 0) radiative transition
yields photons in the near-infrared (1130 nm). However,
transitions to higher vibrational energy levels of Sy
result in photons of wavelength comparable to those
produced in l0, deactivation. Fortunately, the infrared
emissions are extremely small since the radiative (and
non-radiative) transitions are forbidden by spin selection
rules. The third (and most probable) deactivation pathway
(in the presence of 302) involves an energy transfer
process. Since 302 exists as a triplet in its ground
state and as a singlet in its first excited state, it
exists as a natural complement to the metastable dye. Thus,
in the presence of 302, an intermolecular spin-conserving
and energetically favourable interaction occurs where the
dye molecule returns to its ground state while oxygen is

raised to its first excited singlet state:
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Ty + 30,—> 5 + 1oy

This energy transfer process is not the only method of
triplet quenching by 30,. Triplet porphyrins can also
interact with 302 to produce radicals such as the
superoxide radical (5}-) via an electron transfer process
(Jori and Spikes 1984). The 6}° yields are however quite
low and its role in photodynamic cell destruction is not
clear. In a few cases, triplet porphyrins will interact
directly with biomolecules thus initiating other free
radical processes. As a result, due to the production of
6}' and other radicals through T; quenching and due to
radiative and non-radiative Tj to Sg deactivation, the
lo, yield will be somewhat lower than the T; yield.
2.1.2 Deactivation of lo,

Of the numerous deactivation pathsvavailable to
102, only two are of importance to this work: (i) a
highly forbidden, spontaneous radiative transition and (ii)
a non-radiative, solvent-induced deactivation. Since
102 is an unstable molecule it can, in the absence of
collisions, spontaneously emit a photon:

02(1A )—> 02(3%) + hV

This transition is however highly forbidden by spin and
symmetry factors and in low pressure gases the lifetime is
approximately 3600 s (Scurlock and Ogilby 1987). As

illustrated in Figure 1.2, the emitted phosphorescence,
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corresponding to the 0-0 vibrational transition, is in the
near-infrared at 1270 nm. As previously mentioned, it is
this spontaneous deactivation path which allows for remote
optical monitoring in condensed phases. In contrast to the
gas phase (at very low pressure) where the radiative route
dominates, the non-radiative route is almost entirely
responsible for 102 relaxation in solution. For example,
the ratio of the 102 lifetime in water (3.2 AALs - Parker
1987) to the radiative lifetime in water (4.0 s - Parker
1987) is approximately 10-6. Thus only 1 in 106 102
molecules will deactivate via the radiative pathway. In
condensed phases then, the 102 signal will be extremely
weak. By providing an alternative pathway for 102
deactivation, solvation drastically reduces the 102
lifetime. Since non-radiative processes depend on the
nature of the solvent, the 102 lifetime will depend on the
particular solvent involved. For example, the lifetime of
10, in MeOH (10.4 Ms) is approximately three times
greater than in water (Rodgers 1985). This large solvent
effect can be explained in terms of electronic - to -
vibrational energy transfer. Briefly, 102 reaches its
ground state by transferring electronic energy to
vibrational oscillators in the adjacent solvent molecules.
The coupling efficiency of this process, and hence the

102 lifetime, depends on the highest frequency vibrational



mode of the solvent molecules. In this case then, the
solvent acts as an energy acceptor in its interaction with
102 (Hurst and Schuster 1983).

The weakness of the 102 phosphorescence poses a
problem since the sensitizer emits at the same wavelength
(Figure 1.2). In vitro, this sensitizer infrared
fluorescence may exceed the 102 phosphorescence by as
much as ten fold (Parker 1987). The problem is compounded
in vivo by the fluorescence of other endogenous molecules.
Thus, the background may exceed the signal by up to two
orders of magnitude in such an environment (Parker 1987).
The central problem is to extract the weak signal from the
much larger background fluorescence. This can be
accomplished since the signal and background emissions do
not occur simultaneously. Appearance of the sensitizer
infrared fluorescence is virtually instantaneous, i.e., of
the order of nanoseconds, while the 10, phosphorescence
is delayed by microseconds following optical excitation.
The delay is due to the fact that 10, is formed through
a collision of 30, with T;. Following initial excitation
it takes some time before this collision occurs. The time
lag is a function of: (i) the 302 diffusion rate in the
particular solvent and (ii) the ambient 302 concentration
(Parker 1987). Some solvents, like methanol, ethanol and

acetone, which have high oxygen solubility and diffusion

i8
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rates have triplet energy transfer times in the range of
0.20-0.30 AAs (Parker 1987). The transfer times will be
longer in water (2-3 AMs) due to a higher solvent viscosity
(Parker 1987) and lower oxygen concentrations.

In the case of continuous wave (cw) excitation,
separation of the signal from the background can be
accomplished through the use of a chopbing technique and a
lock-in amplifier. This procedure, developed by Parker

(1987), is outlined in the subsequent section.

2.2 An electro-optical system for 102 detection

As previously discussed, the quenching of triplet
state sensitizer by ground state molecular oxygen takes
place according to

Ty + 30,—> 55 + lop (1)
The time dependence of the triplet concentration (molecules

cm~3) may be expressed as
%_1_ = Mapd 7 ¥(t) - Rp[305][T1] (2)

where Kq is the rate constant of the triplet energy
transfer reaction (cm3 molecules-l s-1), Y (t) is the
fluence rate (photons cm—2 s‘l), Akap is the

absorption coefficient of the photosensitizer (cm—1)
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and ¢ 7 is the quantum yield of the triplet state of the
photosensitizer. In most cases maximum values of [102] are
much smaller than [303], i.e., [305] is constant and to
a good approximation

RKrl30,5] = ki (3)
where kg is a constant that has units of s-1, Equation

(2) can thus be rewritten as

difil = Mapdp P(t) - kylTy] (4)

The time dependence of the singlet oxygen concentration may

be expressed as

3
d[;gzl = ;—A-kT[Tll - kpllojy] (5)
2T

where kp is the rate of loss of l0, due to solvent
collisions and &4 is the quantum yield of lo,.

When the incident light is chopped it is desirable
to filter the detector output in order to minimize the
noise input to the lock-in. The filtering is done in the
lock-in itself. In this situation only the fundamental of
the signal is important, and it can be assumed that the
excitation itself is harmonic. The first harmonic of a
square wave with amplitude ?’0 is given by ¢ (t) =

2/ ?0 eJWt yhere W= 27 f and £ is the chopping
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frequency. Equations (4) and (5) can thus be rewritten as

JwiT;] = ALap§ t 2/ Yo - kplTy] (6)

and

ro\

jwilog] = =2kp(T1] - kp(loy] (7)

Lo
—3

combining (6) and (7) gives

1o = (Mapka 2/t o)k
(702l (jvﬂﬁg kp) (Jw + k) (8)

setting kp = (T o) ~! and kp = (T p)~! where T ¢ and

T p are the lifetimes of T; and l0, respectively, yields

(lo,] = (M apIa 2/0¥0) Tp (9)
(1 + Jw TP (1 + Jw Tp)

The magnitude of the 10, emission at 1270 nm
will be proportional to [10,], and hence to ¥ 3 - the
exciting light intensity. The magnitude of the infrared
fluorescence component will also be proportional to 4}0,
but with a coefficient different from that specifying the
102 emission. In general, the total detector output
(St) produced by the combined emission components can be
expressed as

Sp = A + B[log] (10)
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where A and B are constants which describe the detector

efficiency. Equation (9) can be rewritten as
[Lop] = [loylg - jllozlg (11)

where [lO,]g and [L0,]; represent the real and
imaginary components of [102] respectively.

Substitution of (11) into (10) yields
Sp = A + B[loylg - B[Oy (12)

The component of the detector output in-phase with the
incident chopped radiation is thus A + B[102]R, while
the magnitude of the out of phase or negative quadrature
component is

Sq = Biloyly (13)

The in-phase component is thus an admixture of the
sensitizer infrared fluorescence and the real component of
the [102] emission, while the negative quadrature component
depends ONLY on the 10, emission. It is this difference
that allows separation of the 102 emission from the much
larger sensitizer infrared fluorescence. This method of
isolating the 102 emission thus requires chopping of

the incident light in order to exploit differences in the
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time behaviour of the sensitizer fluorescence and 102
emissions. Chopping also provides a reference signal for
the lock-in amplifier. The output in-phase and gquadrature
components of the lock-in are relative to this reference.
Resolving equation (9) into its real and imaginary

components yields

2
[toglg = f 2 ¥ o Tp)(l -w™ T pTp) (14)
(1+ W2 Tp2) (1+w 2 T p2)
and
[102]1 = (MBPEAZ/WWO tD)(/CT + ’C/D)u) (15)

(1+ W2 T p2) (1+ w2 Tp2)

From equations (13) and (15), the quadrature signal Sq(r.v)
due to a small volume element of the sample dV at r is thus

given by
Sq(rsw) = B(r,w)2/y ¥o(r) Map(L) 2a Pkin 9V (16)
where 2/ ¥ g(r) is the amplitude of the local harmonic

photon fluence rate, A*ap(E) is the local photosensitizer

absorption coefficient and

Pkin = Tpw (T p + T p) (17)
(1+ w2 th) (1+ w2 CDZ)



The total quadrature signal measured by the detector will
be the volume integral of equation (16) over the entire
sample.

For the geometry used in the in vivo case (Figure
3.7) the volume integral can be evaluated if some simple
assumptions are made. Since the incident beam is a small
circle it can be assumed that ?0(5) ; 0 outside the beam

and that, inside the beam
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vb(E) = 4)0(912) = ¥o e-Mexz (18)

where f and z are the radial and depth co-ordinates
respectively. The attenuation coefficient, Alex,
describes the exponential fall-off of the excitation
fluence in the sample. For non-turbid samples M o4
Lkapr but for turbid samples such as tissue, I oy
depends on the absorption and scattering coefficients. For
the wavelength used here, a good approximation (Wilson and
Patterson 1986) is Mgy = 5 cm—1,

Since a small beam is used it can be assumed that
the spatial variation of B(r, W ) is due only to the

attenuation of the emitted 1270 nm light so that

B(r, W) = B(w)e-M12702 (19)



25

where A 1379 is the attenuation coefficient for 102
luminescence. In aqueous samples and tissue M 1379 is
approximately 1 and 5 cem—1 respectively (Patterson et al.
1988). With the assumptions of equations (18) and (19) and
the further assumption that the photosensitizer is
uniformly distributed, i.e., Lkap(E) = L(apr equation

(16) becomes
Sq(z,w) = Bw)e-M12702 24¥) e~Mex? Uypd, Prin av

for r within the beam and Sq(£,lp ) = 0 for r outside the
beam. If the sample thickness is t, the volume integral

over the sample yields the total quadrature signal

Sq(w) = B(w) 24 AMaph, L=exP=(M 1270+ M ex)t pyjip
1270 + Mex

where A is the incident beam area (0.2 cm?2 in these
experiments). In subsequent sections equation (21) will be
used to calculate the system sensitivity and to place lower
limits on lo, lifetimes in vivo.

Strictly speaking, equation (21) is only valid for
the in vivo geometry used in this work (see section 3.2.3).
A simple modification, however, yields an expression which
can be used for the in vitro geometry as described in

Chapter 3 (Figure 3.5). Thus, for the in vitro experiments,
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the quadrature signal is given by
Sq(W) = B(w)24¥o Adlap ¥, e H1270% e-Mexx By, (22)
q nY o0 Allap 25 2 kin

where z and x are the distances travelled by the emitted
and exciting light in solution.
If plotted as a function of angular frequency (W),

[105] 1 exhibits a maximum at

Wee = 2 s g2+ 752)-0-5 (23
" [ (L +302)0-5+ 1 |

where
N =_2T7lp _ (24)
(Tr24 T p2)
and the magnitude of the frequency for maximum quadrature
is

fn = Wn (25)

For media of biological interest, I:T and 'CD are
typically of the order of microseconds which means that
fm is of the order of kHz. Such high chopping rates
cannot be obtained through the use of ordinary
electromechanical choppers, thus necessitating the use of
an acousto-optic modulator in order to maximize the

quadrature component.,



CHAPTER 3

MATERIALS AND METHODS

3.1 Instrumentation

3.1.1 Description of system

A schematic diagram of the sys£em used in this work
is shown in Figure 3.1. Sensitizer excitation was
accomplished through the use of a Cooper Medical Model 770
laser system consisting of two lasers. A Lexel Corp. Model
98 OEM argon ion laser pumps a Model 600 dye laser
operating with dicyanomethylene (DCM) as the active dye.
The argon-to-dye conversion efficiency is approximately 20
%, thus at maximum argon power (7 W) the dye output is ca.
1.4 W. Rarely, if ever, is this theoretical maximum
achieved. It may be approached at the beginning of the
argon tube lifetime, however, there is a rapid drop in dye
power following even a few hours of use. In the interest of
maintaining a stable dye output, the dye power was almost
always kept below 500 mW. Wavelength selection (600-670nm)
was accomplished through the use of a single element
birefringent plate. The dye laser output was modulated by
an Intra Action Corp. Model ADM-40 acousto-optic modulator
(AOM) actuated by an Intra Action Model DE-40 VCO deflector

driver., Modulation input to the driver was supplied in the

27
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form of a square wave from a Wavetek Model 191
pulse/function generator.

The ADM-40 is a solid state acousto-optic light
deflector-modulator made from high quality flint glass as
the interaction medium with epoxy bonded lead zirconate
titanate piezoelectric transducers for generating acoustic
waves. In this work the ADM-40 was usea as an intensity
modulator, i.e., the RF input frequency was held constant
while varying the signal amplitude to produce intensity
modulation of the beam. Light entering the device is
diffracted by the acoustic waves - a phenomenon known as
Brillouin scattering. The angle of diffraction depends on
the frequency of the incident light, the sound velocity
and the frequency of the sound waves, i.e., the RF input
frequency. For this particular device the diffraction angle
at 633 nm and 40 MHz is guoted at 6.47 mrad (Intra Action
Corp 1987). The diffraction efficiency, defined as the
percentage of incident light diffracted into the first main
order depends on the beam diameter, on the RF input
frequency (and power) and on the angle between the incident
light beam and the sound field. From Figure 3.2 the
diffraction efficiency is given by I7/Ip x 100 %. The
extinction ratio, defined as the ratio of on/off beam
intensity in the first order (I;/I, in Figure 3.2) also

depends on the above four parameters. Empirically, it was
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found that the diffraction efficiency and the extinction
ratio were simultaneously optimized. Optimization of the
extinction ratio involved setting the RF input frequency to
40 MHz (according to manufacturer's suggestion) and
reducing the,size of the beam emerging from the laser
aperture. Beam reduction was necessary since it was
discovered that the beam diameter exceéded the entrance
slit of the ADM-40. A special lens mount was thus
constructed and fitted into the laser beam port. A 50 mm
f.1. (25 mm dia.) lens was fixed to the mount producing a
beam at the ADM-40 entrance window of between 1.5 and 2.0
mm dia. The size and quality of the beam were usually
altered following periods of laser repair. On most
occasions however, the beam diameter was approximately 2.0
mm .

The diffraction efficiency (2.0 mm beam), measured
on several different occasions, was found to vary between
50 and 60 % - well short of the 85 % optimum quoted value
(Intra Action Corp 1987). On the rare occasion that a 1.5
mm high quality beam was obtained, the diffraction
efficiency was approximately 90 %. An extinction ratio of
better than 100:1 was observed with the diffracted 2.0 mm
beam on numerous occasions. Again, this is well short of
the optimum quoted value of 1000:1 (Intra Action Corp.

1987). Extinction ratios of 1000:1 were obtained with the
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1.5 mm high quality beams.

The on/off diffraction pattern emerging from the
ADM-40 was reflected through 90° using an adjustable
front surface mirror positioned at 459 to the laser axis.
The first order diffraction maximum was then focused into a
0.4 mm optic fiber by a 25 mm f£.1. (12.7 mm dia.) lens.
Discrimination of diffraction orders wés accomplished
through the design of a special lens mount. The lens was
positioned in the mount and a removable circular steel
plate with a 2 mm central aperture was positioned in front
of the lens. The necessary modulator-to-aperture distance
was determined using geometrical considerations given a -
6.47 mrad diffraction angle and a 2 mm spacing between
adjacent maxima. Design constraints (see below) dictated a
maximum spacing of 2 mm which was found to be adequate for
this work.

The fiber was held in place using an adjustable
fiber holder which could be moved in three dimensions. The
fiber holder, lens mount, mirror and acousto-optic
modulator were all fastened to a steel plate which in turn
was fixed onto the laser cabinet such that the above
mentioned components were at beam level (Figure 3.3). The
plate had to be designed in such a way that it could easily
be removed during periods of laser repair. Since the laser

is located perilously close to the laboratory door and the
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steel plate was at head level, it had to be designed as
small as possible for safety reasons.

The distal end of the optical fiber was inserted
into a small steel cylindrical lens holder containing a 15
mm £.1. (12.7 mm dia.) lens. The fiber was moved along the
long axis of the cylinder until the emerging beam (ca. 5 mm
dia.) was in focus. At that point the fiber was fixed in
place by adjusting a set screw. For sample irradiation, the
cylinder was held in place by an adjustable clamp fastened
to a retort stand. The sample was placed on or in a
specially designed cuvette holder - a circular steel column
with a depression at the top. In order to reduce scattered
light at the detector, a square shield with an 8 mm
circular aperture was attached to the cuvette holder
parallel to the incident beam. The emitted signal thus had
to pass through this aperture in order to be detected.

The optical light collection system consisted of a
50 mm £.1. (50.8 mm dia.) double convex lens used to direct
the light emitted from the irradiated sample through the
optical filtering system and into the detector. The lens
was mounted in a specially designed holder which had three
degrees of freedom. The lens position with respect to the
sample and the detector was determined by trial and error.
Optimum signal input to the detector occurred at a

lens-to-cuvette distance of approximately 2 f.ls. (85 cm)
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and a lens-to-detector distance of 2 f.ls. (100 cm).

The liquid-nitrogen-cooled germanium detector was
obtained from North Coast Optical Systems and Sensors
(Model E0-817S) with power provided by a Model 823A supply
adjusted to 300 V. The minimum detector time constant, as
determined from the detector response to background events,
was found to be 30.8 lls and the quoted noise equivalent
power (NEP) at 1400 nm using a chopping frequency of 100 Hz
and a detection bandwidth of 1 Hz was approximately 2.0 X
10-14 w yz-1/2 (North Coast Optical Systems and Sensors
1987). The cylindrical detector was immobilized by placing
it in a custom designed cradle which was fastened to two
carriages. The cuvette holder and lens holder were also
fastened onto carriages which could slide freely on an
optical bench. Distances between the three components could
thus be varied with a minimum of effort. Once the proper
distances had been found, the carriages were locked in
place.

Optical input to the detector was filtered using
one of three bandpass filters. Two of the filters lie
completely outside the 102 emission band which is
centered at 1270 nm (Whitlow and Findlay 1966). These
filters exhibit maximum transmission at 1201 nm (54%) and
1303 nm (44%) with widths (FWHM) of 9.4‘and 8.5 nm

respectively. The third filter, centered at 1272 nm (44%
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transmission) with a FWHM of 17.9 nm, significantly
overlaps the region of l0; emission, but not the other
two filters. The relationship of the three pass bands to
the 102 emission spectrum determined by Whitlow and
Findlay (1966) is shown in Figure 3.4.

The filters were arranged in a sliding mechanism
such that at any given time only one of the filters was
positioned in front of the detector window. Filter
selection simply involved pushing or pulling the sliding
mechanism until the desired filter was positioned in front
of the detector window. The sliding mechanism was
incorporated into a sleeve which was designed to fit snugly
over the detector head. A permanent long-pass infrared
filter (92 % transmission between 1200 and 1300 nm) was
placed in front of the sliding mechanism in order to reduce
the scattered light reaching the detector (Figure 3.4).

Separation of the in-phase and quadrature
components from the total detector output was accomplished
through the use of a Stanford Research Systems Model SR 510
lock-in amplifier. The methods by which this separation was
accomplished will be outlined in a later section.

3.1.2 Optimization of optical output and detector input

In all cases, prior to each experiment, the optical

output at the end of the fiber was maximized by adjusting

some or all of the components on the AOM assembly plate. On
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numerous occasions the dye laser power was too low to carry
out useful experiments. The problem was usually remedied by
alignment of the laser optics. However, this usually
produced a large change in the position of the emerging
beam. In such cases the beam had to be "walked" onto the
entrance slit of the ADM-40 using the position controls on
the laser beam port. Having ensured that the beam entered
the center of the ADM-40 entrance slit, the mirror was
rotated out of the optical path so that the diffraction
pattern appeared on the laboratory wall a few meters away.
The three position settings on the ADM-40 were then
adjusted in order to maximize the extinction ratio and
diffraction efficiency. At this time the RF signal
amplitude was also checked to ensure that it was set at the
proper level for optimization of these parameters. An Ophir
Model DG laser power/energy meter was used to determine the
extinction ratio and diffraction efficiency.

The mirror was then rotated back into place and
adjusted in such a way as to allow the first order maximum
through the aperture (and through the lens) while rejecting
as much of the zeroeth order as possible. The fiber holder
was removed and replaced with the Ophir Model DG which
allowed an evaluation of the extinction ratio of the first
order diffraction maxmimum. When the optimum ratio had been

obtained, the fiber holder was returned to its normal
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position and the fiber was inserted into the holder. The
position of the fiber was then adjusted for maximum output
by varying the three position controls on the fiber holder.
The output was monitored at the other end of the fiber by
the Ophir Model DG.

The procedures described above for optimizing the
optical output were quite time consumiﬁg. Fortunately, they
were only required on those occasions where the laser
optics had to be readjusted. In the vast majority of cases
optimization of the output was accomplished simply by fine
tuning the ADM-40 Bragg angle and monitoring the output at
the end of the fiber. Fine tuning was required since it was
discovered that the position settings on the ADM-40 drifted
slightly with time.

In the majority of cases, due to poor beam quality,
the optical output at the end of the cylindrical lens
holder was only 10-15 % of the beam emerging from the laser
aperture, i.e., 85-90 % of the beam was lost in passing
through the optical system. This is far greater than
expected due to losses at the various interfaces. For
example, each of the three lenses in the system transmit 92
% of the incident light while the front surface mirror
reflects approximately 100 %. Transmission through the
ADM-40 is also 100 % due to its optically coated entrance

and exit windows. Transmission through the optical fiber is
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approximately 90 %. Thus for an incident beam of 100 mW and
a 55 % diffraction efficiency, the theoretical output at
the cylindrical lens holder should be ca. 38.5 mW. However,
the observed output (12 mW) was a factor of three lower
than expected. This large discrepancy was attributed to
losses at the ADM-40 and the lens holder in front of the
fiber. Due to the large beam size (2.0'mm dia.), a small
fraction of the beam hit the face of the ADM-40 and was
lost. Losses at the lens holder were due to the fact that
the first order diffraction maximum did not pass cleanly
through the 2.0 mm aperture in front of the lens. It was
discovered that this maximum had to be shifted slightly
from the center of the aperture in order to minimize the
light contribution from the zeroeth order. Failure to do
this resulted in a poor extinction ratio. On the few
occasions where a high quality 1.5 mm dia. beam was
obtained, only 50 % (approx.) of the beam was lost in
passing through the electro-optical system. Using the same
transmission values as above for the various interfaces,
the theoretical output at the cylindrical lens holder for a
100 mW incident beam and a 91 % diffraction efficiency
should be approximately 127 mW. The actual output was 98
mW. In this case, due to the small beam size there was no
loss at the ADM-40. The entire loss thus occurred at the

lens holder due to optimization of the extinction ratio as
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described above.

Having optimized the optical output, the lens
holder containing the fiber end was placed in a three
pronged adjustable clamp which was attached to a retort
stand. The retort stand was placed beside the optical bench
such that the end of the cylinder was approximately 23 mm
from the sample. The clamp was raised such that the beam
was parallel to the center of the cuvette shield aperture.
The detector was then placed in its cradle, the appropriate
electrical connections made and the cradle pushed along the
optical bench until the distance from the center of the 50
mm £.1. lens to the active volume of the detector was 2
f.l1s. The sample was placed in or on the cuvette holder and
measurements using the lock-in amplifier were initiated.
3.1.3 Lock-in detection procedure

Extraction of the 10, emission from the
sensitizer infrared fluorescence background involved
adjusting the lock-in phase to produce a zero-quadrature
reading using the 1201 nm filter. A true zero reading was
never obtained due to random fluctuations associated with
detector noise. This was especially true at low frequencies
where the noise was quite substantial. The in-phase
component was found by altering the phase by 90°. Since
the 102 luminescence is negligible at 1201 nm (Whitlow

and Findlay 1966), the signal appearing at the lock-in
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input will be due only to infrared fluorescence thus
providing a valid reference. With both pre and post filters
set at one second, it can be shown that the signal reaches
1 ¢ of its final value within 7 seconds. Thus, before
taking any in-phase readings, a waiting period of ca. 10
seconds was observed from the time of the phase change.
Following the waiting period, five readings were taken at
approximately two second intervals (the time it took to
record a reading) and the mean and standard deviation werte
evaluated. This procedure was repeated following each
filter and 90° phase change.

Having recorded the 1201 nm in-phase component, the
1272 nm filter was moved in front of the detector window.
Using the optimal setting found at 1201 nm, the in-phase
component was recorded. In this case, the in-phase
component was a combination of the l0, emission and the
sensitizer infrared fluorescence since the 102 emission
peak occurs at 1270 nm (Whitlow and Findlay 1966). The
phase was then changed by 90° and the quadrature
component recorded. This signal was entirely due to the
102 emission. The 1272 nm filter was then replaced by
the 1303 nm filter and the quadrature component recorded.
The phase was then changed by 90° in order to record the
in-phase component. As was the case with the 1201 nm

filter, the signal should be composed entirely of



sensitizer infrared fluorescence since, according to
Whitlow and Findlay (1966), the 102 luminescence is

also negligible at 1303 nm. The purpose of this filter was
thus to verify the 10, emission spectrum as determined

by Whitlow and Findlay (1966).

Phase drift was checked for during most trials by
returning to the 1201 nm quadrature coﬁponent after having
recorded the 1303 nm in-phase component. If the quadrature
component failed to return to the initially set zero, the
trial was repeated. On several occasions phase stability
was monitored during 90° - 900 shifts (using one

filter) and found to be satisfactory.

3.2 Sample preparation and experimental set-up

3.2.1 Solution experiments
All solutions were irradiated in a quartz cuvette

(Lcem x 1 cm x 4.5 cm) transmitting between 320 and 2500
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nm. The cuvette was placed in the holder such that one side

was perpendicular to the incident beam (Figure 3.5). The
excitation wavelength was chosen to match the absorption
peak of the given photosensitizer. The 2.5 mg ml-1 stock
solution of PFII in isotonic saline solution was supplied
by Photomedica, Inc. (Raritan, New Jersey). AlSPc was
received in powder form from Porphyrin Products, Inc.

(Logan, Utah). A 2.5 mg ml-1l stock solution was prepared
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by dissolving the powder in physiological saline (0.9% NaCl
in H90). ACS Spectro Grade methanol was obtained from
Caledon Laboratories Ltd (Caledon, Ontario). Absorption
spectra of AlSPc and PFII, both in MeOH at a concentration
of 50 M g ml-1l, are shown in figures 3.6a and b. The

AlSPc spectrum was actually determined at a concentration
of 10 Mg ml-1 since the spectrophotomeﬁer could not
reliably handle concentrations above this value. The
plotted values have thus been multiplied by a factor of
five. From figures 3.6a and b the peak excitation
wavelengths of AlSPc and PFII were found to be 624 and 675
nm respectively. However, the AlSPc excitation wavelength
was set at 670 nm - the maximum wavelength achievable with
the dye laser.

The irradiation procedures described at the
beginning of this section were also applied to the aqueous
and protein containing solutions. However, prior to
irradiation, the detector input was maximized by examining
its output as a function of lens (50 mm f.l1.) distance
using a standard solution of 50 ALg ml-l PF II in MeOH.
Non sterile phosphate buffered saline (PBS) at a pH of 7.2
was prepared in the laboratory while fetal calf serum (FCS)
was supplied by Gibco Laboratories (Grand Island, New

York).
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3.2.2 Cell suspension experiments

The P388 cell line used was derived from a lymphoid
neoplasm originating in a DBA/2 mouse. In vitro, the line
exhibits a doubling time of 10-12 hours and grows as a
stationary suspension culture. The P388 cells were
incubated at a concentration of 2 x 106 viable cells per
ml in medium (Opti-MEM I supplied by Gibco Laboratories)
and FCS. The cells were incubated in the dark at 37° C
and 5 % COp with either PFII or AlSPc at a concentration
of 50 Mg ml-l. Following the incubation period, in all
but one case, the cells were spun down in a centrifuge at
1000 rpm for five minutes and then washed in PBS (1000 rpm
for five minutes). The cells were spun down in order to
concentrate them in pellet form thus allowing for easy
removal of the incubation medium. The purpose of the PBS
wash was to remove any excess drug not bound to the cells.
The spinning down and washing procedures ensured that the
photosensitizer was bound only to the cells and not present
in the medium. In the one instance where these procedures
where not performed, the drug was present in both medium
and cells. Following the PBS wash, the cells were either
resuspended in PBS or in medium and FCS. A pre-irradiation
cell count was performed using a haemocytometer and the
cell concentration was set to the desired value. The

purpose of the cell count was to determine how many cells
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were lost due to the incubation procedure, thus allowing an
assessment of the treatment procedure. In this manner any
differences in photosensitizer dark cytotoxicity were
eliminated.

Prior to cell irradiation, the standard solution
was again used to optimize the detector input. The cell
suspension was pipetted from a test tuBe into a cuvette and
the height of the cuvette holder adjusted such that the
incident beam hit the lower portion of the cuvette. This
was deemed necessary since the cells gradually settled near
the bottom of the cuvette. The irradiation geometry was
identical to that used in the solution experiments (Figure
3.5). Following treatment the cell cultures were tested for
viability using trypan blue. The dye accumulates in the
dead cells since their membranes have been damaged. The
dead cells thus appear blue and can easily be distinguished
from the living ones.

3.2.3 In vivo experiments

The tumour model selected for the in vivo 10
measurements was the methylchlorantrene-induced
fibrosarcoma (MIFS) tumour (Varani, et al. 1978) in
C57/blJ6 mice (Jackson Labs). The tumour cells, which were
injected into the footpad of each of the six mice used,
were allowed to grow until they reached a maximum diameter

of 1 cm. The average weight of the 4-6 week old male mice
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was 26 gm. The mice were placed into three groups according
to the level of photosensitizer received. The high level
group was injected i.p. with 50 mg kg-l of body weight

PFII while the low level group received 10 mg kg~-l. The

two mice in the control group were not injected with the
sensitizer. The time delay between injection and
irradiation was 24 hours. The laser waQelength was set at
624 nm in all cases.,.

Prior to irradiation, the standard solution
previously described was used to maximize the detector
input. During measurements the mice were anaesthetized i.p.
with Somnotol (sodium pentobarbital) and placed on a lucite
plate which was fastened to the top of the cuvette holder.
The footpad tumour was placed as close to the shield
aperture as possible. In order to minimize attenuation of
the excitation and luminescence, the beam was brought in
through the front of the shield aperture (Figure 3.7).
Using this front surface geometry, each mouse was
irradiated for ca. 30-40 min. during which they were
exposed to a total surface light fluence of approximately
200 J cm~2. It should be mentioned that the fingertip of a
volunteer was irradiated in order to compare the

fluorescence to that observed with the mice.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Evaluation of the system performance

The purpose of this experiment‘was to measure B(Ww))
- the system sensitivity as a function of chopping
frequency. Knowledge of B(WwW) allows an evaluation of the
NEP, and hence, a comparison of the detector capability to
that quoted by the manufacturer. A 4 Mg ml-1 solution of
PFII was prepared and the quadrature signal was measured as
a function of chopping frequency (cf Figure 4.4). From the
1iterature§A,= 0.25 (Keir et al. 1987), T'D = 10.4 Ms

(Rodgers 1985), { ¢ = 0.25 Ms (Parker 1987) and M 1379

0.37 em—1 (Morita and Nagakura 1974). At 624 nm, Akex

= Akap = 0.074 cm~1 (measured) and equation (22) may be
solved for B(wW). The results of this calculation are shown
in Figure 4.1 along with the measured electronic rms noise.
Also shown in Figure 4.1 is the theoretical response of the
detector calculated from the impulse response and
normalized at 2 kHz (see Appendix A for calculation). From
the figure it can be seen that below approximately 10 kHz,
the sensitivity falls very slowly whereas it falls

essentially as 1/f above 10 kHz. At 1 kHz, B(w) = 1.39 x
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10-8 M v molecule-l and the noise is approximately

3.1 Mv Hz-1/2, 1t should be mentioned that, since the
experimental B(w ) value at 1 kHz appears to be an outlier
(Figure 4.1), the theoretical value was used. A simple
calculation thus shows that, with a detection bandwidth of
1 Hz, the detection threshold is approximately 2.23 x 108
molecules.

Using the above information, it is possible to
calculate the NEP of the detector. According to Parker
(1987), since the average emitted power is 4 x 10-20 w
molecule-l, the total emitted rms power at the detector
threshold is 6.31 x 10-12 wW. Now, in order to obtain the
NEP of the detector, the collection efficiency of the
system must be evaluated. The 1272 nm bandpass filter
transmits 44% of the incident light while approximately 28%
of the light is lost in passing through the seven
interfaces in front of the active volume. As previously
stated, the 50.8 mm lens is located 85 mm from the shield

aperture. The solid angle is thus given by

5.4 mm _
41']’[85 — = 0.022

and the collection efficiency = (0.44)(0.72)(0.022) = 6.97
x 10-3. The power incident on the detector at the

detection threshold is thus 4.4 x 10-14 W. Since a
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bandwidth of 1 Hz was used, the NEP = 4.4 x 10-14 w
Hz-1/2, Considering the numerous uncertainties in the
calculation, this is in good agreement with the value of
3.1 x 10-14 w Hz-1/2 at 1272 nm obtained from the

spectral response provided by the manufacturer (Figure
4.2). This leads to the conclusion that the system is
functioning close to the expected noise 1imit. Further
evidence of the correct functioning of the system is shown
in the next section. Finally, Figure 4.3 (NEP versus
chopping frequency) illustrates that the minimum NEP occurs
around 10 kHz where a calculation similar to the one above
leads to an NEP value of 1.8 x 10-14 w Hz-1/2, Movement
away from 10 kHz in either frequency direction results in

an increase in the NEP.

4.2 Detection of 10, in solution

4.2.1 Introduction

As described in this work, one method of
quantitating the biological effects due to PDT involves
monitoring of the l0, emission from the tumour volume
of the patient. However, before performing any biological
measurements, it is imperative that the validity of the
experimental procedure be established. The first step
towards this goal was taken in the previous section where

it was discovered that the system performed very close to
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the expected noise limit. In the series of experiments
described in this section, in-phase and (negative)
quadrature data were obtained as a function of chopping
frequency for two different photosensitizers (PFII and
AlSPc) in aqueous (PBS) and organic (MeOH) media. Since DHE
(the biologically active component of PFII) is not known to
form aggregates in organic solvents, it has a relatively
high 102 quantum yield (éa ) in MeOH (0.25 -~ Keir et
al. 1987). The PFII-MeOH mixture was thus expected to
provide an easy test of the system's 102 detecting
capability. At the other extreme, PBS was chosen since
the §Alis drastically reduced in agueous solution due to
DHE aggregation (Kessel 1984). To complicate matters
further, the emission intensity is reduced since, of all
fundamental biological media, water exhibits the maximum
l02 quenching rate (Parker 1987). For these reasons
then, it is extremely difficult to detect 10, emissions
in aqueous solutions when using photosensitizers, such as
PFII, which are known to aggregate. AlSPc, on the other
hand, remains monomeric in aqueous solution (Darwent et al.
1982) making detection of the 10, emission in such an
environment much easier.
4.2.2 Detection of 10, in MeOH and PBS using PFII

Results of the in-phase and quadrature components

as functions of chopping frequency using two different
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concentrations (50 and 4 M.g ml—l) of PFII in MeOH are
shown in Figure 4.4. In order to remove the wavelength
dependence of the detector output, the 1272 nm data was
normalized to the in-phase 1201 nm data. The shape of the
curves will thus be determined by the W, T ¢ and CTp
dependent parts of equations (14) and (15). Normalization
also corrects for any variations in the geometrical set up.
The normalized in-phase data plotted in Figure 4.4 is thus
the ratio of the in-phase component at 1272 nm to the
corresponding output at 1201 nm, and the normalized
quadrature data is given by the ratio of the quadrature
component at 1272 nm to the in-phase component at 1201 nm.
From Figure 4.4 it can be seen that there is no significant
difference in the curves as a function of photoseﬁsitizer
concentration. This is an interesting observation since, in
an earlier experiment, it was observed that, at high PFII
concentrations, the quadrature signal was not linear with
concentration even when corrections were made for the
greater absorption of the exciting light. This may be due
to quenching of 102 by dye molecules as found by Sinclair
et al. (1987) for other photosensitizers. Such quenching
would imply a reduction of T,D and hence a change in the
shape of the quadrature versus frequency curve at higher
concentrations. However, as noted above, there were no

significant differences in the two guadrature curves.
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The quadrature curves peak between 15 and 20 kHz.
This compares favourably with the theoretical peak of 15.3
kHz calculated from equation (23) using T p and ij
values of 10.4 M s (Rodgers 1985) and 0.25 s (Parker
1987). The solid curve fitted through the quadrature data
was obtained by normalizing the imaginary 102 component
(equation (15)) to the experimental data (50 AAg ml-1) at
20 kHz. Optimum values of the in-phase component were then
calculated by multiplication of equation (14) with the
constant normalizing factor found from the quadrature data.
As shown in Figure 4.4 the agreement between theory and
experiment is quite good. The dashed horizontal line
represents the relative in-phase output generated by the
sensitizer infrared fluorescence. It was found by setting
[105]r = 0 (equation (14)), i.e., W2 p0Tp = 1. The
in-phase signal at this W is thus entirely due to
fluorescence. The chopping frequency at which this occurred
was approximately 99 kHz.

From the experimental results (50 Mg ml-l PFII
in MeOH), the 1272 nm quadrature signal ranged from a high
of 151 M v (10 kHz) to a low of 7.2 M v (100 kHz) - well
above the detector noise level (Figure 4.1). From 10-35
kHz, the 1201 nm in-phase (fluorescence only) component was
slightly smaller than the 1272 nm quadrature component.

Above and below this frequency range, the in-phase
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component was found to be larger than the quadrature
component at 1272 nm., At all frequencies tested, the 1201
nm in-phase component was observed to be larger than the
1303 nm in-phase component. This was expected since the
1201 nm filter has a slightly wider bandwidth (9.4 vs. 8.5
nm) and better peak transmission efficiency (54 vs. 44 %)
than the 1303 nm filter. For example, at 2 kHz, the 1201
and 1303 nm in-phase components were 268 and 228 [Av
respectively. Had the 1303 nm filter had the same bandwidth
and peak transmission efficiency as the 1201 nm filter, the
1303 nm in-phase component would have been approximately
274 pMiv. Thus differences in the in-phase components could
be attributed entirely to differences in filter properties.
This suggests that, over this spectral range, variations in
the background fluorescence were negligible.

At all frequencies tested, the 1303 nm quadrature
component did not return to the initially set zero found
with the 1201 nm filter. The 1303 nm quadrature signal was
approximately 13-15 % of the 1272 102 signal at all
frequencies. This deviation from the initially set zero
could not be attributed to phase drift or to "leaking" of
the 102 signal through the 1303 nm filter. As previously
mentioned, phase drift was checked for and, in all but a
few isolated cases, was not found to be a problem. Again,

in those cases where phase drift was observed, the
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experiment was repeated. As a double check, phase drift was
checked for by zeroing the fluorescence signal emanating
from a volunteer's irradiated fingertip and monitoring any
changes in this zero as a function of time. In order to
eliminate the possibility of phase drift due to temperature
changes in the electronic components (0.1° per ©C), the
lock-in was turned on 15 minutes prior to the experiment.
The fact that the zero condition remained unchanged over
the course of several minutes supports the earlier
observations that phase drift was not a problem in any of
the experiments performed in this work.

As evidenced from Figure 3.4, the large 1303 nm
quadrature signal could not be attributed to overlap of the
10, emission spectrum with the 1303 nm pass band. From
Figure 3.4, it can be seen that the 102 component is
very close to zero at wavelengths greater than 1290 nm. The
overlap of the 10, emission with the 1303 nm filter can
thus be considered negligible.

Having eliminated phase drift and overlap of the
102 emission with the 1303 nm pass band, the larger
than expected 1303 nm quadrature component was thought to
be due to temporal and spectral differences between; (i)
the fluorescence signals and/or (ii) the fluorescence and
phosphorescence signals. Most photosensitizers, including

PFII, have two fluorescence components which can be
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distinguished based on their rate of decay. The
fluorescence decay is a function of the aggregation state,
hence the fast component is due to aggregated species while
the slow component is due to monomers (Andreoni and Cubeddu
1984). Since PFII never exists in the pure monomeric or
aggregated state, the two fluorescence components will be
present in all environments. The relative intensities of
the two compohents will however, vary with the environment.
During the experiments, the sum of the fluorescence
components was zeroed at 1201 nm. However, due to the
different temporal and spectral behaviour of the
fluorescence components, the sum was not necessarily zero
at other wavelengths. The situation was complicated by the
presence of the 102 phosphorescence. Again, due to

temporal and spectral differences, the fluorescence and
phosphorescence signals were probably not zeroed at 1303 nm
even though all three signals were zeroed at 1201 nm. The
large 1303 nm quadrature signal is thus postulated to be
due to temporal and spectral differences between the three
luminescence signals. The contribution of triplet
photosensitizer phosphorescence to the 1303 nm quadrature
signal was uncertain since the photochemistry of PFII is
poorly understood and the phosphorescence spectrum and
yield is unknown. When the experiment was repeated using an

aqueous solution of 50 Mg ml~l of PFII in PBS, the 1272
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nm quadrature component was indistinguishable from noise at
all frequencies examined. The inability to detect 102 in
this case was not surprising given the tendency of DHE to
aggregate in aqueous solution (Kessel 1984). This
aggregation was confirmed by observation of the
characteristic blue-shift of the Soret band from 385 to 365
nm (Figure 4.8). A more thorough discussion of this effect
is presented in a later section. Aggregation shortens the
lifetime of the S; state (Andreoni et al. 1982) and
results in very poor triplet yields (Dougherty 1987). In
such a form then, it is neither very fluorescent in the
visible portion of the spectrum nor a very efficient
generator of 102. In fact, transient absorption
spectroscopy studies have shown negligible triplet
formation (hence negligible 102 formation) by PFII in
aqueous solution (Redmond et al. 1982). Using literature
values of T q = 2.4 Ms (Parker 1987), T p = 3.2 Ms
(Parker 1987), Akj37¢ = 1 cm~! (Patterson et al. 1988)
and measured values of Mgp = 0.49 cm~1 and x = z = 0.5
cm, the estimated gquantum yield (ég) of 102 (using
equation (22)) is less than 0.0030 for PFII in aqueous
solution. This is six times smaller than the value found by
Keir et al (1987) for DHE in aqueous solution (0.018).

The magnitude of the 1201 nm in-phase component was

on average 10-20 % higher than the corresponding component
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for PFII in MeOH (50 M g ml-l). The reason for this is
not fully understood since the behaviour of sensitizer
infrared fluorescence as a function of aggregation state
has not been studied. The observation does, however,
suggest that aggregation does not inhibit fluorescence in
the infrared to the same extent that it does in the visible
portion of the spectrum. Aggregation is known to produce
changes in the energy level structure of porphyrins. It
appears that these changes cause a decrease in the
transitions yielding photons in the visible while the
transitions yielding infrared photons may remain largely
unaffected.
4.2.3 Dpetection of 105 in MeOH and PBS using AlSPc

The negative quadrature and in-phase components for
AlSPc in MeOH and in PBS (both at concentrations of 2 Mg
ml‘l) are shown in figures 4.5 and 4.6. As was the case
with PFII, the quadrature component in MeOH peaks between
15 and 20 kHz. In order to fit the experimental data,
knowledge of’I'T ahd lfD was again required. Since the
solvent used was MeOH, I(D was again taken as 10.4 WU s.
An extensive literature search failed to find a value for
T 7. The choice of a T value in MeOH was not considered
to be that critical since, in this environment, I'D is
expected to be much greater than 77T. As a result, the

location of the peak will be largely unaffected by the
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choice of T'T- For convenience a T p value of 0.25 (ks
was chosen. Using these T g and ZjD values, however,
yielded poor quadrature and in-phase fits (normalized) as
indicated in figures 4.5 and 4.6. To fit the PBS data,
Tp and Tqg values of 3.2 and 2.4 Ms (Parker 1987)

were used. Again, the normalized gquadrature and in-phase
fits were poor (figures 4.5 and 4.6). Fits were tried using
various TfD and T combinations. However, they were no
better than those obtained using the above lifetimes and
matched to the experimental data at 15 (MeOH) and 45 kHz
(PBS). The poor fits suggest that the simple first order
kinetics described by Parker (1987) may not be applicable
to AlSPc.

Examination of Figure 4.5 reveals that the
magnitude of the relative PBS quadrature component is
between 2-3 times lower than the corresponding MeOH
component. Given that the in-phase 1201 nm components are
approximately equal and that the 102 quantum yields in
aqueous solution (0.34 - Rosenthal et al 1986) and in MeOH
(0.30 - Keir et al. 1987) are virtually identical, this
reduction can be attributed to the fact that the 102
lifetime in PBS (3.2 M s) is approximately three times
shorter than the corresponding lifetime in MeOH (10.4 MU s).
According to equation (15), the quadrature component is

proportional to TfD. Thus, if T p decreases by a factor of
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three, the quadrature component is also expected to
decrease by approximately that same amount. This is in good
agreement with the results in Figure 4.5. The lifetime
difference in the two solvents is also responsible for the
appearance of the peaks at different chopping frequencies.
According to equation (23), the shorter C:D, the greater
the peak frequency. From equation (23), the peak in MeOH
should occur at 15.3 kHz since the T p and Uq values
are identical to those used for PFII. This is in good
agreement with the experimentally determined peak. In the
PBS case, evaluation of equation (23) using T p and th
values of 3.2 and 2.4 M s respectively, yields a peak
frequency of 32.8 kHz. This is not inconsistent with the
experimental results. From Figure 4.5, the PBS peak is very
broad and is situated between 40 and 60 kHz. As can be
seen, the peak region is very difficult to define since the
quadrature component falls off very slowly with frequency.
In spite of the fact that the AlSPc solutions were
diluted by a factor of 25 compared to the PFII solutions (2
vs. 50 Mg ml“l), the absolute 1272 nm quadrature signals
in MeOH were comparable. (Actually, the AlSPc values were
20-25 % lower than the corresponding PFII values.) Given
that the 102 yields for the two photosensitizers are
almost identical, this can be explained by the fact that

the absorbance of AlSPc in MeOH at 670 nm is approximately
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23 times greater than the absorbance of PFII in MeOH at 624
nm (figures 3.6a and b).

As previously mentioned, the 1201 nm in-phase
components of Al1SPc in MeOH and in PBS were virtually
identical. This is not surprising since AlSPc exists in
monomeric form in both solutions. However, the in-phase
componentfof Al1SPc in MeOH was approximately seven times
larger than the corresponding PFII value in MeOH. This
large fluorescent component is reflected in the rather flat
normalized in-phase components (Figure 4.6). As previously

mentioned, the normalized in-phase component is given by

In-phase (1272 nm) - sens. IR fluor. + 102

In-phase (1201 nm) sens. IR fluor.

Since the background fluorescence is very large and does
not vary significantly over the narrow spectral range of
interest, it is changes in the 102 component which will
dictate the shape of the normalized in-phase component. The
quadrature "102 only" component in PBS was approximately
three times lower than the corresponding component in MeOH,
Since the 1201 and 1272 nm in-phase components were
comparable, the background fluorescence was even more
dominant, thus accounting for the flatter curve in Figure
4.6. As expected, due to the large background dominance,

the normalized in-phase PBS data points were closer to
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unity than the corresponding MeOH data.

An examination of figures 4.4 and 4.5 reveals that
the normalized quadrature component of AlSPc in MeOH is
7-10 times smaller than the corresponding PFII component.
Again, this can be attributed to the much larger background
fluorescence of AlSPc in MeOH. If the in-phase component is
approximately seven times larger than the corresponding
PFII component, and if the quadrature components of the two
photosensitizers are comparable, then it follows that the
ratio of the quadrature "102 only" component to the
in-phase "fluorescence only" component will be
approximately seven times smaller in the AlSPc case.

As was the case with PFII, the 1303 nm in-phase
component was observed to be smaller (by ca. 10 %) than the
corresponding 1201 nm component. Again, this discrepancy
was attributed to differences in the properties of the two
filters. A similar pattern was observed for AlSPc in PBS.
However, in this case, the 1303 nm signal was approximately
25 % smaller than the in-phase signal at 1201 nm. This
larger difference might have been due to a small wavelength
dependence of the infrared fluorescence.

As was found with PFII, the 1303 nm quadrature
component did not return to the initially set zero found
with the 1201 nm filter. As for PFII, in both MeOH and PBS,

the 1303 nm quadrature signal was approximately 10-15 % of
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the 1272 nm quadrature signal. Possible explanations for

this discrepancy were described in the previous section.

4.3 Detection of 10, in vivo

4.3.1 Introduction

Having shown that the system was capable of 102
detection, the main objective of this series of experiments
was to determine whether the system was capable of
detecting 102 in a complex heterogeneous biological
environment. As well, it was hoped that information could
be obtained regarding the 102 lifetime and hence determine
the specific type of environment (i.e., aqueous, lipid,
protein) in which this cytotoxic agent was generated. This
is an important question since the choice of chopping
frequency for maximum 102 signal is strongly dependent on
the environment, i.e, the 1o, lifetime.
4.3.2 10, detection in mice injected with PFII

The results for the PFII injected mice are
summarized in figures 4.7a and 4.7b. On inspection, a
pattern emerges for the normalized 1272 nm quadrature
components in Figure 4.7a. That is, for the two injected
groups of mice studied, there seems to be an increase in
signal with chopping frequency. However, there do not
appear to be any well defined peaks. These observations are

in contrast with those of Parker (1987) who reported peaks
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located at approximately 14 kHz. From Figure 4.7a it can be
seen that, for mice injected with the same level of PFII,
the results were not in close agreement. This was not
surprising since a certain amount of variability can be
expected in biological experiments of this sort.
Furthermore, it should be noted that the signals observed
from the injected mice were not significantly larger than
those observed from the controls,

Examination of Figure 4.7b reveals that the
normalized 1303 nm quadrature signal followed the same
pattern as the corresponding 1272 nm signal and the
magnitude of the two signals were roughly equivalent. This
emission is thus not characteristic of 102.

As expected (Parker 1987), due to tissue
autofluorescence, the 1201 nm in-phase component was on
average an order of magnitude larger than the corresponding
fluorescence component obtained for PFII in MeOH (50 Mg
ml-1). No significant differences in fluorescence were
observed between injected and control mice and the signal
obtained from the fingertip of a volunteer was also
comparable. This suggests that most of the observed
fluorescence was due to normal tissue components and not
PFII.

Although this series of experiments failed to

detect‘loz, a marked response was observed for the
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irradiated mice four days post treatment. Compared to the
controls, in which no gross damage was observed, the mice
injected with 10 mg kg—1 PFII exhibited noticeable skin
damage. In one case, the tumour, which had become greatly
enlarged, showed evidence of necrosis in the immediate area
of irradiation. In both cases the skin was burned and had
become very leathery, but not to the séme extent as the 50
mg kg"l group. The mice in the 50 mg kg'l group both
exhibited strong evidence of tumour necrosis. Their skin
had blackened and become very tough. In one case, the
interior lateral toe had fallen off. From the evidence
presented above, it is clear that the injected mice
responded to treatment. However, it is not clear whether
the damage was caused by 102 or some other radical such

as superoxide. This problem is unlikely to be resolved
based on the results of this series of experiments,
however, examination of some of the anomalous results, such
as the large 1303 nm quadrature signal, may provide some
clues. As previously discussed, the origin of the large
1303 nm quadrature signal might be due to differences in
the temporal and spectral behaviour of the fluorescence and
phosphorescence signals. It is possible that the large 1303
nm signal might have been caused by phosphorescence and/or
fluorescence from radicals such as superoxide. Another

possibility involves transmission of a significant
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component of the 102 emission through the 1303 nm bandpass
filter. This was seriously considered since the lo,
emission spectrum is a function of the environment.
According to Parker (1987), the biological environment
induces quite a noticeable shift in the central emission
wavelength - from 1270 nm to approximately 1260 nm.
However, since the shift is away from 1300 nm, the large
signal could not be attributed to environmentally induced
changes in the 102 emission spectrum. It is possible,
however, that the 1272 nm filter might be missing some of
the 102 signal due to this peak shift. Although this
possibility cannot be discounted, the reduction in signal
is unlikely to be significant due to the large bandpass of
the 1272 nm filter (18 nm FWHM). A thorough investigation
of this interesting problem could not be undertaken due to
a lack of bandpass filters around 1260 nm. Finally, the
similarity between the quadrature signals at 1303 and 1272
nm might be due to quenching of 102 by biomolecules in
vivo. As will be discussed later, quenching lowers the
lifetime of 102 thus producing a decrease in the absolute
magnitude of the 1272 nm quadrature signal.

In summary then, the similarity in quadrature
signals obtained with the 1272 and 1303 nm filters might be
due to; (i) a reduction in the 1272 nm quadrature signal as

a result of an environmentally induced shift in the central
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emission wavelength of 105, (ii) a reduction in the
1272 nm quadrature signal due to quenching by biomolecules,
(1ii) luminescence phenomena arising from processes other

than those involving 102.

4.4 Detection of 10, in protein-aqueous solution

4.4.1 Introduction

The in vivo experiments failed to detect 102
luminescence. Since in-vivo photochemistry may be very
complicated, it was decided to attempt measurements in a
more controllable homogeneous environment. A protein
environment was chosen since PFII is known to bind non
covalently to plasma serum proteins such as human serum
albumin (Rosenthal et al 1986).

4.4.2 Detection of 10, in a 10 $ solution of FCS and
PBS using PFII (50 g ml-1)

At all frequencies tested the 1272 nm quadrature
component was equal to the noise level, i.e., no 102
signal was detected. The absolute magnitude of the 1201 nm
in-phase signal was identical to that observed for PFII in
PBS.

The inability to detect 102 in this case was
thought to be due to either quenching or aggregation. There
seems to be some confusion concerning the binding of PFII

to serum proteins. Redmond et al (1985) have found that



PFII binds to these proteins in aggregated form while
Grossweiner's (1985) observations suggest disaggregation of
PFII upon binding to serum proteins. If disaggregation
occurs upon PFII binding, the lack of an observable 102
signal is probably due to protein quenching. If, on the
other hand, PFII binds to serum proteins in aggregated
form, then the lack of a signal is probably due to the fact
that the sensitizer is a very poor 102 generator in such a
form.

To test whether the lack of a signal was due to
aggregation, Soret band absorption spectra of three
different PFII solutions (MeOH, PBS and 10% FCS and PBS)
were examined (Figure 4.8). Porphyrins exhibit very strong
absorption in this band which is approximately 50 nm wide
and is located between 300 and 400 nm. The exact location
of the Soret peak is a function of the degree of porphyrin
aggregation. Disaggregation of porphyrins results in a red
shift of the soret peak (Poletti et al. 1984). PFII is
known to exist in a monomeric state in MeOH and in an
aggregated state in PBS. Now, if PFII exists in an
aggregated state in 10 % FCS and PBS, its absorption peak
should be located at approximately the same wavelength as
the solution of PFII in PBS. Conversely, If PFII exists in
a monomeric state in 10 $ FCS and PBS, its absorption peak

should be located in the vicinity of the PFII in MeOH peak.
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From Figure 4.8, the 10 % FCS and PBS absorption curve
appeared to be a weighted sum of the two other curves with
two roughly equal peaks at 370 and 395 nm indicating the
presence of a disaggregated fraction. In spite of such a
fraction, no 102 signal was observed. The lack of a signal
was thus thought to be due to protein quenching. In ordet
to investigate this further, the experiment was repeated
using AlSPc.
4.4.3 Detection of 10, in_a 10 $ solution of FCS and
PBS using AlSPc (2 J[ig ml-1)

The 1201 nm in-phase component was approximately
1.5 times smaller than that observed with AlSPc in PBS.
Similarly, the 1272 nm guadrature component was between 1.5
and 2.0 times smaller than that observed in the PBS
experiment. Since AlSPc remains monomeric in aqueous
solution (Darwent et al. 1982), the small 102 signal cannot
be attributed to aggregation. It was thought that since
AlSpPc, like PFII, binds non covalently to serum proteins
(Rosenthal et al. 1986), the reduction in signal was most
likely due to protein quenching. Evidence for protein
guenching is shown in Figure 4.9 where the normalized
quadrature component has been plotted. No attempt was made
to fit the data since t‘D and Z'T were unknown for this
environment. Normalized quadrature components from the

other AlSPc experiments have been plotted for comparative
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purposes. The normalized quadrature component in this case
is quite noisy and the peak is poorly defined. However,
compared to the PBS data, it appears that the peak has been
shifted to a slightly higher frequency. From Figure 4.9,
the magnitude of the normalized quadrature component is
approximately 1.5 times smaller than the corresponding PBS
component. This suggests that t'D (FCS and PBS) =~ 2/3

Tp (PBS). If T:D ¢G'CT then, according to equation (23),
the peak should be located at 43.8 kHz. This is not
inconsistent with the experimental results. It thus appears
that ZTD has been reduced by a small amount. This reduction
is probably due to protein quenching. It should be
emphasized however, that the broadness of the quadrature
peak in Figure 4.9 really does not permit an accurate
determination of T:D in this prbtein environment. A more
detailed experiment with varied protein concentration would

probably clarify this.

4.5 Detection of 10, in cell suspensions

4.5.1 Introduction

Detection of 102 in even a relatively simple
medium, such as FCS in PBS was shown to be non trivial. No
102 was observed in the PFII case and only a weak signal
was observed when using AlSPc. Certainly, the data obtained

did not permit a determination of the 102 lifetime in this



seemingly simple protein environment.

The cell culture experiments represented a final
attempt at detecting 102 in biological media. As well, it
was hoped that an estimate of T p in such media could be
found. The advantage of working with cell cultures is that
various parameters, such as suspension medium and cell
concentration, can easily be varied. Fﬁr example, the
suspension medium can be chosen to reflect an aqueous or a
protein-rich environment. On the other hand, maximum cell
concentrations are limited and oxygen depletion is also a
potential problem.

4.5.2 Detection of 10, in cell suspensions using
PFII and AlSPc

In total, ten cell culture experiments were
performed. PFII was used in three of the experiments while
AlSPc was used in five. The remaining two experiments were
controls with no photosensitizer. Initial conditions and a
summary of the results are presented in Table 4.1.

The number of viable cells ml-1 (column 5) was

determined just prior to irradiation and the cell viability

(column 9), evaluated following irradiation, is given by

No. of live cells x 100 &
No. of (live + dead cells)

The total light fluence values listed in column 8 were
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Table 4.1 Summary of cell suspension results

Photosensitizer Incubation Wash Suspension [celll Irradiation Avg. Power Total Cell
Time and Medium (viable cells/ml) Time (mW) Fluence Viability
(hr) Spun (min) {J cm™<) (%)
PFII 18 no Medium 1 1.42 x 106 30 26 234 0
PFII 18 ves PBS 1.42 x 106 40 25 300 0
control 18 yes PBS 2.70 x 106 30 25 225 100
PFII 48 yes PBS 1.10 x 107 40 26 312 0
control 48 ves PBS 2.70 x 107 40 26 312 90
Alspc 18 yes Medium 2 4.74 x 103 35 19 200 90
AlSPc 18 yes PBS 1.40 x 105 30 19 171 60
AlSPc 18 ves Medium 2 2.84 x 106 25 19 143 95
Al1SPc 18 ves PBS 1.74 x 106 30 19 171 54
AlSPc 43 ves Medium 2 2.12 x 107 30 21 189 66

Medium 1 = Opti-MEM I and 10 % FCS.
Medium 2 = Opti-MEM I and 5 % FCS.
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evaluated based on a beam area of 0.2 cm2. Each fluence
was that incident at the cuvette, but the mean fluence
"seen" by any one cell could be considerably less than this
due to self absorption and fluid motion in the cuvette.

The initial PFII trials were performed at a
concentration of approximately 106 viable cells ml-1l,
No 10, signal was observed. The 1201 nm "fluorescence
only" component observed in the first trial was about
1.5-2.0 times larger than that observed in the second
trial. This was attributed to the presence of
photosensitizer in the medium since, inbthe first trial,
the cells had not been washed. In the absence of
photosensitizer (controls), the "fluorescence only"
component was approximately an order of magnitude lower.
The small amount of fluorescence observed in the controls
was attributed to cell fluorescence. The 1201 nm
"fluorescence only" component observed in the second trial
was approximately three times lower than that observed for
PFII in PBS, and épproximately 15~25 times lower than was
observed for the PFII injected mice. The large difference
between cell and in vivo fluorescence was due mainly to the
low concentration of cells used in the in vitro
experiments. In spite of the fact that no 102 was observed,
the cells did respond to the treatment as evidenced by the

0 % cell viability. It was decided to repeat the
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experiments using a higher cell concentration -
approximately 107 viable cells ml-l. However, as before, no
signal was observed. Again, the 0 % viability indicated
that the cells responded to treatment. The 1201 nm
"fluorescence only" component was approximately 1.5 times
larger than was observed in the second trial. This was due
to the greater cell density used in this trial., It is
interesting to note that the cell viability of the high
density control group was around 10 % lower than that of
the low density control group. This was attributed to the
fact that cells do not fare as well in crowded
environments. In general, the greater the cell
concentration, the lower the cell viability.

The experiments were repeated using AlSPc in place
of PFII. The first two experiments were performed at a low
cell concentration - approximately 103 viabie cells
ml-l, As was the case with PFII, no 102 was observed.

As expected, due to equal cell densities, the "fluorescence
only" components were comparable in the two cases. However,
there was a significant difference in cell viability (30 %)
between the cells suspended in medium and 5% FCS and those
suspended in PBS. As shown in Table 4.1, this pattern was
repeated throughout the AlSPc trials. This dependence of
cell viability on the suspension medium is due to the fact

that PBS is a "hostile" cell environment since it does not
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contain any of the nutrients necessary for cell survival.
As seen in Table 4.1, the cell responses in the two
different media (90 and 60 % viabilities) were far from
that obtained using PFII (0 % viability).

The experiments were repeated at a higher cell
concentration - ca. 109 viable cells ml-l. Again, no
102 was observed. However, it should Be noted that, due
to an unfortunate mistake, the cell cultures used in these
two trials were irradiated at 624 nm instead of the usual
670 nm. This prevented a comparison of the "fluorescence
only" components with the lower concentration samples. As
expected, the in-phase components were nearly identical for
the two samples. In spite of the fact that the treatment
was carried out at the wrong wavelength, the cell
viabilities (95 and 54 %) were in good agreement with those
obtained in the previous two trials indicating a response
to the procedure., This is somewhat surprising since the
absorption coefficient at 670 nm is approximately 10 times
higher than at 624 nm.

A final attempt at l0, detection was made using
a very high cell concentration - approximately 107 viable
cells ml-1, A small 1272 nm quadrature signal was observed.
Unfortunately, as for the mouse experiments, the 1303 nm
quadrature signal was of the same magnitude., As a result,

it cannot be concluded that l0, was responsible for the



cell damage as reflected in the 71 % viability. The
"fluorescence only" component was very high - approximately
15-20 times higher than the low concentration (102 viable
cells ml-l) case. Again this was attributed to a much
greater cell density.

Finally, from Table 4.1 it can be seen that cell
viability depends very strongly on thé type of
photosensitizer used. Cell viabilities when using PFII were
much lower than the corresponding AlSPc values. It thus
appears that PFII is more phototoxic than AlSPc. This is
contrary to the findings of van Lier et al., (1988) and Chan
et al. (1986) who both found that AlSPc was approximately
twice as phototoxic as PFII on a dose basis. It was thought
that the origin of this discrepancy might be due to the
fact that different cell lines respond differently to the
two photosensitizers. As well, uptake may vary with the
cell line. It is known that AlSPc is less cytotoxic to
cells, maintained in darkness or exposed to room light,
compared to PFII (Chan et al. 1986). This agreed well with
the observation that, on average, only 50 % of the PFII
cells survived incubation, while approximately 80 % of the
AlSPc cells survived this procedure. This observation
however, cannot explain the difference in phototoxicity
since, as previously mentioned, cell death due to the

incubation procedure was accounted for in determining the
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cell viability. The reason for the difference in
phototoxicity remains unexplained.

At any rate, regardless of the photosensitizer
used, the fact remains that, like the in vivo experiments,
no 102 was observed during PDT of cell suspensions in
spite of the fact that extensive cell death was documented.
There are two possible explanations for the lack of a
signal in vivo and in vitro (using the cell suspensions):

(1) 102 is not produced in biological

environments and the toxic effects are due to
other processes.

(2) 102 is rapidly quenched by biomolecules

thus reducing its lifetime to the point where
it cannot be detected.

Given the ample evidence to support the generation
of 102 in vivo (Weishaupt et al. 1976 and Moan et al.
1979), the second scenario appears much more plausible,
According to Rodgers (1988), the 102 lifetime in
biological media can be expressed as

p = {ky + kpr + deqi[Q]i}*l (26)
where k, and kp, are the radiative and non-radiative
(solvent induced) decay rate constants respectively. The
terms inside the summation refer to the rates of gquenching
(or chemical reaction) induced by other molecules (Qj)

present in the environment.
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In steady state measurements, such as the ones
performed in this work, the signal amplitude is directly
proportional to T‘D (equation (15)). Thus, if the
quenching term in equation (26) is significant, as is the
case in biological media, the signal amplitude will be
reduced to such an extent that detection is no longer
possible even with the sensitive systeﬁ used in this work.
Furthermore, a reduction in Tp results in a shift in the
peak chopping frequency towards higher frequencies
(equation (23)). This is rather unfortunate since,
according to Figure 4.2, the NEP increases at higher
frequencies. However, if T << T, the peak will be
located at (T q)~! according to equation (23). Thus, at

very low 102 lifetimes, the lack of a signal is almost

entirely due to a reduction in signal amplitude rather than

to a shift in the peak chopping frequency since the
location of the peak will be determined by the triplet
lifetime.

If the lack of a l0j signal in vivo is due to
quenching, then the results of this work allow an
estimation of the lower limit for the lifetime of 102
in this environment. Such a calculation is shown in the

following section.
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4.6 Estimation of the 10, lifetime in vivo

The calculations were performed for the case of the
mouse footpad tumours using the 50 mg kg'l PFII injected
group. Equation (21) was solved for I'D using the
sensitivity values found in Figure 4.1 and using a fA value
of 0.25. The incident fluence rate, f or was directly
measured and, as previously discussed, I ox = M 1270 =
5 cm~l. The tissue thickness (t) was taken to be 1 cm
and, the photosensitizer concentration in the tumour was
estimated at 50 A g ml-l at 24 hr post injection (Wilson
et al. 1988). The value of M 5, was thus taken to be 0.93
cm~1l. The triplet lifetime (th) was not knbwn since the
chemical environment in vivo is uncertain. A value of 9.6
M's was used by Parker (1987) corresponding to an aqueous
environment with physiological oxygenation. This is clearly
an upper bound value, thus T:D values have also been
calculated for T p = 0.25 and 3.2 Ms.

As previously mentioned, the signals obtained in
vivo showed a wavelength dependence uncharacteristic of
that expected from l0,. A significant luminescence
background (fluorescence, phosphorescence or a combination
of both) was observed. However, if this luminescence
background is ignored, the lower limit on the 102

lifetime can be approximated by the detector rms noise.
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Equation (21) was thus solved for a given value of W by
setting Sq(u)) equal to the rms noise at that frequency.
Table 4.2 shows that the lifetime of 102 is unlikely to be
lower than 0.1 AAs. in tissue. In Table 4.2 the measurement
point that fixes the lowest limit is shown in bold face.

The short 10, lifetime would explain the
failure of other investigators (Rodgefs 1988) to observe
1o, and would also be in agreement with Matheson et al.
(1975) who report 10, lifetimes of less than 1 /A s in
physiological protein concentrations. If this quenching is
due to amino acids, as postulated by Matheson et al.
(1975), the 102 is not produced in a lipid environment
such as the cell membrane. This is in agreement with Firey
and Rodgers (1988) who postulated that, in erythrocyte cell
ghosts, the lack of a 102 signal is due to binding of the
photosensitizer to intracellular components such as
proteins. In this environment, the l0; molecules will
diffuse only a very short distance before being quenched by
various intracellular components. Evidently then, due to
rapid quenching, it appears that very few 102 molecules
survive for long in the intracellular environment, thus
accounting for the lack of a signal in the mice and cell
suspension experiments.

These observations do not agree with those of

Parker (1987) who reported the detection of 102 in vivo
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Table 4.2 Calculations of the 10, lifetime (lower

Chopping Frequency

limit) in vivo.

(kHz) (Ms)
9.60 2.50
lo, Lifetime

(Ms)

1 1.04 2.89

2 0.39 1.07

5 0.12 0.38

10 0.063 0.17

15 0.062 0.13

20 0.068 0.11
25 0.075 0.099
30 0.087 0.093
35 0.098 0.087
45 0.13 0.084
55 0.15 0.083
65 0.18 0.084
80 0.23 0.090
90 0.27 0.099

100 0.30 0.10

Triplet Lifetime

0.25

3.19
1.84
0.92
0.56
0.46
0.41
0.36
0.34
0.31
0.28
0.25
0.23
0.20
0.20
0.18
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under conditions very similar to those described in this
work but for a different tumour model. Parker's evidence of
a quadrature signal at 1270 nm is inconclusive since such a
signal was also observed in this work, however it was found
to have the wrong wavelength dependence. Parker does show a
measured spectrum of the quadrature signal peaking around
1260 nm, however, the spectrum is very noisy and results
were not presented for a number of animals including
controls. On close examination then, Parker's results are
very much like those observed in this work, however, the

conclusions reached are different.

4.7 Future developments

The results of this work suggest that, while in
vivo monitoring of 10, would be extremely useful in the
development of PDT, it is improbable that infrared
luminescence will provide such a tool. A more thorough
understanding of the sensitizer photochemistry is required
in order to quantitatively explain some of the anomalous
results obtained in this work. This is especially true in
the case of AlSPc, where the results of the simple solution
experiments did not agree with theory suggesting a
deviation from the simple kinetics proposed by Parker

(1987). Perhaps in future experiments, it would be a good



idea to use photosensitizers whose photochemistry is more
thoroughly understood, even though these are not used
clinically. Furthermore, it would be useful to measure the
detailed spectrum of the in-phase and quadrature emission
for the in vivo case in order to clarify the findings.

The detector used was ideally suited for the
measurements performed in this work siﬁce, in most cases,
the location of the minimum NEP (ca.l0 kHz) matched that of
the 102 peak (15-20 kHz). However, improvements in the
system sensitivity could be accomplished by using higher
laser powers and more sophisticated collection optics. Such
improvements would greatly be aided by the development of
more reliable laser sources. It is important to realize,
however, that clinical doses of photosensitizers are an
order of magnitude lower than the doses used in these
experiments and that the ultimate goal is not only the
detection of the lo, signal but its measurement. Due to
the limits on laser power imposed by hyperthermia, a useful
clinical system would in all liklihood require a
sensitivity of at least one or two orders of magnitude
greater than the one developed in this work. Since the
detector used in these experiments was state of the art,
further improvements in the detection of 102 must await
the development of better detectors. Such developments are

unlikely in the near future.
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CHAPTER 5

CONCLUSIONS

A non-invasive system was set up to detect the
near-infrared emission resulting fromlthe de-excitation of
102 during PDT. Evidence for the correct functioning of
the system included; (i) the good agreement between
calculated and quoted NEPs, and (ii) the close fit of the
theoretical curves to the experimentally determined data
using PFII in MeOH. As expected, due to PFII aggregation,
no 10, signal was observed in aqueous environments. The
estimated 102 qguantum yield in PBS (< 0.0038) was
somewhat different than that found by other investigators.
102 signals were obtained in both organic and aqueous
environments when using AlSPc. This was not surprising
since AlSPc is known to remain monomeric in both
environments. The poor fit of the theoretical curves to the
experimental data, however, suggested a deviation from the
simple kinetics presented in this work.

The fluorescence observed in vivo was approximately
an order of magnitude greater than that observed in the
PFII-MeOH solution (50 (Ul g ml-1l), Most of this fluorescence

was attributed to normal tissue components rather than to
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PFII. The most significant in vivo observation was that the
1272 and 1303 nm quadrature signals were nearly identical
suggesting that the emission was not characteristic of 102.
In spite of the fact that 102 luminescence was not
observed, there was a marked response among the mice to the
treatment. A similar pattern was observed in the cell
culture experiments. In all but one of the eight
experiments involving either AlSPc or PFII, no quadrature
signal was observed at 1272 nm. In the one instance where
such a signal was observed, the 1303 nm guadrature signal
was found to be equivalent. Thus it could not be concluded
that the extensive cell death observed was due to l0Oj.

The lack of a 105 signal in the mouse and cell
culture experiments was thought to be due to rapid
guenching of 102 by biomolecules. Such quenching was
thought to reduce the 10, lifetime to such an extent that
it could no longer be detected, even with the sensitive
system used in this work. This quenching phenomenon was
consistent with the results of the experiments involving
protein-aqueous solutions.

Since 102 was not observed in mice or in cell
cultures, its lifetime in biological environments could not
be determined directly. However, the results of this work
allowed a lower limit to be estimated for the 10, lifetime

in vivo - approximately 0.1 AAs. This is in good agreement
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with other investigators and suggests that 102 is produced
and quenched in a protein rather than in a lipid
environment. It is therefore unlikely that 102 is generated
in the cell membrane.

The short 102 lifetime in biological environments
explains the lack of an observable signal in the mouse and
cell culture experiments. Since the best available detector
was used in this work and, since a useful clinical system
would probably require a sensitivity of 1-2 orders of
magnitude greater than this, it appears unlikely that
remote monitoring of the infrared 102 phosphorescence
during PDT will be possible in the near future. Such a
development will have to await the discovery of more

sensitive detectors.
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APPENDIX A

DERIVATION OF DETECTOR RESPONSE

The measured impulse response of the detector to a
background event is shown in Figure Ai. Since the signal
decays exponentially (Figure A2) to 37 % of its original
value in 30.8 L s, the impulse response caﬁ be given by

I(t) = (T-1) e~tZ H(t) (1A)
where T = 30.8 AL s is the time constant and H(t) is the
Heavyside function. According to Bracewell (1978):

F.T.[eXH(x)] = L1 - 127Trf
1 + (20 ¢f)2 (28)

Using the similarity theorem and f as the frequency

variable:

- i2nT £

F.T.(T ~L)yle-tZH(t)] = 1 Y
1+ | )

(3A)

When measuring the frequency response, R(f), one is just
looking at the amplitude of the F.T. in equation (3A). The

frequency response is thus given by:

!
R(f) - (l—iZﬂff 1 +i21T £ /A (4A)
1+ (20 TH) 1 + (zrr‘l'f)g

Upon simplification:

R(£) = [1 + (27T £)2)-1/2 (52)
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Normalization of R(f) to B(w) at 2 kHz yields the
theoretical curve in Figure 4.1. From equation (5A), it can
be shown that for large £, R(f) = f-1, i.e., a log-log
plot of R(f) vs f should yield a slope of -1. This is in
excellent agreement with the slope found at frequencies

above 10 kHz (Figure 4.1).
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