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Abstract

It is well known that cancer is one of the leading causes of death in the world. Early diagnosis and
treatment are key to successful cancer treatment and reduced mortality. Various research on
improving existing cancer diagnosis and treatment techniques and novel methods for treatment and
diagnosis are increasing. One method that is becoming widespread owing to its high selectivity and
minimal invasiveness is the photodynamic diagnosis (PDD) and photodynamic therapy (PDT). This
technique exploits the reaction of photosensitzer and oxygen induced by light. Understanding the
mechanism of the photodynamic processes and monitoring factors such as the concentration of the
photosensitizer and the oxygen, the singlet oxygen yield, and the light fluence to the target area are
important for efficient PDD and PDT. However, the direct monitoring of these factors during the
diagnosis and treatment can be complex. As an alternative, studying the photosensitizer
photobleaching is useful in implicitly monitoring these factors.

The analysis performed in this study aims to improve the diagnosis and treatment of PDD and PDT.
It has been focused on the analyses of protoporphyrin IX (PpIX) photobleaching and the formation
of its photoproducts, which would help improve the dosimetry estimation. PpIX photobleaching
has been previously studied using fluorescence spectroscopy. However, the effect of the
environment on the PpIX fluorescence quantum yield and the similar optical properties of PpIX
with its photoproducts lead to discrepancies in the results of fluorescence-based analyses.

In the first part of this work, fundamental spectra analyses of PpIX and the relationship between
concentration and intensities were analysed using fluorescence, absorption, and mass spectrometry
(MS). PpIX photobleaching under PDD and PDT conditions was analysed and compared using MS
and fluorescence spectroscopy. MS is an analytical technique that identifies compounds based on
chemical composition. Thus, it is suitable for quantitative analysis of photobleaching. The
photobleaching rates were investigated based on the wavelength of the irradiation light and the
fluence rate. The photobleaching rates obtained with the two analysis methods were compared, and
the photobleaching coefficients were derived. The results demonstrated the variation in the MS-
based PpIX photobleaching coefficient from the fluorescence-based analysis. The difference may
be attributed to the change in the fluorescence quantum yield of PpIX with its environment and the
effect of fluorescence emission from the PpIX photoproducts, which affects the fluorescence-based
analysis.

The second part of the study analyses the effects of 405 or 635 nm irradiation wavelengths and
fluence rate on the formation of the PpIX photoproducts. Differences in the photoproducts formed

with the PpIX irradiation wavelength were noted. The characterisation of the photoproducts was
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attempted, and hypotheses were made for their formation mechanism. The results showed that PpIX
photoproducts are primarily formed directly from PpIX by reacting with oxygen. The 635 nm
irradiation of PpIX produced the hydroxyaldehyde photoproduct, photoprotoporphyrin, while the
405 nm irradiation of PpIX potentially yielded the formyl photoproduct, product II. The effect of
the fluence rate on the amount of photoproducts formed was also observed. Since some studies have
shown that some PpIX photoproducts may be used as photosensitizers, these observations would
be beneficial.

In the last part of the dissertation, investigations were made to determine the potential use of PpIX
photoproducts for the improved detection of deeply located tumours. The concept of fluorescence
photoswitching was introduced. Fluorescence photoswitching aims to increase the fluorescence
detection intensity and extend the fluorescence observation time during PDD of deeply located
tumours by utilising fluorescence obtained by exciting the photosensitizer followed by the
photoproducts. Fluorescence photoswitching using PpIX was investigated in solution, ex vivo using
porcine mucosa, and in vivo performed in a tumour-bearing mouse. It was noted that depending on
the irradiation fluence rate, fluorescence intensity similar to or even higher than the initial
fluorescence emission from PpIX can be obtained with fluorescence photoswitching. Thus, there is
a prospective use of fluorescence photoswitching for extending the fluorescence observation time
for the PDD of deeply located tumours.

The differences between MS-based photobleaching and fluorescence-based photobleaching
highlight the importance of recognising the potential significance of these discoveries in the PDD
and PDT dosimetry and efficacy. Photobleaching rates and photoproduct formation rates vary with
irradiation laser wavelength as well as the fluence rate. This information can be manipulated for
improved treatment and tumour detection. Additionally, this work sets an antecedent for exploring

the use of photoproducts for the dosimetry estimation as well as diagnosis and treatment.
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Chapter 1
Introduction

1.1. Photodynamic diagnosis and photodynamic therapy as a method for
cancer diagnosis and treatment
Cancer is one of the leading causes of death globally, with an estimated one in five deaths caused
by cancer. Early diagnosis and complete removal of tumours play a significant role in successful
cancer treatment and reduced mortality. Thus, research on improving existing cancer diagnosis and
treatment techniques and novel methods for treatment and diagnosis are increasing in different parts
of the world. One method that is promising and becoming widespread owing to high selectivity and
minimal invasiveness is the photodynamic diagnosis (PDD) and photodynamic therapy (PDT) [1-
8]. The technique utilises the photochemical reaction of a photosensitizer in the presence of oxygen.
Administration of photosensitizer into the body leads to its selective accumulation in cancer cells.
The photochemical reaction of the photosensitizer is activated with light having the absorption

characteristic of the photosensitizer.

When a photosensitizer is irradiated, the following electronic transitions occur;

1 The ground state photosensitizer (So) absorbs energy and moves to a singlet excited state (S).
2 A fraction of S; photosensitizer moves back to Sp via non-reactive relaxation (energy is
transferred into vibration or rotation).

A fraction of S; photosensitizer moves back to So by emitting photons (fluorescence).

A fraction of S; photosensitizer moves into a triplet excited state (T:) (intersystem crossing).

A fraction of T photosensitizer moves back to S; by emitting photons (phosphorescence).

AN n W

Electron is transferred between a fraction of T photosensitizer and an acceptor (including living
tissue) to generate radicals.

7 A fraction of T; photosensitizer transfers energy to ground state oxygen, the photosensitizer
moves back to Sy and the ground state oxygen to a singlet excited state, producing reactive

oxygen species, including singlet oxygen.
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Figure 1.1: Jablonski diagram illustrating the mechanisms of PDD and
PDT. ISC: Intersystem crossing.

The fluorescence emission (step 3) is used for fluorescence detection of tumours during PDD.
PDT occurs at steps 6 and 7. The radicals generated in step 6 react with dissolved oxygen to generate
oxygen-free radicals that damage targeted cells. This is called a Type I PDT process. The reactive
oxygen species of step 7 kills target cells, leading to Type I PDT [9]. Type Il process is considered
the main cytotoxic factor during PDT [10]. PDD and PDT for certain types of lesions have received
regulatory approval in some countries, such as Japan, the US, Canada, and parts of Europe like

Germany, the Netherlands, and France [5,11,12].

1.2. Photosensitizers

Photosensitising agents are endogenous or exogenous compounds that transfer energy to
neighbouring molecules when light of a specific wavelength is absorbed. They generate cytotoxic
molecules such as singlet oxygen for targeted cell killing or emission of fluorescence for diagnosis
upon excitation [3,4,13].

A good photosensitizer should have the following characteristics: 1) little or no toxicity until
activated with specific light, ii) high tumour selectivity, iii) easy elimination from the body, iv)
relatively rapid clearance from normal tissues, and v) high triplet quantum yield, with efficient
energy transfer to produce singlet oxygen [10,14,15]. Numerous types of photosensitizers can be

employed in PDD and PDT. Chlorin e6 (Ce6) and its derivatives have been used in treating breast
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cancer, bile duct carcinoma and hypopharyngeal cancer cells [16—18]. Application of porfimer
sodium, talaporfin sodium, verteporfin and hematoporphyrin derivatives for lung, oesophagal,
gastric, and uterine cervix cancer [12], and protoporphyrin IX (PpIX) in malignant glioma surgery
as well as its fluorescence diagnosis and fluorescence diagnosis of bladder and prostate cancer
[18,19] have been reported. PpIX induced from S-aminolevulinic acid (ALA) is one of the
photosensitizers widely used in PDD and PDT [18-22]. All discussions and analyses in this study
have focused on PpIX-based PDD and PDT.

1.3. Photobleaching and photoproducts of the photosensitizer as an implicit

dosimetry

Photosensitizer photobleaching

Monitoring and understanding the mechanism of the photodynamic processes are important for the
diagnosis and treatment efficacy of PDD and PDT. During PDD and PDT, the concentration of the
photosensitizer, the ground state oxygen, the singlet oxygen yield, and the light fluence to the target
area need to be observed for dosimetry [23]. However, the direct monitoring of these factors during
the diagnosis and treatment can be complex. Alternatively, photosensitizer photobleaching can be
monitored as an implicit method for dosimetry analysis [2,24,25]. Photosensitizer photobleaching
is the decrease in the concentration, absorption, or emission intensity of the photosensitizer with
light irradiation [14,26]. The rate at which photobleaching occurs depends on most of the factors
that need to be monitored. Thus, monitoring the photosensitizer photobleaching serves as a

substitute.

Photoproducts

Photoproducts are formed concomitantly with photobleaching when photosensitizers are exposed
to light. Photoproducts are compounds formed from the reaction of the photosensitizer with other
molecules, such as radicals and oxygen, when irradiated [27,28]. Some of these photoproducts emit
fluorescence when excited [20]. Photoproduct formation rates depend on internal factors similar to
that of photobleaching [20,29]. Thus, studying the formation of the photosensitizer photoproducts

could be a complementary approach for PDD and PDT dosimetry estimation.

Efficacy on PDD and PDT
The efficacy of PDD and PDT are affected by the photobleaching and the photoproducts of the
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photosensitizer. A notable reduction in the concentration of PpIX induced by ALA has been seen
during PDT [30,31]. The reduced concentration of the photosensitizer would result in the hindered
production of cytotoxic species, thus progressively decreasing the effectiveness of PDT [32].
Additionally, reduced PpIX fluorescence emission intensity during PDD affects the diagnosis
efficacy. Consequently, studies focusing on the analysis of the photosensitizer photobleaching and
the formation of the photosensitizer photoproducts during the diagnosis and treatment process are

important.

1.4. Aim of study

This study aims to improve the diagnosis and treatment of PDD and PDT. The analyses performed
have been focused on the PpIX photobleaching and the formation of its photoproducts, which would
be helpful in improving the dosimetry estimation. The occurrence of these phenomena under PDD
and PDT conditions has been quantitatively analysed using fluorescence spectroscopy and mass
spectrometry. The characterisation of the photoproduct and its utilisation as a photosensitizer for

fluorescence diagnosis has been investigated.

1.5. Outline of dissertation

This study has been discussed in five chapters. In Chapter 2 of this write-up, the basic analysis of
the target photosensitizer, PpIX and the relationship between concentration and intensities were
analysed using fluorescence, absorption, and mass spectrometry (MS). Chapter 3 compares the
PpIX photobleaching under PDD and PDT conditions using MS and fluorescence spectroscopy, and
the photobleaching coefficients were derived. The formation of photoproducts from PpIX
irradiations was investigated in Chapter 4. The effects of 405 or 635 nm irradiation wavelengths
and fluence rate on the formation of the PpIX photoproducts were determined, and hypotheses were
made for their formation mechanism. In Chapter 5, investigations aimed to improve the diagnostic
efficacy of deeply located tumours were performed. The potential use of photoproducts for the
fluorescence diagnosis of deeply located tumours was evaluated, which would lead to increased
fluorescence observation time and intensity during the PDD. The final section discusses the overall

conclusion of the study.
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Chapter 2
Basic analyses of the
photosensitizer, protoporphyrin IX

2.1. Introduction

Protoporphyrin IX (PpIX) is a natural intermediate in the heme synthesis pathway and a
photosensitizer generated from 5-aminolevulinic acid (ALA). ALA is a natural amino acid found in
many animals and plants and is metabolised in the body to produce PpIX [1,2]. PpIX falls under
the porphyrin-type photosensitizer, which is stable, has a high singlet oxygen quantum yield, and a
wide absorption band [3]. Table 2.1 shows the chemical structure and the chemical information of

PpIX.

Table 2.1 Chemical information of protoporphyrin IX.

Chemical Formula C34H34N404
74

Chemical Structure

HO,C CO.H
Monoisotopic Mass [u] 562.258
Molecular Mass [g/mol] 562.658

In this chapter, fluorescence, absorption and mass spectrometry analysis of PpIX in solution
were performed as a basis for the analysis that would be performed in other chapters. The

relationships between intensity and PpIX concentration were investigated.
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2.2. Materials and methods
The PpIX used for the analyses was acquired from Sigma-Aldrich (P8293, USA). All analyses were

performed in a dark room to avoid the photoreaction of PpIX.

2.2.1. Fluorescence analysis

Solvent suitability

The suitable solvent for PpIX was investigated by diluting PpIX in acetonitrile, methanol, acetone,
dimethylformamide (DMF), or dimethylsulfoxide (DMSO). PpIX was diluted to 100 pM using each
of the solvents. Each diluted PpIX was placed in the wells of a clear-bottomed black 96-well plate
(353219, Falcon, USA). The fluorescence emissions from the PplX were measured using a
fluorescence microplate reader (Spectra Max Gemini EM, Molecular Devices, USA), with the
emission intensities detected from the bottom of the well plate. A xenon flash lamp was used to
excite the samples at 405 nm, and the fluorescence emissions were recorded between 550 and 750

nm.

Relationship between concentration and fluorescence intensity

PpIX was dissolved in DMSO to a concentration ranging from 0.001 uM to 10 mM. The PpIX
solutions were placed in the 96-well plate and analysed using the fluorescence microplate reader
excited at 405 nm. The fluorescence emissions were recorded between 550 and 750 nm. A similar

analysis was conducted for PpIX concentration between 0.8 and 12 uM.

2.2.2. Absorption analysis

PpIX was dissolved to a concentration ranging between 0.8 and 12 uM with DMSO. Each
concentration of PpIX was placed in a glass cuvette with an optical path length of 1 mm and
analysed using a UV-visible spectrophotometer (Hitachi, U-3500). The absorption intensities were

recorded between 400 and 800 nm.

2.2.3. Mass spectrometry analysis

PpIX was dissolved in DMSO to a concentration between 0.8 and 12 uM. The PpIX solutions were
further diluted to 1/100™ of the initial concentration with a solution of liquid chromatography-mass
spectrometry grade methanol (34966, Honeywell, Germany) and water (39253, Honeywell) (v/v
1:1) with 1 % acetic acid (00212-85, Nacalai Tesque, Japan). An electrospray ionisation (ESI)
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quadrupole time-of-flight mass spectrometer (Q-TOF Ultima API, micromass, UK) was used in the
positive ion mode to measure the mass spectra of each concentration. The schematic of the Q-TOF
mass spectrometer is shown in Fig.2.1. For the acquisition, the sample injection flow rate was 5
pL/min, and the mass spectra were measured every 0.34 s with an interval of 0.1 s. The signals
obtained were integrated for 3 minutes. Other measurement conditions used are summarised in

Table 2.2.

| Rotary pump (E1M18) '—

Desolvation RF ]on Quadrupole Hg)sapole
) Guide Analyzer  Collision Cell
Gas: 500 L/hr.
3.5kV 3%102Pa l 7% 102Pa Pusher MCP
os ©2 "o 000000000 u“ )1 = Detector
~ ° T ) = =
lonization RF1 RFZL L Ar =
Sample Source
lj TOF Analyzer
Backing pirani —] —
or LE =
Penning == Reflectron =
4x10*Pa

Rotary pump (E2M28) |

Figure 2.1: Schematic of electrospray ionisation (ESI) quadrupole time-of-flight
mass spectrometer (Q-TOF Ultima API, micromass, UK).

Table 2.2 Measurement conditions of Q-TOF for PplIX analyses.

Capillary [kV] 35
Radiofrequency (RF) Lens 1 [V] 100
Source Temp [°C] 80
Desolvation Temp [°C] 150

Acceleration voltage for Time of

Flight [kV] o1

Voltage applied to the Micro

22
Channel Plate (MCP) [V] 00
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2.3. Results and Discussion

2.3.1. Fluorescence analysis

The fluorescence emission spectra of 100 uM PpIX dissolved in acetonitrile, methanol, acetone,
DMF, or DMSO, under excitation in the Soret band, are shown in Fig. 2.2. The fluorescence
spectrum shape of PpIX diluted with acetonitrile, acetone, DMF, and DMSO (Fig. 2.2) conforms
with that reported in other studies [2,4—6]. The fluorescence spectrum of PpIX has a maximum peak
at around 633 nm and a shoulder at 710 nm. Amongst the solvents investigated, PpIX diluted with
DMSO had the highest fluorescence intensity. Thus, all further analyses of PpIX were performed
with dilution in DMSO.

,E
g 15000 Solvent
A Acetonitrile
Qo Methanol
o, Acetone
2100001 ——DMF
& DMSO
c
2
£
8 5000
c
(0]
(&}
n
o
g O T T T
T 550 600 650 700 750

Wavelength [nm]

Figure 2.2: Fluorescence spectra of 100 uM PpIX diluted with acetonitrile, methanol,
acetone, DMF, or DMSO, excited at a wavelength of 405 nm.

Figure 2.3 shows the fluorescence spectra of PpIX diluted in DMSO at various concentrations
between 0.001 pM and 10 mM. For concentrations up to 100 pM, an increase in concentration led
to a rise in the fluorescence intensity. A similar fluorescence intensity as 100 uM was noted for 1
mM, and an increase in the concentration to 10 mM resulted in reduced fluorescence intensity. The
ceased increase in the fluorescence intensity of PpIX above the concentration of 100 uM may be
caused by the aggregation of PpIX. Factors such as concentration, pH, and solvents used can lead
to PpIX aggregation [7-9]. With aggregation, reduced fluorescence and singlet oxygen quantum

yield can occur [10,11].
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Figure 2.3: Fluorescence spectra of different concentrations of PpIX dissolved in

DMSO, excited at 405 nm. The concentration ranged between 0.001 and 10000 pM.

At lower concentrations between 0.8 and 12 uM, a continuous rise in the fluorescence intensity
with concentration was observed (Fig 2.4 (a)). The signal intensities at the 633 nm peak for each
concentration were plotted in Fig. 2.4 (b). The obtained plot shows a nonlinear relationship between
intensity and concentration. The nonlinearity could also be attributed to the effect of aggregation,
as a similar effect has been reported [8]. Since the increase in the fluorescence intensity is not
proportional to PpIX concentration, it is hard to obtain a relationship between the two. Hence, the
fluorescence-based analysis performed in the rest of this work has been studied using its

fluorescence intensity.
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Figure 2.4: (a) Fluorescence spectra of different concentrations of PpIX dissolved in
DMSO, excited at 405 nm. (b) A plot of fluorescence intensity at 633 nm against

PpIX concentration. The concentration ranged between 0.8 and 12 uM.

2.3.2. Absorption analysis

Absorption spectra of PpIX with increasing concentration are shown in Fig. 2.5(a). The absorption
spectra show a strong Soret absorption band at 407 nm and four peaks in the Q band at 505, 541,
575, and 630 nm. The peaks observed fall within the range seen in other studies [12,13]. The
intensity of all peaks increased with increasing concentrations for the range of concentrations
investigated. The intensity at 407 nm was plotted for each concentration, and the rise in the intensity
was observed to be linear with increasing concentration (Fig. 2.5(b)). Using the Beer-Lambert
equation (4 = ¢lc; A = absorbance, ¢ = molar extinction coefficient, / = optical path length, and ¢ =
concentration), £ was obtained for all concentrations. The molar extinction coefficient is a constant
value for a particular compound. However, in the range of concentrations investigated, its value
had a margin of error of £ 51x10° M-'cm™!. Thus, there may be a slight effect of aggregation on the

absorption result.
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Figure 2.5: (a) Absorption spectra of different concentrations of PpIX dissolved in
DMSO (b) A plot of absorption intensity at 407 nm against PpIX concentration. The

concentration ranged between 0.8 and 12 uM.

2.3.3. Mass spectrometry analysis

The protonated ion peak, [M+H]*, of PpIX at m/z 563.3 and its isotope peaks were seen in the mass
spectra of various concentrations of PpX (Fig. 2.6(a)). The peak signal intensity of the monoisotopic
ion of the protonated PpIX was plotted against concentration (Fig. 2.6(b)). The MS signal intensity
rose linearly with concentration. A relationship between the signal intensity and concentration was

obtained by fitting the plot linearly as,

IMS = a+bC, (21)

where /lvs [arb. units] is the MS signal intensity of protonated PpIX at PpIX concentration C [uM],
and a and b are constants. Each sample was measured twice to consider the variation in the signal
intensity due to sample ionisation. The data used were obtained from at least 3 independent
experiments and averaged.

Accordingly, a relationship,

Iys = 13.2 + 101.2C, (2.2)

-14 -



with R? = 0.994, was acquired by fitting Fig. 2.6(b).
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Figure 2.6: (a) Mass spectra of different concentrations of PpIX solution (b) A plot
of mass signal intensity at [M+H]* against PpIX concentration. The concentration

ranged between 0.8 and 12 uM.
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2.4. Chapter conclusion

Spectral analysis of PpIX has been performed using fluorescence spectroscopy, absorption

spectroscopy, and mass spectrometry. The changes in the intensities with concentrations were

investigated, and observations were made that the fluorescence and the absorption-based analysis

of PpIX may be affected by aggregation with increasing concentration. Thus, a relationship could

not be derived in these analysis methods. On the other hand, a relationship between signal intensity

and concentration was obtained in the MS analysis. The obtained relationship was used in

determining the PpIX concentration during the photobleaching analysis.
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Chapter 3
Analysis of protoporphyrin IX
photobleaching

3.1. Introduction

Photosensitizer photobleaching is the decrease in the concentration of the photosensitizer (thus, the
absorption and emission intensity of the photosensitizer) with light irradiation [1,2]. Photobleaching
occurs due to the photo transformation of the photosensitizer when it reacts with reactive
intermediates such as singlet oxygen [3]. Monitoring of the photosensitizer photobleaching serves
as an implicit method of estimating the concentration of the photosensitizer, the ground state oxygen,
the singlet oxygen yield, and the light fluence to the target area during PDD and PDT [4-6]. In
addition, photobleaching of the photosensitizer affects the diagnostics and treatment efficacy of
PDD and PDT. The reduced concentration of the photosensitizer would result in the hindered
production of cytotoxic species, thus progressively reducing the effectiveness of PDT [7], and the
reduced PpIX fluorescence emission intensity during PDD affects the diagnosis efficacy. Based on
the above, studies focusing on the analysis of photosensitizer photobleaching during the diagnosis
and treatment process are important.

Numerous analyses of the PpIX photobleaching have been performed [3-5,8—10]. These
analyses have used fluorescence spectroscopy and other optical property measurement methods as
their primary analysis method. Unfortunately, the dependence of the PpIX fluorescence quantum
yield on its region of localisation in vitro and in vivo [3,5,10,11], the pH of the photosensitizer’s
surrounding [11,12], and the fluorescence emitted from photoproducts of the photosensitizers [13]
lead to variations in the fluorescence-based analyses of the photobleaching.

In this chapter, we have investigated and compared the PpIX photobleaching analysed using
fluorescence spectroscopy and mass spectrometry (MS). Analysis with mass spectrometry is
hypothesised to offer higher accuracy than the fluorescence analysis method in that mass
spectrometry identifies compounds based on their chemical composition. The factors affecting the
fluorescence and other optical methods do not affect the MS analysis method. The photobleaching
analyses were performed for PpIX in solution. A fixed concentration of PpIX solution was subjected
to various irradiation conditions by changing the fluence rate and the irradiation energy density for

laser wavelengths of 405 and 635 nm. The rate of reduction in the concentration or intensity of
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PpIX for each irradiation condition was investigated using both mass spectrometry and fluorescence
spectroscopy. The photobleaching with the irradiation power density and the photobleaching
coefficients were compared and discussed for both methods. It is believed that studying the
photobleaching in solution would be fundamental to understanding its mechanism in other

conditions.

3.2. Materials and methods

3.2.1. PplXrradiation for photobleaching

200 pL of PpIX diluted in DMSO to 10 uM was dropped per well into eleven wells of a clear-
bottomed black 96-well plate (353219, Falcon, USA). The bottom of each well was irradiated using
the conditions described below. The well plate temperature was maintained at 37 °C using a micro-

warm plate (KM-1, As One, Japan) during the irradiation.

Photobleaching under PDD condition

The PpIX solutions were subjected to a 405 nm blue-violet laser for energy densities between 0 and
10 J/cm?. The laser light was generated from a laser diode (VLM 500, Sumitomo Electric Industries,
Japan), delivered through a multimode fibre (M29L01, Thorlabs).

Photobleaching under PDT condition

The PpIX solutions were subjected to irradiation energy density ranging from 0 to 100 J/cm?. Each
sample was irradiated using a red laser having a wavelength of 635 nm generated from a laser diode
(HL6388MG@G, Thorlabs, USA) mounted on a temperature-controlled laser diode mount (TCLDM9,
Thorlabs) and controlled with a laser diode controller (LDC205C, Thorlabs) and temperature
controller (TED200C, Thorlabs). The current and temperature of the laser diode were set at 22.0 °C
and 340 mA, respectively. The laser light was delivered through an optical fibre (M22L02,
Thorlabs).

Three fluence rates, 10, 50, and 100 mW/cm?, were investigated for both irradiation conditions.
The laser power was measured using a power sensor (PD-300 UV, Ophir Optronics, Israel) with a
filter attached to a display (Nova II, Ophir Optronics). The irradiation power densities were set at
the bottom of the well plate using a variable neutral density filter (NDHN-50, Sigmakoki, Japan).
The light was passed through an iris diaphragm (IH-50R-N, Sigmakoki, Japan) to maintain the light

beam diameter before being cast to the bottom of the well. The laser irradiation time was controlled
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by changing the position of the well plate using a two-axis motorised linear stage (SGSP26-
150(XY), Sigmakoki, Japan) and a two-axis stage controller (SHOT-702, Sigmakoki). The

schematic for the sample laser irradiation setup is shown in Fig. 3.1.

96 well plate

/v
Aperture
«——

Microwarm plate Neutral density filter

Plano convex lens

[ ) Optical fibre

Laser Source

Figure 3.1: Sample irradiation setup.

3.2.2. Fluorescence analysis of photobleaching

The samples were maintained in the well plate, and the fluorescence emissions from the PpIX were
measured using a fluorescence microplate reader (Spectra Max Gemini EM, Molecular Devices,
USA), with the sample excitation at 405 nm, and the fluorescence emissions recorded between 550
and 750 nm. The temperature of the well plate was maintained at 37 °C during the fluorescence

measurement.

3.2.3. MS analysis of photobleaching

The irradiated PpIX solutions were further diluted to one-hundredth of their concentration with
liquid chromatography-mass spectrometry grade methanol (34966, Honeywell, Germany) and
water (39253, Honeywell) mixed at a 1:1 volume ratio and 1% acetic acid (00212-85, Nacalai
Tesque, Japan). The mass spectrometer with conditions described in Sec. 2.2.3 was used to obtain
the mass spectrum of the irradiated PpIX. The obtained mass signal intensities of PpIX were

converted to concentration using Eqn 2.2.
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3.3. Results
3.3.1. Fitting of the photobleaching curves

The photobleaching of PpIX in solution follows a first-order photobleaching kinetics [14]. Thus, all

the photobleaching curves were fitted using a single exponential with a relationship;

D
Corlg = Ae B, (3.1)

where C [uM] and [r [arb. units] are the concentration and the fluorescence intensity of PplIX,
respectively, after laser irradiation with an energy density D [J/cm?]. 8 [J/cm?] is the photobleaching
coefficient, and 4 is a constant. Work by linuma et al. reports the use of such a single exponential

relationship for fitting the PpIX photobleaching [8].

3.3.2. Fluorescence analysis of photobleaching

Since our primary aim was to observe the spectral changes of PpIX with irradiation, no form of

spectral decomposition was used in our analysis.

PpIX fluorescence spectra under PDD irradiation condition

The fluorescence spectra of PpIX irradiated with a 405 nm laser for the various fluence rates
investigated are shown in Fig. 3.2. With irradiation, a decrease in the intensity at 633 and 710 nm
was noted. The primary peak of PpIX at 633 nm was observed for the photobleaching of PpIX.
With the increase in the irradiation energy density, there was a continuous reduction in the
fluorescence intensity at 633 nm. PpIX irradiation also led to an intensity rise at 654 nm. For all
fluence rates, the 654 nm intensity rises continually up until energy density between 4 and 6 J/cm?,
after which the intensity decreases. The intensity at 654 nm observed was higher for the irradiation

fluence rate of 50 and 100 mW/cm? compared to that for the fluence rate of 10 mW/cm?.
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Figure 3.2: Fluorescence spectra of 405 nm irradiated PpIX, with increasing energy

density for the irradiation fluence rates of (a) 10, (b) 50, and (c) 100 mW/cm?. The

fluorescence spectra were obtained at 405 nm excitation. The data were obtained from

3 independent experiments and averaged.

PpIX fluorescence spectra under PDT irradiation condition

The fluorescence spectra of PpIX irradiated at 635 nm with increasing energy density are shown in
Fig. 3.3. Similar to PpIX irradiation with 405 nm, irradiation with 635 nm reduced PpIX intensities
at 633 and 710 nm. However, different from the 405 nm irradiation of PpIX, a gradual increase in
the fluorescence intensity is seen at 673 nm. This intensity continued to rise up to the maximum

energy density investigated (100 J/cm?). Higher fluorescence intensity at 673 nm was emitted with

PpIX irradiation at a lower fluence rate (compare Figs. 3.3 (a), (b), and (c)).
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Figure 3.3: Fluorescence spectra of 635 nm irradiated PpIX, with increasing energy
density for the fluence rate of (a) 10, (b) 50, and (¢) 100 mW/cm?. The fluorescence
spectra were excited at 405 nm. The data were obtained from 3 independent experiments

and averaged.

Photobleaching analysis

The intensities at the 633 nm peak of the irradiated PpIX were normalised with the intensity at 633
nm before irradiation, and the changes in the intensities with increased irradiation energy density
were plotted (Fig. 3.4). Faster photobleaching was observed for PpIX irradiation with 405 nm (Fig.
3.4 (a)) than with 635 nm (Fig. 3.4(b)). When the photobleaching with variation in the irradiation
fluence rate for the same laser wavelength was compared, there was no comparable deviation
among the three fluence rates for the 405 nm laser (Fig. 3.4 (a)). For photobleaching investigated

with a 635 nm laser, a slight deviation among the fluence rates was observed (Fig. 3.4 (b)). However,
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the differences had no statistical significance on the photobleaching rate, (2, 30) = 1.04, p >0.05.

The plots were fitted using the relationship described in Sec. 3.3.1.
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Figure 3.4: Relationships between PpIX fluorescence intensity and PD dose obtained at
wavelengths of 633 nm for the fluence rates of 10, 50, and 100 mW/cm? and irradiation
laser wavelength of (a) 405 nm, and (b) 635 nm. The error bars indicate the standard

deviation from 3 independent experiments.

3.3.3. MS-based analyses of the PS photobleaching

The changes in the mass spectra of PpIX with the increase in irradiation performed using 405 nm
and 635 nm laser are shown in Figs 3.5 and 3.6, respectively. The photobleaching of PpIX is
indicated by the decrease in the mass signal intensity of [H+M]" peak of PpIX. The rate at which
this intensity reduced varied with the fluence rate. The difference between the PpIX irradiated with

the two fluence rates was more notable in the blue-light irradiated PpIX (Fig. 3.5).
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Photobleaching analysis

Figure 3.7 shows the plot of PpIX concentration changes with increasing light irradiation. The MS
intensities of the protonated monoisotopic peak, [M+H]" of PpIX, were converted to concentration
using the relationship obtained in Sec 2.3.3. In line with the result of the fluorescence analysis, the
PpIX photobleaching rate was faster in PpIX irradiated with a 405 nm (Fig. 3.7(a)) than with a 635
nm laser (Fig. 3.7(b)) for the three fluence rates investigated. 405 nm irradiation of PpIX (Fig.
3.7(a)) shows the fastest PpIX photobleaching for the lowest fluence rate (10 mW/cm?). The PpIX
photobleaching observed in the higher fluence rates (50 and 100 mW/cm?) were comparable. On
the other hand, slower photobleaching rates were noted for the fluence rates of 10 and 50 mW/cm?

in comparison with the 100 mW/cm? in the photobleaching analysis using red light (Fig. 3.7(b)).
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Figure 3.7: Relationships between PpIX concentration and PD dose obtained using MS.
PpIX was irradiated at fluence rates of 10, 50, and 100 mW/cm? using a laser
wavelength of (a) 405 nm and (b) 635 nm. The error bars indicate the standard deviation

from 3 independent experiments.
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The PpIX photobleaching relationships obtained under PDD and PDT conditions for both

fluorescence and MS analyses are shown in Table 3.1.

Table 3.1 Photobleaching coefficient of PpIX obtained with fluorescence-based and MS-
based analyses. The values are measured at the PDD conditions using a laser with a
wavelength of 405 nm and at the PDT conditions using a laser with a wavelength of 635
nm. Irradiation power densities of 10, 50, and 100 mW/cm? were investigated for both

laser wavelengths.

B
2
Laser wavelength ~ Power density [V/em’]
[nm] [mW/cm?]
Fluorescence MS
10 11.91+£0.47 425+0.11
405 50 12.28 +0.66 7.32+£0.25
100 11.96 = 0.80 6.24 +£0.33
10 278.96 £17.11 116.34 +7.28
635 50 266.01 £ 8.82 118.29 +4.49
100 235.90 + 14.20 85.5+1.98

3.4. Discussion

Effect of wavelength on photobleaching

In both fluorescence (Fig. 3.4) and MS analyses (Fig. 3.7), the photobleaching rate of PpIX
observed under PDD conditions was faster than that in the PDT conditions. Although the irradiation
under the PDT condition was 10 times longer than that of the PDD condition, the fluorescence
intensity and concentration of PpIX after final irradiation were higher than that of PDD conditions.
Since the 405 nm wavelength used in the irradiation under PDD conditions is the highest absorption
band of PpIX while 635 nm is the lowest (Fig. 2.4) [15], considerable differences in the two

photobleaching rates observed is expected.

Effect of fluence rate on photobleaching
The result of photobleaching obtained using fluorescence analysis (Fig. 3.4) showed no notable

differences in the photobleaching rate with the three fluence rates investigated. Other
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photobleaching analyses based on fluorescence have shown a similar result in rat tumour models
and mouse skin [8,16]. The variations observed in the red light irradiated PpIX (Fig 3.4 (b)) were
statistically negligible and were within the margin of error observed by Serensen et al. [16]. Some
have seen discrepancies in their results and observed variations in the photobleaching rate with
irradiation fluence rate [9,17,18]. The reasons for the observed differences are not certain. A
possible explanation may be the availability of oxygen. The results that indicated changes in the
photobleaching rate with the fluence rate reported reduced oxygen to the target area with an
increased fluence rate. The reduced oxygen availability may affect the photobleaching rate. On the
other hand, in the studies where no notable variation in the photobleaching rate with the fluence
rate was seen, no reduction in the oxygen was observed during the analysis. Considering that our
analysis was performed with PpIX in solution, we presume that there was no limitation of oxygen
supply to PpIX. Furthermore, the fluence rate effect is less prominent at medium and high fluence
rates [9,19]. Thus, based on the fluence rates used in the PpIX irradiation, no notable differences in
the photobleaching rates with fluence rates may be detected.

The photobleaching obtained using MS differed from fluorescence (Figs. 3.7 and 3.4). The
photobleaching analysed using MS (Fig. 3.7) showed a dependence of photobleaching rate with
fluence rate. A more visible variation in PpIX concentration reduction rate is seen for the fluence
of 10 mW/cm? of blue-violet laser irradiation (Fig. 3.7(a)) and the fluence of 100 mW/cm? of red
laser irradiation (Fig. 3.7 (b)). As no other analysis of the photobleaching performed with MS has
been reported, no comparison can be made as a reference.

In the photobleaching analysed with fluorescence, there is a possible interference of the
fluorescence emitted from the photoproducts on the PpIX intensity at 633 nm. The peak at 654 nm
observed in the blue-light irradiated PpIX (Fig. 3.2) can be presumed to be photoproduct II (Pp II),
and the peak at 673 nm in the red-light irradiated PpIX (Fig. 3.3) as photoprotoporphyrin, Ppp, as
they have emission peaks reported by Dysart et al. [5]. The fluorescence emission intensity of Pp 11
with increased irradiation energy density for the fluence rate of 10 mW/cm? differed from 50 and
100 mW/cm? for 405 nm laser irradiation, and the fluence rate of 100 mW/cm? from 10 and 50
mW/cm? for 635 nm laser irradiation. The fluence rates where there was notable photoproduct
formation were those with a more visible variation in the PpIX concentration reduction.

Faster photobleaching is seen in the MS than in the fluorescence analysis. The fluorescence
intensity of PpIX may aggregate depending on the pH and the concentration. Aggregation of PpIX
decreases the fluorescence emission from a photosensitizer [20]. Again, with increasing pH, the

fluorescence quantum yield of PpIX reduces [21]. Finally, there is an overlap of the emission band
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of the photoproducts with that of PpIX. These factors may affect the actual concentration of PpIX
obtained during the fluorescence analysis of photobleaching. On the other hand, these factors do

not affect the results of the MS analysis.

The photobleaching coefficient, £

The photobleaching curves were all fitted using the best fit for a single exponential described in
Sec. 3.3.1. The fit was made in such a way that back-solving the relationship at 0 J/cm? would give
PpIX concentration of 10 pM, or fluorescence intensity between 0.92 and 1 [arbs. units]. The f
values obtained using fluorescence were greater than those of MS. Fluorescence-based
photobleaching coefficients obtained from a mathematical model of ALA-induced PpIX in vivo
under PDT conditions ranged between 1.8 and 33 J/cm? [9,22-25]. Our fluorescence-based
investigation of § under PDT conditions (Fig. 3.4(b)) is not within the range in the previous
literature. In in vivo analysis, factors such as the time between administration of the photosensitizer
to the commencement of treatment, the concentration of photosensitizer accumulated on the target
lesion, and the type of tumour that is being treated can affect the photosensitizer photobleaching
[25]. Most of these factors were absent in our investigation. Thus, this may have resulted in the

differences in our f value from those of the literature.

3.5. Chapter conclusion

Analysis performed in this chapter showed a considerable difference between the PpIX
photobleaching rates obtained from the fluorescence and MS analyses. Variations in the
photobleaching rates can occur due to numerous factors. However, given that the analysis
conditions for both fluorescence and MS analyses were the same, it is thought that a direct
comparison of the photobleaching rates obtained from the two analysis methods should pose no
issue. The photobleaching in the fluorescence analysis was independent of the fluence rate, while
variations in the photobleaching with the fluence rate were seen in the MS analysis. The difference
may be attributed to the effect of fluorescence emission from the PpIX photoproducts, which affects
the fluorescence-based analysis. It is speculated that the photobleaching rates would differ in vivo
as factors such as oxygen availability and controlling the initial concentration of the photosensitizer
come into play. Consequently, such analysis would be necessary to better understand the
photobleaching process. Nonetheless, it is important to recognise the potential importance of the

result of this study, as photobleaching is used in the dosimetry estimation of PDT and PDD.
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Chapter 4

Analysis of protoporphyrin IX

photoproducts

4.1. Introduction

When photosensitizers are exposed to light, they react with molecules, such as radicals and oxygen,
to form photoproducts [1,2]. Various studies report the formation of photoproducts with light
irradiation of PpIX in solution, in cells, and in vivo [2—10]. Most of these photoproduct analyses
have been done based on fluorescence, investigated by observing the changes in the fluorescence
spectra of PpIX after certain light irradiation. Three main photoproducts of PpIX have been
identified based on their fluorescence emission wavelength: photoprotoporphyrin (Ppp) with a peak
intensity centred around 674 nm, product II (Pp II) at 655 nm, and product III (Pp III) at around

618 nm [7]. The basis fluorescence spectra of these photoproducts fitted using singular value

decomposition are shown in Fig. 4.1.
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Figure 4.1: Basis spectra used in SVD fitting of acquired spectra. Spectra A—E have an

area under the curve between 610 nm and 750 nm, equal to one. The amplitude of F is

such that its addition to spectrum A will shift A by 1 nm [7].

-34 -



The drawback of the fluorescence method is the overlap of the fluorescence peak of the
photoproducts with that of PpIX and the effect of the environment on the fluorescence emission
intensity [8,11], making the photoproduct quantification difficult. Additionally, the chemical
structure of the photoproducts cannot be determined with the fluorescence analysis. The chemical
structure of one of the photoproducts, Ppp, has been identified by Inhoffen et al., and its formation
explained by the reduction of the double bond of PpIX by the cycloaddition of singlet oxygen to
either of the two vinyl groups [12]. However, Dysart et al. observed fluorescence emission at 674
nm, which is the emission wavelength of Ppp, when PpIX was irradiated under hypoxia [7]. The
study hypothesised that other mechanisms for the formation of Ppp exist [7]. The same study reports
Ppp fluorescence photobleaching in the presence of oxygen to generate Pp I1 [7]. Pp 111 is generated

from uroporphyrin and coproporphyrin produced as intermediates in steps of the heme synthesis.

Photoproducts for dosimetry estimation, fluorescence diagnosis, and therapy

Photoproduct formation rates depend on internal and external factors similar to that of
photobleaching [3,8]. Hence, monitoring the formation of the photosensitizer photoproducts could
be a complementary approach for the PDD and PDT dosimetry estimation. By combining the
monitoring of PpIX photobleaching and the photoproduct formation, an improved dosimetry
estimation of both the light dose and the photosensitizer concentration may be achieved.
Furthermore, these photoproducts are fluorophores and emit fluorescence when excited [8]. Some
of the PpIX photoproducts have also been reported to be a photosensitizers [1,13,14], with their
singlet oxygen quantum yields almost similar to that of PpIX [15,16]. Thus, the photoproducts may
be used for PDD and PDT. Although studies have shown the potential of PpIX photoproducts for
PDD and PDT, the rate of their formation under various treatment and diagnosis conditions has not
been studied in detail. Most studies on the PpIX photoproducts have focused on the determination
of their fluorescence emission and absorption bands and their formation mechanisms [2,8—

10,17,18].

In this chapter, we aimed to study the formation of PpIX photoproducts by irradiating PpIX in
organic solvent and analysing the photoproducts based on fluorescence, absorption, mass spectra,
and high-performance liquid chorograms. The photoproducts formed from PpIX irradiated with 635
nm (red) and 405 nm (blue) light, were investigated at high and low fluence rates and increasing
fluence. These irradiation conditions are within the ranges of lights used for PDT and PDD. Thus,

the effect of wavelength, irradiation fluence rates, and fluence on the formation of PpIX
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photoproducts was studied.

4.2. Materials and methods

4.2.1. PplX irradiation for photoproduct formation

PpIX dissolved in DMSO to a concentration of 10 uM was irradiated using the irradiation protocol
described in Sec. 3.2.1 at 635 nm or 405 nm. Photoproduct formation from PpIX solution irradiated
at fluence rates of 10 and 100 mW/cm? was investigated for each light source. The irradiation energy
densities for the 635 nm irradiation were investigated in steps of 10 J/cm? between 0 and 100 J/cm?.

For irradiation with 405 nm, PpIX was irradiated at irradiation energy densities of 0, 1, and 2 J/cm?.

4.2.2. Fluorescence analysis of photoproducts

The fluorescence measurements were performed as described in Sec. 3.2.2.

4.2.3. MS analysis of the photoproducts

The irradiated PpIX solutions were further diluted as described in Sec. 2.2.3. The mass spectrometer
described in Sec. 2.2.3 was used in the positive ion mode. The sample was injected at a flow rate of
30 puL/min, the mass spectra were measured every 0.34 s with a 0.1 s interval, and the signal
intensity of the mass spectrum integrated for 3 min was analysed. Each 3 min measurement for each

sample was performed 3 times.

4.2.4. Absorption analysis of photoproducts

The absorption spectra of PpIX irradiated with 635 nm light for 100 J/cm? and with 405 nm light
for 2 J/cm? for the irradiation fluence rates of 10 and 100 mW/cm? were investigated. The absorption

spectra were obtained using the method described in Sec. 2.2.2.

4.2.5. High-Performance Liquid Chromatography (HPLC) analysis of the photoproducts

The unirradiated PpIX (0 J/cm?) and irradiated PpIX (irradiated with a 635 nm light at 10 mW/cm?
for 100 J/cm?) were chromatographically separated using HPLC (Vanquish Flex, Thermo Scientific).
The HPLC was performed with an LC column (L-column2 ODS, 3 um, 2.1 x 50 mm, Metal-free
column) maintained at 40 °C with a gradient elution of mobile phases A (distilled water + 0.1 %

formic acid) and B (acetonitrile + 0.1 % formic acid) and a flow rate of 0.3 mL/min. The mobile
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phase ratio A:B (v/v) was started at 50:50, changed to 5:95 (2—4 min), and back to 50:50 (4—6 min).
The output of the HPLC was coupled to an Orbitrap MS (Orbitrap Exploris 240, Thermo Scientific),
and the separated samples were analysed in positive and negative ion modes. Tandem mass

spectrometry analysis was performed at a collision energies of 40, 60, 80, and 120 eV.

4.3. Results
4.3.1. Photoproduct formation under red light irradiation of PpIX

Fluorescence analysis

Figure 4.2 shows the changes in the fluorescence spectra of PpIX under red light irradiation for
power densities of 10 and 100 mW/cm? (hereafter referred to as Frioand Frioo, respectively'). The
spectra were obtained after irradiation with 0 and 100 J/cm? energy densities. The emergence of a
new fluorescence peak at around 673 nm is attributed to the formation of a photoproduct. The
fluorescence intensity of the photoproduct was more dominant in the irradiation with the low

fluence rate (Fig. 4.2(a)).
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Figure 4.2: Fluorescence spectra of PpIX before and after irradiation with a 635 nm

laser and energy density of 100 J/cm? at the irradiation fluence rates of (a) 10 mW/cm?

(Fri0) and (b) 100 mW/cm? (Frioo). The fluorescence spectra were obtained at 405 nm

excitation.

' Frio and Frioo: Fluorescence of PpIX after irradiation with a 635 nm laser at fluence rates of 10 and 100

mW/cm?, respectively.
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The formation of the new band of photoproduct at 673 nm with increased irradiation was
monitored for the two fluence rates (Fig. 4.3). The intensity at 673 nm was corrected to exclude the
fluorescence intensity of PpIX that is present at that wavelength by applying the method utilised by
Bagdonas et al. [8]. The ratio of the initial fluorescence intensity of PpIX at 673 and 633 nm
multiplied by the fluorescence intensity at 633 nm after a given irradiation was subtracted from the
fluorescence intensity at 673 nm at that given irradiation. The plot of Fig. 4.3 shows evident
differences in the rate of photoproduct formations between the two irradiation fluence rates. The
photoproduct formation plateaus at around irradiation energy density of 40 J/cm? for Frio. On the
other hand, for Fri0, no obvious fluorescence intensity decay of the photoproduct is seen within the
energy densities investigated. The intensity ratio of photoproduct (673 nm) after 100 J/cm?
irradiation between the two irradiation fluence rates (Frio/ Frioo) was 1.8. A 1.77 times increase in
the photoproduct intensity (673 nm) occurred in FR10 after 100 J/cm? irradiation (Fig. 4.2(a)), PpIX
intensity (633 nm) reduced to 51 % of its initial intensity, and the intensity of the photoproduct was

0.41+0.01 times PpIX.
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Figure 4.3: Fluorescence intensity of 635 nm irradiated PpIX, monitored at 673 nm with
increasing irradiation energy density. PpIX was irradiated at fluence rates of 10 and 100
mW/cm?. The intensities at 673 nm were corrected to exclude the PpIX fluorescence
intensities. The error bars indicate the standard deviation from at least 3 independent

experiments.
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MS analysis

The mass spectra of PpIX irradiated with a 635 nm laser with power densities of 10 and 100
mW/cm? (hereafter referred to as Mrioand Mrioo, respectively?) are shown in Fig. 4.4. For lower
fluence rate (Fig. 4.4(a)), a peak at around m/z 595.3 and its isotope components appears after
irradiation. These peaks were absent in the spectra of unirradiated PpIX. The insets of Fig. 4.4 show
a closer view of the m/z where the new peaks were observed. The detected new peaks were assumed
to be attributed to that of a photoproduct, and the changes in the signal intensity of the new peak at
m/z 595.3 with irradiation were plotted (Fig. 4.5). Similar to the result of fluorescence analysis, the
rise in the intensity of the photoproduct (m/z 595.3) with irradiation was more dominant in Mrio
than in Mgio. For the PpIX irradiation with 100 mW/cm?, the intensity at m/z 595.3 remained almost
similar to that of the background signal with increased irradiation energy density. The intensity ratio
at m/z 595.3 between the two fluence rates after 100 J/cm? was 2.8. In Mgy, the photoproduct
intensity (m/z 595.3) rose to 3.58 times its initial intensity, while PpIX photobleached to 35 % after
100 J/cm? irradiation. The intensity of the photoproduct to PpIX after 100 J/cm? was 0.40+0.01
times PpIX.

2 Mr1o and Mrioo: Mass spectra of PpIX after irradiation with a 635 nm laser at fluence rates of 10 and 100

mW/cm?, respectively.
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Figure 4.4: Mass spectra of PpIX before and after 635 nm irradiation with an energy
density of 100 J/cm? at the irradiation power densities of (a) 10 mW/cm? (Mg1o0) and (b)
100 mW/cm? (Mr100). The inset shows the mass spectra zoomed in around m/z 595.3,

where the new peaks were observed.
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Figure 4.5: Mass signal intensity with increasing irradiation energy density obtained (a)
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displayed in a dashed line.
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Absorption analysis

The absorption spectra of PpIX before and after irradiation with a red light at fluence rates of 10
and 100 mW/cm? are given in Fig. 4.6. PpIX irradiation resulted in the reduction in the intensities
of PpIX peaks in both Soret and the Q bands. The irradiated spectra also exhibited an absorption
band around 670 nm. The intensity of this band was higher for PpIX irradiation at a low fluence
rate. The difference spectra in Fig 4.6(b) were generated by subtracting the spectra of PpIX before
irradiation from the irradiated spectrum for each fluence rate. The difference spectra indicated 4
peak increases at 450 and 668 nm, caused by the formation of the photoproducts. These intensities

were notably higher for PpIX irradiated at 10 mW/cm?.
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Fig. 4.6 (a) Absorption spectra of PpIX before and after irradiation with 635 nm laser.
PpIX was irradiated for 100 J/cm? at fluence rates of 10 and 100 mW/cm?. (b)
Difference spectra of irradiated PpIX in (a). The spectrum of PpIX before irradiation

was subtracted from the spectra after irradiation.

HPLC analysis

The extracted ion chromatograms of PpIX before and after irradiation with a 635 nm light are
presented in Fig. 4.7. For the positive ion mode analysis, the m/z 563.3 and m/z 595.3 were extracted
as the [M+H]" of PpIX and Ppp, respectively. The m/z 561.3 and m/z 593.3, indicating [M-H] of

PpIX and Ppp, respectively, were extracted for the negative ion mode analysis.
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Figure 4.7: Total ion chromatogram (TIC) and extracted ion chromatogram (EIC) of
PpIX (a) before and (b) 100 J/cm? irradiation at m/z 563.265 and m/z 595.255. PpIX

was irradiated with a 635 nm light at 10 mW/cm?. NL: Normalization Level.

The chromatogram at m/z 563.3 and 561.3 (Peak P) decreased in intensity after irradiation. No
peak is visible in the extracted ion chromatogram at m/z 595.3 nor 593.3 in the unirradiated PpIX
(Fig. 4.7(a)). Irradiation of PpIX resulted in three chromatographic peaks (Peaks A, B, and C). The
chromatographic peaks indicate three possible isomers of the newly formed molecule. The mass
spectra of the observed chromatographic peaks A, B, and C are shown in Fig. 4.8. The isotopic
components of these peaks can be observed in the mass spectra obtained in both positive ion mode
(Fig. 4.8 (a)) and negative ion mode (Fig. 4.8 (b)). The tandem mass spectra at m/z 595.3 for the
three new peaks (Fig. 4.9) indicate that most fragmentation peaks of Peaks A, B, and C occurred at

similar m/z, further indicating that these three compounds have similar molecular structures.
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Figure 4.8: Mass spectra at the chromatographic Peaks A, B, and C.
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chromatographic peaks A—C. The collision energy was 60 eV.
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4.3.2. Photoproduct formation under blue light irradiation of PpIX

Fluorescence analysis

PpIX exposure to blue light also resulted in a new peak, with the peak occurring at 654 nm (Fig.
4.10). The peak intensity at 654 nm was more abundant after irradiation at a high fluence rate. This
is more evident in irradiation performed with a higher fluence (Chapter 3 Sec. 3.3.2). The intensity
increased by 1.3 and 1.7 times for irradiation at 10 and 100 mW/cm? fluence rates, respectively,
after irradiation energy density of 2 J/cm?. The photobleaching rate was similar between the two
fluence rates. Irradiation performed at 10 mW/cm? had 74.4 % of PpIX left after 2 J/cm? of
irradiation, while the irradiation at 100 mW/cm? had 73.1% PpIX left after similar irradiation

fluence.
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Figure 4.10: Fluorescence spectra of PpIX before and after irradiation with a 405 nm

laser for 1 and 2 J/cm? for the fluence rates of (a) 10 and (b) 100 mW/em'’

MS analysis

The mass spectra of the blue-light irradiated PpIX are shown in Fig. 4.11. A noticeable difference
in the photobleaching of the [M+H]" peak of PpIX between the two fluence rates is observed (Figs.
11(a) and 11(b)). The intensity at m/z 563.3 was reduced to 74% and 34% after 1 J/cm? irradiation
for 10 and 100 mW/cm?, respectively. No evident new peak, which may indicate the formation of

a photoproduct, was detected in the mass spectra of PpIX after irradiation with the blue light.
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Figure 4.11: Mass spectra of PpIX before and after 405 nm irradiation with an energy
density of 1 J/cm? at the irradiation power densities of (a) 10 mW/cm? (Mg10) and (b)
100 mW/cm? (Mg100).
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Absorption analysis

In the absorption spectra of PpIX before and after irradiation with blue light (Fig. 4.12), a broad
absorption peak emerges between 650 and 700 nm after irradiation. Additionally, the broadening of
the peaks of PpIX occurs after irradiation. The difference spectra (Fig. 4.12(b)) display peak
increases after PpIX irradiation. These intensities were higher in PpIX irradiation with a higher

fluence rate (100 mW/cm?).
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Figure 4.12: (a)Absorption spectra of PpIX before and after irradiation with 405 nm
laser. PpIX was irradiated for 2 J/cm? at fluence rates of 10 and 100 mW/cm2. (b)
Difference spectra of irradiated PpIX in (a). The spectrum of PpIX before irradiation

was subtracted from the spectra after irradiation.

4.4, Discussion

Based on the emission wavelength, the peak at 673 nm observed after the red light irradiated PpIX
in the fluorescence analysis (Fig. 4.2) is that of chlorin-type hydroxyaldehyde photoproduct,
photoprotoporphyrin (Ppp) [1,8]. The absorption peak at 668 nm, which appeared after red-light
irradiation of PpIX (Fig. 4.6), also belongs to Ppp [19-21]. A study has shown a high fluorescence
intensity of Ppp at 675 nm when excited at 450 nm [8], indicating that Ppp has an absorption peak
around 450 nm. Thus, the absorption peak at 450 nm observed in the difference spectra (Fig. 4.6(b))
may be that of Ppp. It is presumed that the new MS peak at m/z 595.3, which rose with increased

red-light irradiation of PpIX, may also be attributed to the same photoproduct (Fig. 4.4). The
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LC/MS/MS spectrum of this peak (Fig. 4.9) has a similar fragmentation pattern as that of PpIX [22].
Thus, the new peak should be a product of PpIX, having a chemical structure similar to that of PpIX.
The findings by Cox et al. [16] claim that the hydroxyaldehyde photoproducts are formed by the
cycloaddition of singlet oxygen to one of the two vinyl rings of PpIX. Accordingly, the protonated
monoisotopic peak [M+H]" of Ppp should be detected around m/z 595.3. As an additional reference,
a red-light irradiation of PpIX dimethyl ester under analysis conditions similar to that of PpIX was
investigated. The result showed the formation of a new peak that can be explained by the
photooxidation of PpIX dimethyl ester by singlet oxygen (data not shown). Inhoffen et al. [12]
analysed irradiated PpIX dimethyl ester, which has been chromatographically separated and
analysed using MS. Their result also corroborates the formation of Ppp by PpIX photooxidation.
These further corroborate that the new MS peak at m/z 595.3 (Fig. 4.4) is attributed to Ppp.

Based on the extracted ion chromatogram at m/z 595.3 (Fig. 4.7), Ppp should have at least 3
isomers. As indicated by previous studies [12], two isomers are formed by the oxygenation of either
of the diene ring substituted with the vinyl group (Fig. 4.13). An endoperoxide is formed after 1-4
cycloaddition of singlet oxygen to the diene (1—2), which then rearranges to form the
hydroxyaldehyde photoproducts (2—3). If a higher concentration of Ppp is analysed, a further split
of the chromatographic peak may occur, changing Peak C (Fig. 4.7) into a doublet. The oxygenation

of the vinyl-substituted pyrrolidine ring in place of the diene ring could form a third and a fourth

isomer.
PpIX Photoprotoporphyrin
034H34N4O4 C34H34N4Oe
Average molecular weight: 562.658 Average molecular weight: 594.657
Monoisotopic mass: 562.258 Monoisotopic mass: 594.248
\ OHC _— A OH
CHO
/ HO _
Photooxidation
—_—
HO,C CO2H HO,C CO,H HO,C COxH
(M ) )

Figure 4.13: Structures of the hydroxyaldehyde photoproducts and their reaction scheme.
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The fluorescence peak at 654 nm observed in the blue-light irradiation of PpIX (Fig. 4.10) is
Ppll, as reported by Dysart et al., and has been reported to be formed primarily from Ppp [7]. In
line with that, Ppp should be present at the onset of the formation of Pp II. Unfortunately, in the
fluorescence spectra where the peak of Pp II was observed, no fluorescence peak of Ppp was noted
(Fig. 4.10). In the work by Dysart et al. [7], where both Ppp and Pp II fluorescence peaks were
observed simultaneously, a detailed spectral decomposition was performed. Since both
photoproducts’ fluorescence peaks overlap with that of PpIX, a spectral decomposition may be
needed for their detections in cases where their fluorescence intensities are small. Additionally,
using a suitable wavelength to selectively excite each photoproduct may lead to their fluorescence
detection from the same sample [8]. Based on some studies, selective irradiation of Ppp using 670
nm would yield peaks of Pp II around 650 nm, which can be detected by 450 or 543 nm excitations
[8,19]. However, in such an analysis performed by Theodossiou et al. [19], after an 80 % reduction
of Ppp, the fluorescence intensity of the photobleached Ppp had higher fluorescence intensity than
that of Pp II. Thus, simultaneously observing the Ppp and Pp II fluorescence peaks with both
emitting significant fluorescence intensities may be difficult. On the other hand, in the investigation
performed by Cox et al., no new absorption band was noted in the visible region after the irradiation
of Ppp formed from irradiated protoporphyrin IX dimethyl ester [6]. They hypothesised that if any
photoproducts were formed from the irradiation of Ppp, they might be quickly degraded. From the
fluorescence spectra of Fig. 4.10, the formation of Pp II in blue-light irradiation of PpIX was
observed. Hence, if Pp Il is a product of Ppp, it is expected that Ppp should be detected in the blue-
light irradiated PpIX. As indicated earlier, the fluorescence peak of Ppp was not visible in the blue-
light irradiated PpIX. The Ppp peak was also absent in the mass spectra of 405 nm irradiated PpIX
for both fluence rates (Figs. 4.11). Thus, it may be speculated that Pp II is predominantly formed
directly from PplX, and they are the formyl porphyrin photoproducts. Formyl photoproducts have
the main absorption band between 640 and 650 nm [23]. Our absorption analysis of blue-light
irradiated PpIX indicated a dominant absorption at 650 nm occurring after PpIX irradiation. The
formyl-type photoproducts are also formed by the reaction of PpIX with oxygen, with the oxygen
binding to the vinyl ring (Fig. 4.14). The singlet oxygen is added directly to either or both of the
vinyl-substituted diene or the pyrrolidine ring without affecting the double bond (1—2). This forms
a dioxetane, which cleavages to form the formyl photoproduct [6,24].

The chemical structures of these formyl photoproducts indicate that the molecular weight is
564.63 g/mol for the two isomers having oxygenation of either of the vinyl rings and 566.60 g/mol

for the oxygenation of both vinyl rings [6,24]. Hence, the protonated monoisotopic peak of these
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photoproducts is expected at m/z 565.63 and 567.60, respectively. These peaks were not apparent
in the mass spectra of irradiated PpIX (Figs. 4.4 and 4.11). Detecting these peaks may be
challenging without a chromatographic separation, as they considerably overlap with the isotope
peaks of PpIX. Additionally, the formation rate of the hydroxy aldehyde photoproducts is larger
than that of the formyl-type photoproduct, with a ratio of 10:1 [15]. In the results of our fluorescence
analyses (Figs. 4.2 and 4.10), the fluorescence intensity of Ppp is clearly higher than that of Pp II.
Yet, the fluorescence intensity of Ppp is considerably low compared to the fluorescence intensity of
the photobleached PplIX, with maximum Ppp intensity being half of the photobleached PpIX. Since
the intensity of Ppp detected in the mass spectra (Fig 4.4) is low, detecting that of Pp II, which may
have MS intensities 1/10™ less than that of Ppp, as well as overlapping m/z as that of PpIX, may
hinder their detection. Investigations of higher blue-light irradiation of PpIX to increase Pp II
formation may be helpful. Furthermore, changing the PpIX solvent may aid in the detection of Pp
11, as the dominance of the formyl-type photoproducts over the hydroxyaldehyde photoproducts in

micelles and liposomes has been reported [6].

Formyl photoproducts

PpIX
Cy4HaN,O, Ca3H3N4O5 Ca2H30N4Os
Average molecular weight: 562.658 Average molecular weight: 564.631 Average molecular weight: 566.603
Monoisotopic mass: 562.258 Monoisotopic mass: 564.237 Monoisotopic mass: 566.217
#/ S :g:/ % #
HO,C COzH HO,C COzH HO2C Co HO,C COzH

C33HBZN405
Average molecular weight: 564.631
Monoisotopic mass: 564.237

Figure 4.14: Structures of formyl-type photoproducts and their reaction scheme.
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Photoproduct formation with irradiation wavelength and fluence rate

Results obtained in this chapter, as well as Chapter 3, indicate that the irradiation laser wavelength
and the fluence rate influence both Ppp and Pp II formation. Based on the fluorescence results, Ppp
is predominant in the red-light irradiated PpIX, while Pp II is the main photoproduct formed in the
blue-light irradiation of PpIX. In fluorescence, absorption and MS analyses, a higher formation of
Ppp was noted for lower fluence rate irradiation of PpIX (Figs. 4.3, 4.5 and 4.6). In contrast, Pp 11
formation was more favourable in PpIX irradiation at a higher fluence rate (Fig. 4.10 and 4.12.
Additionally, Chapter 3, Fig. 3.2). Oxygen availability plays a role in the photoproducts formation,
as the photoproducts result from the reaction of PpIX with singlet oxygen [7,10]. Since our analyses
were performed in solution, we presume there was no shortage of oxygen to the PpIX. However,
the singlet oxygen quantum yield can differ with the irradiation fluence rate. At high fluence rates,
direct destruction of PpIX can occur, resulting in lower singlet oxygen production needed for
photoproduct formation [25]. Furthermore, there may be a variation in the reaction rates of the PpIX
and oxygen with the fluence rate.

Comparing the Ppp formation rate observed in the fluorescence and the MS analysis for lower
fluence rate (Figs. 4.3 and 4.5), although the Ppp formation rates were slightly faster in the MS
analysis, the intensity ratio of Ppp to PpIX after 100 J/cm?, was comparable. For PpIX irradiation
with a 635 nm laser set at 10 mW/cm?, 1 J/cm? led toa 1.27 = 0.30 and 1.14 + 0.14 times rise in the

fluorescence intensity and MS signal intensity of Ppp, respectively.

Application of PpIX photoproducts in PDD and PDT

Ppp may potentially be applied for PDD and PDT [1,13,14,26]. The results of this study show that
a lower fluence rate favours the formation of Ppp. Lower fluence rates are preferable in PDT, as it
offers higher tumour destruction due to incomplete vascular shutdown [27]. With higher Ppp
formation at low fluence rates, Ppp may be potentially used as a photosensitizer in PDT. Ppp is less
prone to photobleaching than PpIX in some conditions [16,28]. Hence, additional fluorescence
diagnosis time during PDD could be achieved if Ppp formed during PDD is used in addition to
PpIX.

In cases where higher fluence rates are desired [29-32], employing Pp II may be beneficial for
fluorescence diagnosis involving fluorescence photoswitching. A similar diagnostics method using
Ppp has been investigated [26]. Furthermore, the formyl photoproducts have a singlet oxygen
quantum yield comparable to PpIX [6]. Thus, the formyl photoproducts could be instrumental to
PDT if explored.
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4.5. Chapter conclusion

In this chapter, we have employed fluorescence, absorption, mass spectrometry and HPLC-MS to
analyse the PpIX photoproducts. The investigation showed that the predominant photoproduct
changed with the wavelength of light (405 or 635 nm) used in the PpIX irradiation. The 635 nm
irradiation of PpIX predominantly produced the hydroxyaldehyde photoproduct,
photoprotoporphyrin, while the 405 nm irradiation of PpIX primarily had the product II, which is
potentially the formyl photoproduct. We speculate that both of these photoproducts are directly
formed from PpIX. In addition, the rates at which these photoproducts were formed were affected
by the fluence rate.

The application of photoproducts for PDD and PDT has been previously explored. Similar to
the photobleaching rate, it is speculated that the photoproduct formations may differ in vivo. If
further utilisation is intended, a more detailed investigation of the photoproduct formation under
various conditions needs to be studied. However, analysis of their formation in organic solvent, as

was done in this study, would be instrumental in future analyses.
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Chapter 5
Photoproducts of PpIX for PDD of
deeply located tumours

5.1. Introduction

Factors such as the photobleaching of the photosensitizer and the wavelength used in the
photosensitizer excitation can affect the diagnostic efficacy of PDD. PpIX has multiple absorption
bands [1,2], allowing for PpIX excitation at various wavelengths during fluorescence diagnosis.
However, owing to light attenuation caused by absorption and scattering in tissue, the penetration
depths of the excitation light within the tissue vary [1,3]. Thus, the diagnostic depth is affected by
the excitation wavelength and the tissue’s optical properties. Increased tissue penetration and
reduced excitation light scattering can be achieved with longer wavelengths [1,2]. Increased
penetration depth for PpIX excitation with red light during fluorescence detection has been
ascertained [1,4]. Unfortunately, tumour detection with red light excitation might be challenging in
clinical application, as PpIX emits reddish fluorescence, which overlaps with the red excitation
wavelength. Studies by Ihara et al. [2] and Takishima et al. [5] investigated various wavelengths for
PpIX excitation to obtain maximum fluorescence intensity at different depths of gastric and bladder
tissue. Their results showed that using 505 nm light for excitation could extend the fluorescence
diagnostics depth without overlaps with the PpIX fluorescence emission. However, these studies
that aimed to improve the diagnostics depth did not consider the effect of photosensitizer
photobleaching. The PpIX photobleaching that occurs during PDD limits the fluorescence
observation time [6,7]. Again, the effect of the photobleaching may be notably large since the
fluorescence emission from the photosensitizer is already low when used to detect deeply located
tumours.

Concomitant with the PpIX photobleaching, its photoproducts are formed. One of the
photoproducts formed from PpIX irradiation photoprotoporphyrin (Ppp) is a fluorophore [8].
Similar to PpIX, Ppp can be excited at various wavelengths. Additionally, Ppp can be less
susceptible to photodegradation than PpIX [9-11]. Hence, there is a prospect of using fluorescence
emitted from Ppp for fluorescence diagnosis of tumours. The study conducted in this chapter
explores the use of fluorescence emission from both PpIX and Ppp to increase the fluorescence

observation intensity and prolong the fluorescence observation time for deeply located tumours.
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Changing the excitation light to an appropriate wavelength at an appropriate time would result in
fluorescence photoswitching, with photoproducts yielding fluorescence intensity higher than that
of PpIX at the time. It is intended that this would improve the diagnostic efficacy by increasing the
fluorescence detection intensity and time.

In this chapter, first, the suitable wavelength for the excitation of Ppp was investigated. Then,
the fluorescence photoswitching between PpIX and its photoproduct was investigated when
irradiated and excited with green light and Ppp-excitation-suitable blue light at time intervals. The
fluorescence intensity of PpIX and the photoproduct formed after PpIX photobleaching caused by
green light excitation were studied in solution. Ex vivo analyses were carried out to determine the
fluorescence detection of PpIX and its photoproduct within the gastric mucosa layer under similar
excitations. Analyses were also performed in vivo to verify the results observed in solution and ex

Vivo.

5.5.1. Concept of fluorescence photoswitching

The concept of fluorescence photoswitching (Fig. 5.1) can be described in the following steps;

i. PDD for deeply located tumours is performed by exciting the photosensitizer with green
light.

ii. The excitation of the photosensitizer for fluorescence detection leads to the photosensitizer
photobleaching and the formation of the photosensitizer photoproducts.

iii. With time, a notable amount of PpIX is photobleached, and there is an accumulation of the
photoproducts formed.

iv. At this time, the wavelength of the excitation light is changed to excite the accumulated
photoproducts.

v. The fluorescence emitted from the photoproducts would yield fluorescence intensity higher
than that of the photobleached photosensitizer.

Thus, the tumour detection efficacy is improved with the increased fluorescence emission

intensity, resulting in a longer detection time.
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Figure 5.1: Concept of fluorescence photoswitching.

5.2. Materials and methods

5.2.1. Photoproducts detection with excitation wavelength

200 puL of 10 uM PpIX diluted with DMSO was irradiated with the setup described in Sec. 3.2.1.
The sample was irradiated at 635 nm using the light source used in the PDT irradiation condition.
The irradiation was performed at a fluence rate of 10 mW/cm? for 20 J/cm?. Fluorescence emission
from the sample was investigated as described in Sec. 3.2.2. It was reported that a high relative
fluorescence intensity of Ppp was observed for excitation with 450 nm [9]. Thus, the fluorescence
emission for the irradiated PplX, excited at 450 nm, as well as that at 405, 514 and 532 nm, were

also measured.

5.2.2. Solution analysis

60 pL of 10 uM PpIX diluted with DMSO was placed per well in a 96-well plate. The sample in
each well was irradiated using the setup described in Sec. 3.2.1. The light source for the irradiation
was changed to a green light-emitting diode (LED) with a nominal wavelength of 505 nm and a
bandwidth (full width at half maximum (FWHM)) of 30 nm (M505L3, Thorlabs). The wells were
irradiated with an increasing energy density between 0 and 50 J/cm? at fluence rates of 20 and 50
mW/cm?. In addition to the variable neutral density filter (NDHN-50, Sigmakoki, Japan), the
irradiation powers were set using a tuneable LED driver (LEDD1B, Thorlabs). The LED light was
irradiated through a collimation adapter (COP1-A, Thorlabs). The fluorescence emissions from the
irradiated PpIX solution were measured using the fluorescence microplate reader described in Sec.

2.2.1, with the excitation wavelengths at 450 and 505 nm.
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5.2.3. Fluorescence imaging setup

The fluorescence emission images for the ex vivo and the in vivo analyses were carried out using

the setup of Fig. 5.2.

CMOQOS Camera

Sample

Figure 5.2: Optical setup for fluorescence imaging.

The fluorescence images were obtained by exciting the sample with 455 nm and 505 nm LEDs.
The 505 nm LED was similar to that used in Sec. 5.2.2. The 455 nm LED has a nominal wavelength
of 455 nm and bandwidth (FWHM) of 18 nm (M455L3, Thorlabs). The LEDs were irradiated
through a lens, L, (ACL2520U-DG15-A, Thorlabs), and bandpass filters F, and F; with FWHM of
25 nm. F, (86-654, Edmund Optics) was placed in the 505 nm LED to give a centre wavelength of
500 nm, while F; (86-653, Edmund Optics) was used for the 455 nm LED to give a centre
wavelength of 450 nm.

The fluorescence emission images from the samples were taken using a CMOS monochrome
camera (Chameleon 3, CM3-U3-31S4M, FLIR; with a camera lens L; = 16 mm, F/1.4, NMV-
16M1, Navitar). The camera was fitted with a 600 nm long-pass filter, F; (FELH0600, Thorlabs),
to cut off the excitation light. The surface for placing the sample was placed 26 mm from the long
pass filter, Fi. The LEDs were angled 55° from the camera and placed approximately equal distances

from the sample plate and the camera. The exposure time for obtaining the fluorescence images was
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adjusted between 180 and 5000 ps to suit the ex vivo or the in vivo analysis.

5.2.4. Pellet preparation

PpIX was diluted to 1 mM with DMSO and further diluted to 10 uM with clear epoxy resin (87136,
Tamiya, Japan). The solution was heated for about 1 minute in an 80 °C water bath to deaerate the
mixture, poured into a Petri dish, and left to harden for more than 48 hours. PpIX pellets with a
diameter of 3 mm and a thickness of 1 mm were cut out from the hardened epoxy resin sheet. A

blank pellet was prepared with only DMSO, and were used as the background.

5.2.5. Exvivo analysis

Porcine stomach obtained from IVTeC Co., Ltd., Tokyo, Japan, was rinsed in saline to remove
mucus, wrapped in aluminium foil, sealed, and frozen at —25°C until use.

The porcine mucosa was sliced at an arbitrary depth using a cryotome (CM1850, Leica,
Germany), and the PpIX pellet of Sec. 5.2.4 was placed between the sliced layer.

The fluorescence observation of the pellet within the mucosa was performed with the setup
described in Sec 5.2.3 using the 505 nm LED at a power density of 2 mW/cm?. Fluorescence images
of the pellets were taken at intervals between 0 and 10 J/cm? of irradiation for excitations at 455
and 505 nm. Fluorescence images for both excitations were obtained using similar parameters.

The depth of mucosa at which the PpIX pellet was placed for the analysis was determined by
sectioning the porcine mucosa used in the analysis to a thickness of 60 pm with the cryotome and

analysing the section with a slide scanner (NanoZoomer 2.0 RS, Hamamatsu Photonics, Japan).

5.2.6. In vivo analysis

Seven-week-old female BALB/c nu/nu mouse was housed in plastic cages with stainless steel grid
tops in an air-conditioned room with a 12 h light-dark cycle maintained at room temperature and
provided with water and food in the institute for animal experiments of Kochi Medical School.

Human prostate cancer cell line (PC-3), obtained from Isaiah J. Fidler of the M. D. Anderson
Cancer Center, Department of Cell Biology, University of Texas (Houston, TX, USA) were kept in
Dulbecco’s modified Eagle medium (D-MEM: 12100-046, GIBCO) containing 10 % fetal bovine
serum (Hyclone, SH30910.03, Cytiva, Japan) and stored under 5 % CO»at 37 °C.

The PC-3 cells (2 x 10°) suspended in 100 uL of the D-MEM solution were subcutaneously

injected into the mouse’s dorsal region. After two weeks, a solution of aminolevulinic acid
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hydrochloride (ALA HCI; Al-05-1, Neopharma, Japan) was intraperitoneally injected into the
tumour-bearing mouse at a dose of 600 mg/kg. The PDD was performed 2 h after ALA HCI
administration.

As was observed by other studies, high fluorescence emission from the skin of the mouse
interfered with the fluorescence emission from the lesion [8,12]. For clear observation of the
fluorescence emitted from the lesion, the skin of the mouse surrounding the lesion was cut open to
expose the lesion, and 505 nm PDD was performed using the setup of Sec. 5.2.3. The fluorescence
images of the lesion, excited at 455 and 505 nm were taken at intervals of 2.4 J/cm? for a total
energy density of 9.6 J/cm? during the PDD. The mouse’s skin was put back in place after 9.6 J/cm?,
and the fluorescence emission from the lesion was observed again for both excitations. The fluence
rate of the LEDs used for the PDD and fluorescence imaging was approximately 4 mW/cm?.

The position and size of the lesion were determined by analysing the section of the lesion by
hematoxylin and eosin staining and measuring with a slide scanner.

All procedures were reviewed by the animal experiment and welfare committee of Kochi

Medical School and were performed in compliance with the institutional guidelines and regulations.

5.3. Results

5.3.1. Photoproducts detection with excitation wavelength

Figure 5.3 shows the fluorescence spectra of PpIX after 635 nm irradiation obtained at various
excitation wavelengths. The fluorescence intensities were normalised with the intensity of
unirradiated PpIX at 633 nm for each excitation wavelength. Irradiation resulted in the formation
of the Ppp peak at 673 nm. The intensities of the Ppp obtained at sample excitations of 405, 514,
and 532 nm were comparable. Excitation at 450 nm yielded the highest Ppp intensity within the
investigated excitation wavelengths. The Ppp intensity at 450 nm excitation was 4.45+0.26 times
higher than the intensities obtained at 405, 514, and 532 nm excitations. Thus, to obtain a high

fluorescence emission from Ppp, excitation with 450 nm is advantageous.
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Figure 5.3: Fluorescence spectra of 635 nm irradiated PpIX at a fluence rate of 10
mW/cm? for 20 J/cm?. The fluorescence spectra were obtained for excitations at 405,

450, 514, and 532 nm.

5.3.2. Fluorescence spectroscopic analysis

The fluorescence spectra of the PpIX solution of Sec. 5.2.2, before and after 50 J/cm? irradiation
energy density, are shown in Fig. 5.4. Comparing the fluorescence intensity of the unirradiated PpIX,
excitation with 505 nm yields higher fluorescence intensity than excitation with 450 nm. For the
unirradiated PpIX (Fig. 5.4(a)), the highest fluorescence emission is noted at the 633 nm peak of
the 505 nm excited PpIX. After irradiation, there was the photodegradation of the 633 nm peak and
the appearance of a peak around 673 nm. The new peak indicates the formation of a photoproduct.
After irradiation, the highest fluorescence intensity changes to the peak at 673 nm, excited at 450
nm (Fig. 5.4(b and ¢)). A more notable intensity at 673 nm is seen for irradiation performed at the

fluence rate of 20 mW/cm? (Fig. 3(b)) than for irradiation performed at 50 mW/cm? (Fig. 3(c)).
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Figure 5.4: Fluorescence spectra of PpIX (a) before, and (b) after irradiation with a 505

nm light at fluence rate of 20 mW/cmz, and (c) after irradiation with a 505 nm light at

2 . . .
fluence rate of 50 mW/cm™. The fluorescence spectra were obtained at excitation

wavelengths of 450 nm and 505 nm. The error bars represent standard deviations for 3

independent experiments.

The fluorescence intensities at 633 nm (PpIX) and 673 nm (photoproduct) with increased

irradiation were plotted in Fig. 5.5. The intensities at 633 nm were obtained at 505 nm excitation,

and the intensities at 673 nm were obtained at 450 nm excitation. These intensities were termed /g

and /s, respectively. For the two fluence rates investigated, the pattern of decay of the PpIX

fluorescence intensity was similar. On the other hand, the rate of increase of the photoproduct was
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faster for the 20 mW/cm? fluence rate. After the irradiation energy density of 28.5 and 37 J/cm? for
20 and 50 mW/cm?, respectively, /s became higher than that of /g This indicates the occurrence of
fluorescence photoswitching. /g continued to rise for the energy density investigated for both

fluence rates.
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Figure 5.5: Fluorescence intensity of 505 nm irradiated PpIX, monitored at peak

intensities of 633 and 673 nm for irradiation fluence rates of (a) 20, and (b) 50 mW/em’.
PpIX was excited at 505 nm (/g) and 450 nm (/). The error bars represent standard

deviations from 3 independent experiments. The point at which I and I crosses

indicates the point of fluorescence photoswitching.

5.3.3. Fluorescence imaging ex vivo

Figure 5.6 (a) displays the fluorescence images obtained from the ex vivo analysis of Sec. 5.2.5.
Increase in the intensity of the pellets excited at 455 nm (/) after irradiation can be seen. For easier
analysis of the fluorescence intensities of the pellets after each irradiation energy density, the
fluorescence intensities of the pellets were plotted for each excitation (Fig. 5.6 (b)). For the plotted
intensities, the tissue fluorescence at excitation of 455 or 505 nm was subtracted accordingly from

that of the pellet as the background fluorescence.

-65 -



Tissue 0 J/cm? 2 Jlem? 5 Jlecm? 10 J/ecm?

(a)
7}
'C 50
5 Io After
o) ¥ g
S 40
S, . 505 nm
P
a— *
B 30 x X
E, U Exc.
*
= 20
o
2 %
8 101 455 nm
3
§ 0 T T T T T T m
2 o 2 4 6 8 10
Energy density [J/cm?]
(b) (c)

Figure 5.6: (a) Fluorescence images of the PpIX pellet within porcine mucosa with
increasing irradiation. (b) A plot of fluorescence intensity of the PpIX pellet within the
porcine mucosa vs irradiation energy density. (¢) Fluorescence images of the pellet,
outside the mucosa, before and after irradiation. The pellets were irradiated at 505 nm,

while the fluorescence emissions were obtained at excitations of 455 and 505 nm.

The fluorescence emitted from the pellet at 0 J/cm? indicates that the intensity, /s, was higher
than /g by 1.07 after the background fluorescence was subtracted. Based on the plot of Fig. 5.6 (b),
an increase in /g and a decrease in I was seen after 0.5 J/cm? of irradiation. /s increased to a
maximum of 2.8 times its initial fluorescence intensity (after 8 J/cm?), while I photobleached to
0.74 times its initial fluorescence intensity. A spectroscopic analysis of the pellets before and after
irradiation was performed using the fluorescence microplate reader of Sec. 2.2.1. The spectra

indicate the appearance of 673 nm. Therefore, it can be presumed that the increase in the
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fluorescence intensity with pellet irradiation is caused by the photoproduct, Ppp. Figure 5.6 (¢)
shows the fluorescence images of the pellets outside of the mucosa, taken before (0 J/cm?) and after
(10 J/cm?) irradiation with 505 nm LED. Just as observed in the fluorescence images of the tissue
within the mucosa, the fluorescence emission from the 455 nm excited pellet prior to irradiation (0
J/cm?) is higher than that of 505 nm. A decrease in the fluorescence intensity of the PpIX pellet after
irradiation is seen when the pellet is excited at 505 nm. On the contrary, we observed an evident
increase in the intensity of the irradiated pellet when excited with 455 nm, with an increase leading
to a saturated fluorescence image.

Figure 5.7 displays one of the section views of the mucosa used in the ex vivo analysis. The
depth at which the mucosa was placed was determined by averaging the measured depths at 20
different points. The mucosa depth at which the fluorophore was placed for this analysis was

calculated to be 1.28 + 0.27 mm from the surface.
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Figure 5.7: A section view of the mucosa which was used in the ex vivo analysis. The depth

at which the mucosa was placed was calculated by averaging the measured depths.

5.3.4. Fluorescence imagqging in vivo

The fluorescence emission images of the ALA-administered lesion of Sec. 5.2.6 are shown in Fig.
5.8. The fluorescence emission from the normal tissue surrounding the lesion was subtracted from
that of the lesion, and the intensities were normalized using the fluorescence emission before
irradiation (0 J/cm?) for each excitation wavelength. The images have been displayed in a colour

map for easier visualisation of the changes in the fluorescence intensity.
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Figure 5.8: Fluorescence emission images of ALA-HCl-administered PC-3 tumour-
bearing mouse with increasing irradiation. Irradiation was performed with a 505 nm

LED. The fluorescence images were obtained at intervals for excitation wavelength of

505 nm (/) and 455 nm ().

The fluorescence emission from the lesion for 455 nm excitation (/g) before irradiation (0 J/cm?)
was slightly higher than in 505 nm excitation (/). In both the fluorescence image of the lesion, /s
and /g, an increase in the fluorescence intensity of the lesion with increased irradiation energy
density is observed. The intensities continue to rise until 4.8 J/cm?, after which the fluorescence
intensity decreases. The continual production of PpIX from the administered ALA-HCL [13] can
possibly contribute to the increase in the fluorescence intensity seen in the lesion. Nonetheless, the
increase in the fluorescence intensity of the lesion observed is likely caused by the photoproduct
formations, as the fluorescence increase should be observed in the same region of the lesion for
both blue-light (/) and green-light (/) excitations if the increased fluorescence intensity was due
to continual formation of PpIX.

The white light image and unprocessed fluorescence images of the lesion before and after
irradiation are shown in Fig. 5.9. The images were obtained at excitations of 505 nm (/g) and 455
nm (Ig). The images after irradiation (9.6 J/cm?) were taken after the mouse skin was sewn back
into place. No notable rise in the /s fluorescence image was detected in Fig. 5.9 due to the
photobleaching of both PpIX and Ppp. The colour map images of Fig. 5.8 indicate that at final
irradiation (9.6 J/cm?), the photobleaching of both PpIX and Ppp had already commenced.
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Nonetheless, we can see that the fluorescence intensity of /g reduced after irradiation, while that of

Is was almost comparable.

White-light

9.6 Jlcm?2*

*Skin sewn back in plaée |
Figure 5.9: Images of the ALA-HCI administered lesion before and after irradiation with
a 505 nm LED for 9.6 J/cm?. The images were obtained with white light, 505 nm, and 455
nm excitation wavelengths. The skin of the mouse was sewn back in place before acquiring

the images after irradiation.

Figure 5.10 shows the section view of the lesion used in the in vivo analysis. The lesion has
been H and E stained. The dimensions of the lesion are shown in the figure. The lesion is located

167.6 uM from the surface.
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Figure 5.10: A section view of the lesion used in the in vivo analysis. The lesion has

been H&E stained for easier observation of the tumour size.
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5.4. Discussion

The observation of Fig. 5.3 indicates that photoproducts can be excited at multiple wavelengths.
Similar to the previous study, a considerable Ppp emission intensity relative to PpIX was observed
for excitation at 450 nm [9]. Excitation at this wavelength is advantageous, as excitation with 450
nm offers less tissue scattering and deeper penetration than 405 nm. The absorption peak of PpIX
at 505 nm is higher than that at 450 nm, as indicated in Sec. 2.3.2 and other studies [2]. Thus, it is
expected that the intensity of unirradiated PpIX excited at 505 nm would be higher than that
obtained with excitation at 450 nm (Fig. 5.4 (a)). Photobleaching was observed in all forms of PpIX
used for the investigation in this study. It is difficult to compare the photobleaching across the
different forms of PpIX due to the environmental effect on the photophysical property of PpIX [14].
There was no variation in the photobleaching between the fluence rates of 20 and 50 mW/cm? for
both excitation wavelengths. This is consistent with other studies [15,16]. A detailed analysis of
PpIX photobleaching in solution has been performed in Chapter 3.

The fluorescence emission obtained using the optical setup of Fig. 5.2 involves the
simultaneous excitation of the PpIX and the photoproduct. Both PpIX and Ppp have nonnegligible
absorption at both 450 and 505 nm. Thus, accurate analysis of the PpIX photobleaching cannot be
performed using the fluorescence images (Figs. 5.6 and 5.8). Additionally, the 455 and 505 nm
excitation light sources of the optical setup (Fig. 5.2) have a 25 nm excitation bandwidth (FWHM).
This resulted in the extended excitation of PpIX by £25 nm, causing the slightly higher fluorescence
intensity of /g than /g before irradiation in the ex vivo and in vivo analyses (Figs. 5.6 and 5.8). Since
the fluorescence comparison is relative to the initial fluorescence intensity of PpIX (before
irradiation) for each excitation, the extended excitation of PpIX in both /g and /s should be no issue
in the result interpretation.

The photoproduct peak at 673 nm indicates that the photoproduct obtained here is Ppp [9,10].
The Ppp peak is detected for both 450 and 505 nm excitation wavelengths. Similar to the analysis
performed with 635 nm irradiation of PpIX in the previous chapter (Fig. 4.2), a higher formation
rate of Ppp with a lower fluence rate is seen for 505 nm irradiation of PpIX (Fig. 5.4 (b) and (c)). A
more intense photoproduct absorption from irradiated haematoporphyrin at low irradiation has been
reported by others [17]. The reduced formation of Ppp at a high fluence rate may be explained by
the difference in the singlet oxygen quantum yield with the irradiation fluence rate [18] and possibly
the variation in the reaction rates between PpIX and oxygen at various fluence rates.

The results of the photobleaching and photoproducts are in line with previous studies. This

highlights that the methods of analysis applied in this study can be verified.
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Based on our experimental results, the extension of fluorescence observation time for deeply
located tumours may be possible by using fluorescence emission from PpIX followed by Ppp.
Increased fluorescence emission intensity, nearing that of PpIX, may be achieved with fluorescence
photoswitching. Table 5.1 summarises the photoswitching time, the maximum fluorescence
emission obtained after photoswitching, and the time taken to attain it, as well as the relative
fluorescence intensity of PpIX obtained with excitation using blue light (/) to that with green light
excitation (/g). In the present analysis, fluorescence intensities were obtained after discrete
irradiation time. Aside from the solution analysis, the fluorescence photoswitching occurred at the
first analysis point. Thus, the fluorescence photoswitching time could be less in the ex vivo and in

vivo analyses.

Table 5.1 Summary of the results of the fluorescence photoswitching analysis. /g and I¢
indicate fluorescence intensity obtained at blue-light (450 or 455 nm) and green-light (505 nm)

excitation, respectively.

In solution

Ex vivo In vivo
(20 mW/cm?)
Fluorescence photoswitching time [s] 1500 500 600
I/l at fluorescence photoswitching [-] 1.08 2.25 1.47
I Max time [s] 2500 8000 1200
Ig/Ig at maximum [-] 2.1 3.92 1.65
I Max/IG initial [ -] 0.94 3.00 0.89

The observed time for the photoswitching of PpIX in solution is much longer than the ex vivo
and the in vivo photoswitching time. The variation in the photoswitching time may be explained by
the initial amount of PpIX. The quantity of PpIX used in the solution analysis is at least twice that
used in the ex vivo analysis. Quantifying the amount of PpIX used in the in vivo experiment is
difficult, as the conversion rate of ALA to PpIX varies. In the solution analysis, no photobleaching
of Is was noted within the investigated irradiation time (Fig 5.5). Thus, an additional increase in /s
with further irradiation may occur, leading to longer fluorescence observation time with blue-light

excitation.
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In the solution and the ex vivo analysis, the fluence rate is the main factor affecting the
fluorescence photoswitching. However, in the /n vivo analysis, other factors, such as the
concentration of ALA converted to PpIX, the distribution of PpIX within the tumour, and oxygen
availability at the lesion, affect the fluorescence photoswitching. Thus, considerable differences in
the fluorescence photoswitching time and the intensity of /s are expected with in vivo analysis. Thus,
optimisation of the irradiation condition and the switching of the excitation light is necessary during
actual PDD.

For ALA-PDD of deeply located tumours, the 505 nm excitation is preferred over red light
excitation [2]. Using 505 nm could extend the diagnostics depth for lesions in the mucosa to a depth
of 1.1 mm or more. Although 505 nm is suitable for detecting deep intramucosal tumours at the
initial state, a reduction in the fluorescence emission from PpIX during fluorescence detection
caused by PpIX photobleaching is expected. The ex vivo analysis was performed at a depth of about
1.28 mm, which is in the range of depth suitable for the green light PDD. The ex vivo investigation
in this study was performed using a porcine gastric mucosa similar to that used by Ihara et al. [2].
The light penetration depth of the human gastric mucosa is similar to that of porcine gastric mucosa
[2,19]. Thus, we can presume that the clinical applications of PDD of deeply located tumours
discussed by Ihara et al. apply to this study.

The results of the present study show that the use of 505 nm followed by 450 nm excitation has
merits for the ALA-PDD of deeply located lesions. The technique can be employed in detecting
undifferentiated adenocarcinoma in mucosal tissues with absorption and scattering coefficients
similar to the gastric mucosa. Again, fluorescence photoswitching may be employed using other
photosensitizers that produce fluorescent photoproducts to improve PDD diagnostics efficacy. The
formation of photoproducts from other porphyrin photosensitizers has been observed [17,20,21]
and may be worth exploring.

The Ppp formation is dependent on the concentration of PpIX and oxygen [9,14,22], as well as
the fluence rate of the irradiation light. Additionally, the excitation wavelength affects the
fluorescence emission intensity of Ppp [9,23]. Unfortunately, it is difficult to control the
photosensitizer and the oxygen concentrations in vivo. Based on the location of the tumour, the
oxygen supply may be limited, PpIX generation from ALA is not fixed, ALA continually forms
PpIX, and PpIX can relocalize during PDD [13]. Based on the above, optimisation of the irradiation
conditions for the fluorescence photoswitching is primarily based on the light source. We have noted
that in solution, Ppp formation is higher for lower fluence rates. This may not be the case in in vivo

analysis. Thus, investigation towards that is necessary. It is also crucial to note that Ppp
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photobleaches and their photobleaching rate may depend on the fluence rate.

We speculate that the increase in the fluorescence intensity with irradiation of PpIX in vivo is
caused by the formation of Ppp. The result indicated the potential of fluorescence photoswitching.
However, the lesion was approximately 167.6 pm from the surface and was exposed to the
irradiation light directly during the fluorescence observation. Thus, to verify fluorescence
photoswitching in a deeply located tumour, it is necessary to perform analysis for lesions located

deeper.

5.5. Chapter conclusion

This chapter studied the concept of fluorescence photoswitching of PpIX in an organic solvent, ex
vivo and in vivo. Fluorescence photoswitching was observed in all of the investigations. By
simultaneously exciting PpIX and Ppp, we attained a fluorescence intensity increase ranging
between 1.6 and 3.9 times that of exciting PpIX alone. Owing to the variation in the formation of
photoproducts with the fluence rate and other factors, the photoswitching time differed with the
investigation. Nonetheless, the result of this study suggests that with appropriate irradiation
conditions, fluorescence photoswitching could be potentially used to prolong the fluorescence
observation time of deeply located tumours. It is presumed that photosensitizers other than PpIX
may be used in fluorescence photoswitching, provided they generate photoproducts that emit

fluorescence.
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Conclusion

This study aimed to improve the diagnostics and treatment efficacies of PDD and PDT by studying
photosensitizer photobleaching and photoproduct formation, two important phenomena that are
used for PDD and PDT dosimetry estimation. These were analysed for the photosensitizer, PpIX,
using fluorescence spectroscopy and mass spectrometry. The potential use of the PpIX
photoproducts to complement PpIX for PDD of deeply located tumours has also been investigated.

In the introduction, the importance of studying photosensitizer photobleaching and its
photoproduct for improved PDD and PDT was highlighted. The results of Chapter 2 showed that a
linear relationship exists between PpIX concentration and MS signal intensity, while that is not the
case between the fluorescence intensity and PpIX concentration. At high concentrations, there is
the aggregation of PpIX, which affects its fluorescence emission intensity. The result indicates the
preference of MS over fluorescence for the analysis of photobleaching and photoproducts.

Chapters 3 and 4 analysed and compared the photobleaching and the photoproduct formation
rates using MS and fluorescence. Differences in the photobleaching rates obtained using the two
analysis methods were found. There was a dependency of the MS-based photobleaching rate on the
fluence rate, while the fluorescence-based photobleaching rate did not show this dependency. The
effect of wavelength and fluence rates on the type and amount of photoproduct was also noted.
Irradiation of PpIX with 635 nm light typically used in PDT favoured the formation of Ppp,
especially at lower fluence rates. In 405 nm irradiation of PpIX, we saw the higher formation of
PplI at higher fluence rates. These photoproducts are speculated to be formed directly from PpIX
reacting with oxygen.

Investigation of fluorescence photoswitching for the fluorescence diagnosis of deeply located
tumours, performed in solution, ex vivo and in vivo, was performed in Chapter 5. With the excitation
of PpIX and Ppp at the same time, after notable PpIX photobleaching and photoproduct formation
during the initial PDD, a fluorescence intensity increase between 1.6 and 3.9 times that of exciting
PpIX alone was achieved. A maximum fluorescence emission of 94 % initial PpIX intensity was
obtained with the excitation of the photoproduct. Thus, with optimised conditions, fluorescence
photoswitching may prolong the fluorescence observation time and increase the fluorescence
intensity during fluorescence detection of deeply located tumours. Additionally, this technique is
not limited to PpIX and its photoproducts. The utilisation of other photosensitizers may be explored,

provided they form photoproducts that emit fluorescence upon irradiation.
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The overall results of this study have a potentially considerable effect on the diagnostics and
treatment efficacies of PDD and PDT and can be exploited for improved PDD and PDT.
Additionally, this work sets an antecedent for exploring the use of photoproducts for the dosimetry

estimation as well as diagnosis and treatment.
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