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Abstract
Photodynamic diagnosis and therapy (PDD and PDT) are emerging techniques for diagnosing and treating tumors and malig-
nant diseases. Photoproducts of protoporphyrin IX (PpIX) used in PDD and PDT may be used in the diagnosis and treatment, 
making a detailed analysis of the photoproduct formation under various treatment and diagnosis conditions important.
Spectroscopic and mass spectrometric analysis of photoproduct formation from PpIX dissolved in dimethyl sulfoxide were 
performed under commonly used irradiation conditions for PDD and PDT, i.e., wavelengths of 405 and 635 nm and fluence 
rates of 10 and 100 mW/cm2. Irradiation resulted in the formation of hydroxyaldehyde photoproduct (photoprotoporphyrin; 
Ppp) and formyl photoproduct (product II; Pp II) existing in different quantities with the irradiation wavelength and fluence 
rate. Ppp was dominant under 635 nm irradiation of PpIX, with a fluorescence peak at 673 nm and a protonated monoisotopic 
peak at m/z 595.3. PpIX irradiation with 405 nm yielded more Pp II, with a fluorescence peak at 654 nm. A higher photo-
product formation was observed at a low fluence rate for irradiation with 635 nm, while irradiation with 405 nm indicated 
a higher photoproduct formation at a higher fluence rate.
The photoproduct formation with the irradiation conditions can be exploited for dosimetry estimation and may be used as an 
additional photosensitizer to improve the diagnostics and treatment efficacies of PDD and PDT. Differences in environmental 
conditions of the present study from that of a biological environment may result in a variation in the photoproduct formation 
rate and may limit their clinical utilization in PDD and PDT. Thus, further investigation of photoproduct formation rates in 
more complex biological environments, including in vivo, is necessary. However, the results obtained in this study will serve 
as a basis for understanding reaction processes in such biological environments.
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1  Introduction

Protoporphyrin IX (PpIX), a photosensitizer generated 
from its precursor 5-aminolevulinic acid (ALA), is com-
monly used in photodynamic diagnosis (PDD) and therapy 
(PDT) of tumors and non-malignant diseases [1, 2]. PDD 
and PDT have high precision and are minimally invasive 
methods of diagnosis and treatment owing to the photosen-
sitizer’s ability to accumulate on cancer cells selectively [3, 
4]. Appropriate dose estimation is necessary for improved 
diagnosis and treatment. However, the direct monitoring of 
the dosimetry factors, such as the photosensitizer and oxy-
gen concentration, as well as the light fluence to the target 
area during diagnosis and treatment, can be complex [5]. As 
an alternative approach, the photosensitizer photobleaching 
rate can be used as an implicit method of dosimetry, as pho-
tobleaching depends on the factors necessary for dosimetry 
estimation [5–7].

Photoproducts are formed concomitantly with pho-
tobleaching when photosensitizers are exposed to light dur-
ing PDD and PDT. The formation of the PpIX photoproducts 
has been observed in organic solvents [8–10], cells [2, 5, 6], 
and in vivo [11, 12]. These photoproducts are formed by the 
reaction of PpIX with radicals and singlet oxygen when irra-
diated [13, 14]. Hence, the rate of photoproduct formation 
could be a complementary approach for monitoring the pho-
tosensitizer and oxygen concentration during PDD and PDT 
[2, 15]. Some PpIX photoproducts are fluorescent and have 
photosensitizing effects [2, 14, 16–20]. They can potentially 
be employed as photosensitizers and may enhance diagnos-
tic and treatment efficacy. Investigating the photoproduct 
formation rate under various treatment and diagnosis con-
ditions would help in their application in PDD and PDT. 
Some studies have investigated their formation mechanisms 
and determined their fluorescence emission and absorption 
bands [2, 5, 6, 11–13]. Unfortunately, a detailed rate of their 
formation is lacking.

The photochemical reaction resulting in the formation of 
PpIX photoproducts can vary in solution and in vivo, and 
their formation may differ based on the environment [2, 8]. 
Photoproduct formation is affected by factors such as light, 
oxygen, pH, the concentration of the photosensitizer, and the 
area of intracellular localization of the photosensitizer [2]. 
In order to perform a detailed analysis of the photoproduct 
formation and understand the photochemical reaction lead-
ing to photoproduct formation, analysis has to be conducted 
in a controlled environment. However, manipulating these 

factors in vivo is difficult [5]. Further, influence on the reac-
tion mechanism and rate may occur due to the presence of 
different biomolecules, some of which are oxidizable [8]. To 
understand the photochemical reaction leading to photoprod-
uct formation in a complex biological system, it is necessary 
to first understand their formation in a simple environment.

In the present work, an analysis of the formation of pho-
toproducts under exposure to lights at the wavelengths of 
405 nm (used in PDD) and 635 nm (used in PDT) has been 
performed for PpIX in an organic solvent. Dimethyl sulfox-
ide (DMSO) was employed as the solvent to avoid aggre-
gation due to the highly hydrophobic nature of PpIX [21]. 
Spectroscopic and mass spectrometric analyses of photo-
product formation under two irradiation wavelengths at two 
irradiation fluence rates were investigated, and the effect of 
fluence rate on the photoproducts was studied. The analysis 
performed in this work serves as a fundamental study of the 
formation of the PpIX photoproducts, as understanding the 
formation of photoproducts under various irradiation condi-
tions for PDD and PDT would be useful in dosimetry esti-
mation and may be exploited for improved PDD and PDT.

2 � Materials and methods

2.1 � Sample irradiation

Protoporphyrin IX (P8293, Sigma-Aldrich, USA) was dis-
solved in dimethyl sulfoxide (D4540, Sigma-Aldrich) to 
give a concentration of 10 µM. The PpIX was irradiated to 
generate the photoproducts using the irradiation setup at the 
wavelength of 635 nm or 405 nm described in our previous 
work [22]. For each irradiation wavelength, the photoprod-
uct formation was investigated at irradiation fluence rates 
of 10 and 100 mW/cm2. Fluences between 0 and 100 J/cm2 
were used for PpIX irradiation at the wavelength of 635 nm, 
while 0, 0.6, 1, and 2 J/cm2 were used for irradiation at the 
wavelength of 405 nm. To determine the emergence of pho-
toproducts with PpIX irradiation, the absorption spectra, 
fluorescence spectra, and mass spectra of PpIX before and 
after irradiation were measured. All analyses, including the 
sample preparation, were performed in the dark to avoid 
unexpected photochemical changes in the samples.
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2.2 � Absorption analysis

The absorbances were measured for PpIX irradiated with a 
wavelength of 635 nm and fluence of 100 J/cm2, and wave-
length of 405 nm and fluence of 2 J/cm2. The samples were 
placed in a quartz cell (F15-UV-10, AS ONE, Japan) having 
an optical path length of 10 mm, and the absorption spectra 
for a wavelength range of 400–800 nm were acquired using 
an ultraviolet–visible spectrophotometer (U-3500, Hitachi, 
Japan).

2.3 � Fluorescence analysis

The fluorescence emissions from the irradiated PpIX were 
measured for a wavelength range of 550–750 nm using a 
fluorescence microplate reader (Spectra Max Gemini EM, 
Molecular Devices, USA) at an excitation wavelength of 
405 nm. The obtained fluorescence spectra were corrected 
for the decreased absorption at the excitation wavelength by 
normalizing the spectra with the absorbance at 405 nm for 
each irradiation condition.

2.4 � Mass spectrometric analysis

The irradiated samples were further diluted 100-fold with 
liquid chromatography–mass spectrometry (LC–MS) grade 
methanol (34,966, Honeywell, Germany) and water (39,253, 
Honeywell) (v/v 1:1) with 1% acetic acid (00212–85, Nacalai 
Tesque, Japan), to reduce the concentration of DMSO. The 
mass spectra were obtained with an electrospray ionization 
quadrupole time-of-flight mass spectrometer (Q-TOF Ultima 
API, micromass, UK) in the positive ion mode. The sam-
ple was injected at a flow rate of 30 µL/min, and the mass 
spectra were measured every 0.34 s with a 0.1 s interval and 
integrated for 3 min.

2.5 � High‑performance LC (HPLC) analysis

The unirradiated PpIX and irradiated PpIX for 100 J/cm2 
at the wavelength of 635 nm and fluence rate of 10 mW/
cm2 were chromatographically separated using HPLC (Van-
quish Flex, Thermo Scientific). The HPLC was performed 
with an LC column (L-column2 ODS, 3 µm, 2.1 × 50 mm, 
Metal-free column, Thermo Scientific) maintained at 40 °C 
with a gradient elution of mobile phases A (distilled water 
with 0.1% formic acid) and B (acetonitrile with 0.1% formic 
acid) and a flow rate of 0.3 mL/min. The mobile 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 mass spectrometer (Orbitrap Exploris 
240, Thermo Scientific), and the separated samples were 
analyzed in the MS mode and the MS/MS mode at collision 
energies of 40 and 60 eV.

3 � Results and discussion

3.1 � Absorption analysis of photoproducts

3.1.1 � Irradiation at 635 nm

The absorption spectra of PpIX before and after irradia-
tion at the wavelength of 635 nm and fluence rates of 10 
and 100 mW/cm2 are given in Fig. 1a. Prior to irradiation, 
the absorbance of PpIX at 405 nm was 1.36, while that at 
635 nm was 0.02. PpIX irradiation resulted in a decrease in 
the intensities as well as the broadening of the PpIX peaks in 
both the Soret and the Q bands. After 100 J/cm2 irradiation, 
the absorbance at 405 nm decreased to 0.73 and 0.85, while 
the absorbance at 635 nm decreased to 0.013 and 0.016 for 
fluence rates at 10 and 100 mW/cm2, respectively. The irra-
diated spectra also exhibited a new absorption band in the 
wavelength range of 650–670 nm, with a distinct peak at the 
wavelength of 668 nm. The difference spectra in Fig. 1b were 

Fig. 1   a Absorption spectra of 
PpIX before and after irra-
diation for 100 J/cm2 at the 
wavelength of 635 nm and flu-
ence rates of 10 and 100 mW/
cm2. The absorption spectrum 
of DMSO was subtracted from 
that of PpIX. The emergence of 
a new band at the wavelength 
of 668 nm was noted after 
irradiation. b Difference spectra 
of the absorption spectra in a. 
The spectrum of PpIX before 
irradiation was subtracted from 
the spectra after irradiation to 
obtain the difference spectra
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generated by subtracting the spectra of PpIX before irradia-
tion from the irradiated spectrum for each fluence rate. The 
difference spectra showed an increase in absorbance at the 
wavelengths of 448, 560, 615, and 668 nm, indicating the 
formation of photoproducts. The new absorption band at the 
wavelength of 668 nm (Fig. 1a) is that of the chlorin-type 
hydroxyaldehyde photoproduct, photoprotoporphyrin (Ppp) 
[18, 23, 24]. A study has shown a high fluorescence inten-
sity of Ppp when excited at the wavelength of 450 nm [2], 
indicating that Ppp has one of its absorption bands around 
450 nm. Thus, it can be presumed that the absorption peak 
at the wavelength of 448 nm also belongs to Ppp. The dif-
ference spectra (Fig. 1b) show that Ppp formation is favored 
at lower irradiation fluence, as the intensities of Ppp at the 
wavelengths of 448 and 668 nm were notably higher for 
irradiation at 10 mW/cm2 than at 100 mW/cm2. The smaller 
absorption bands detected in the difference spectra indicate 
the formation of the formyl photoproducts. The absorption 
bands of the formyl photoproducts of PpIX dimethyl ester 

considerably overlap in the wavelength of 430–650 nm with 
the peaks seen in the present difference spectra [25].

3.1.2 � Irradiation at 405 nm

The absorption spectra of PpIX after irradiation at the 
wavelength of 405 nm for 2 J/cm2 showed a decrease in the 
absorbance at 405 nm to 1.24 and 1.28 and a decrease in the 
absorbance at 635 nm to 0.022 and 0.031 for fluence rates at 
10 and 100 mW/cm2, respectively (Fig. 2a). The absorption 
spectra of irradiated PpIX indicate the formation of photo-
products by the emergence of a broad absorption peak in 
the wavelength range of 650–700 nm and the widening of 
the PpIX peaks. A similar increase in the absorption inten-
sity after PpIX irradiation with the wavelength of 635 nm 
was observed in the difference spectra after irradiation at 
the wavelength of 405 nm (Fig. 2b). Thus, it is presumed 
that both Ppp and the formyl photoproducts are generated 
after PpIX irradiation at the wavelength of 405 nm. A higher 

Fig. 2   a Absorption spec-
tra of PpIX before and after 
irradiation for 2 J/cm2 at the 
wavelength of 405 nm and flu-
ence rates of 10 and 100 mW/
cm2. The absorption spectrum 
of DMSO was subtracted from 
that of PpIX. A wide absorp-
tion band in the wavelength 
of 650–700 nm emerges after 
irradiation. b Difference spectra 
of the absorption spectra in a. 
The spectrum of PpIX before 
irradiation was subtracted from 
the spectra after irradiation to 
obtain the difference spectra (b)(a)
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Fig. 3   a Fluorescence spectra of PpIX before and after irradiation 
with a wavelength of 635 nm for 100 J/cm2 at fluence rates of 10 and 
100 mW/cm2. The fluorescence were detected at an excitation wave-
length of 405 nm. The fluorescence spectrum of DMSO at the same 

excitation wavelength was subtracted from the PpIX spectra. b Fluo-
rescence spectra of a corrected for decreased absorbance. The emer-
gence of a new peak at 673 nm was noted in the fluorescence spectra 
after irradiation
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absorbance of photoproducts was observed for PpIX irradia-
tion at 100 mW/cm2 than at 10 mW/cm2 for PpIX irradiation 
at the wavelength of 405 nm. The highest absorption peak of 
the difference spectra occurred at the wavelength of 650 nm, 
which indicates that the dominant photoproduct is the formyl 
photoproduct [9, 26].

3.2 � Fluorescence analysis of photoproducts

3.2.1 � Irradiation at 635 nm

The changes in the fluorescence spectra of PpIX before 
and after irradiation at the wavelength of 635 nm and flu-
ence rates of 10 and 100 mW/cm2 are shown in Fig. 3a. 
The photobleaching of the PpIX peaks at 633 and 700 nm 
occurred after irradiation. The PpIX photobleaching did not 
vary considerably between the two fluence rates, as no nota-
ble difference between the fluorescence intensities of PpIX 
after irradiation (100 J/cm2) between the two fluence rates 
was seen. After PpIX irradiation, a new fluorescence band 
appeared at 673 nm. The fluorescence spectra corrected for 
the decreased absorbance (Fig. 3b) indicate the clear forma-
tion of this band. Based on the emission wavelength, the 
peak at 673 nm is attributed to Ppp [2, 14]. For the PpIX 
irradiation at the fluence rate of 10 mW/cm2, the intensity of 
Ppp was higher compared with irradiation at 100 mW/cm2.

The formation of Ppp with increasing PpIX irradiation 
was evaluated by monitoring the fluorescence intensity of 
the peak at the wavelength of 673 nm for irradiation between 
0 and 100 J/cm2 (Fig. 4). The fluorescence intensity at the 
wavelength of 673 nm was corrected to exclude the intensity 
of PpIX by using a correction factor employed elsewhere [2]. 

The correction factor was obtained by dividing the fluores-
cence intensity at the wavelength of 673 nm before irradia-
tion (I0

673) with the fluorescence intensity at the wavelength 
of 633 nm before irradiation (I0

633) and multiplying the ratio 
by the intensity at the wavelength of 633 nm after irradia-
tion (I'

633). The correction factor was then subtracted from 
the fluorescence intensity at the wavelength of 673 nm after 
irradiation (I'

673):

An increase in the intensity of Ppp was observed with 
increased fluence (Fig. 4). The plot indicates a difference 
in the rate of Ppp formation with the fluence rate. A higher 
intensity of Ppp was seen in PpIX irradiated at a lower flu-
ence rate. For irradiation at 10 mW/cm2, no decrease in the 
formation of Ppp was seen up to the maximum fluence inves-
tigated (100 J/cm2), and a further increase in the intensity of 
Ppp can be expected with further irradiation of PpIX at 10 
mW/cm2. On the other hand, Ppp formation began to slow 
down at approximately 40 J/cm2 for irradiation at 100 mW/
cm2. The intensity of Ppp was 1.8 times higher for irradia-
tion fluence rate at 10 mW/cm2 than at 100 mW/cm2 after 
100 J/cm2.

3.2.2 � Irradiation at 405 nm

PpIX irradiation with the wavelength of 405 nm also led to a 
similar photobleaching rate of the two PpIX peaks between 
the two fluence rates (Fig. 5a). Irradiation performed at a 
10 mW/cm2 had 74.4% of PpIX left after 2 J/cm2, and the 
irradiation at 100 mW/cm2 had 73.1% PpIX left after similar 
irradiation fluence. The fluorescence spectra of PpIX after 
irradiation at the wavelength of 405 nm showed a new peak 
at the wavelength of 654 nm. This peak was also present in 
the fluorescence spectra corrected for the decreased absorb-
ance (Fig. 5b). A higher fluorescence intensity of this peak 
was observed for PpIX irradiation at the fluence rate of 100 
mW/cm2 than at 10 mW/cm2 (1.2 times intensity at 654 nm 
for PpIX irradiation at 100 mW/cm2 than at 10 mW/cm2 
after 2 J/cm2). The peak at the wavelength of 654 nm is 
attributed to a photoproduct of PpIX and has been named 
product II (Pp II) by some authors [5]. Comparing the results 
with those of absorption analysis (Fig. 2), it may be sur-
mised that this photoproduct is the formyl porphyrin photo-
product, as a similar trend as that observed in the absorption 
analysis was seen in the fluorescence analysis.

It has been reported that Pp II is primarily a product of 
Ppp [5]. Thus, the peak of Ppp can be expected in the fluo-
rescence spectra where the peak of Pp II was detected. In 
the fluorescence spectra of the irradiated PpIX at the wave-
length of 405 nm, although the fluorescence peak of Pp II 
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Fig. 4   Fluorescence intensity of PpIX with increasing fluence irra-
diated at the wavelength of 635 nm and fluence rates of 10 and 100 
mW/cm2. The fluorescence intensity at 673 nm was monitored at an 
excitation wavelength of 405 nm. The intensities at 673 nm were cor-
rected to exclude the PpIX fluorescence intensities. The error bars 
indicate the standard deviation from at least 3 independent experi-
ments
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is present, the peak of Ppp is absent (Fig. 5). In the work by 
Dysart et al. [5], the fluorescence peaks of both Ppp and Pp 
II could be observed in the fluorescence spectrum of irradi-
ated PpIX after a detailed spectra decomposition. Consider-
ing that the fluorescence peaks of the photoproducts notably 
overlap with that of PpIX, a similar spectral decomposition 
as the previous work may be required to detect Ppp and Pp II 
simultaneously in Fig. 5. If each photoproduct is selectively 
excited, the fluorescence peak may be detected individu-
ally from the same irradiated PpIX [2, 18]. Based on some 
studies, selective irradiation of Ppp at 670 nm would yield 
a fluorescence peak around 650 nm (Pp II) when excited at 
the wavelength of 450 or 543 nm [2, 18]. Others saw a con-
trasting result on Pp II formation from Ppp in the analysis 
of the photobleaching of Ppp obtained from PpIX dimethyl 
ester [17], as no new absorption band in the visible region 
was detected in the irradiated Ppp. It was proposed that if 
any photoproducts were formed from the irradiation of Ppp, 
they may be quickly degraded.

3.3 � Mass spectrometric analysis of photoproducts

3.3.1 � Irradiation at 635 nm

The mass spectra of the irradiated PpIX at the wavelength 
of 635 nm (Fig. 6) showed a decrease in the signal inten-
sity of the protonated monoisotopic peak of PpIX at m/z 
563.3 due to the photobleaching of PpIX. Further, irradiation 
resulted in the emergence of a peak at m/z 595.3. The insets 
of Fig. 6 show a closer view of the m/z where the new peaks 
were observed. The new peak at m/z 595.3 was presumed to 
belong to a PpIX photoproduct, with the isotope components 
at m/z 596.3 and m/z 597.3. For PpIX in solution, oxida-
tion is the main pathway for forming the photoproducts, and 

the hydroxyaldehyde photoproduct is formed by the addition 
of singlet oxygen to either of the PpIX vinyl groups [27, 
28]. In line with this, the MS peak at m/z 595.3 observed in 
irradiated PpIX at the wavelength of 635 nm (Fig. 6) is the 
protonated monoisotopic peak of Ppp. Irradiation of PpIX 
dimethyl ester at the wavelength of 635 nm under similar 
conditions as PpIX also showed new MS peaks, which can 
be explained by the photooxidation of the PpIX dimethyl 
ester (Fig. S1). Inhoffen et al. [28] analyzed chromatographi-
cally separated Ppp formed by the action of light on PpIX 
dimethyl ester using MS, corroborating that the formation 
of Ppp is based on the photooxidation of the photosensitizer.

The changes in the signal intensity of the Ppp at m/z 595.3 
with increased fluence were plotted (Fig. 7). The MS signal 
intensities were directly compared under the assumption 
that the signal intensity at m/z 595.3 is contributed only by 
Ppp. Similar to the result of fluorescence analysis, the rise in 
the intensity of Ppp with irradiation was more dominant for 
PpIX irradiation at 10 mW/cm2 than at 100 mW/cm2. The 
intensity of Ppp after PpIX irradiation for 100 J/cm2 was 2.8 
times higher for irradiation performed at a fluence rate of 10 
mW/cm2 than at 100 mW/cm2.

3.3.2 � PpIX irradiation at 405 nm

The mass spectra of PpIX irradiated at the wavelength of 
405 nm showed a noticeable difference in the photobleach-
ing of the protonated monoisotopic peak of PpIX (m/z 
563.3) between the two fluence rates (Fig. 8). After 1 J/cm2 
of irradiation at 10 and 100 mW/cm2, the intensity of PpIX 
decreased to 74% and 34%, respectively. This is contrary to 
what was observed in the fluorescence analysis, where the 
PpIX photodegration did not differ significantly with the 
fluence rate. The peak of Ppp at m/z 595.3 was absent, and 
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Fig. 5   a Fluorescence spectra of PpIX before and after irradiation 
with a wavelength of 405 nm for 2  J/cm2 at fluence rates of 10 and 
100 mW/cm2. The fluorescence were detected at an excitation wave-
length of 405 nm. The fluorescence spectrum of DMSO at the same 

excitation wavelength was subtracted from the PpIX spectra. b Fluo-
rescence spectra of a corrected for decreased absorbance. The emer-
gence of a new peak at the wavelength of 654 nm was noted in the 
fluorescence spectra after irradiation
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no evident new peak was detected in the mass spectra of 
PpIX after irradiation at the wavelength of 405 nm (Fig. 8).

The formyl photoproducts have a monoisotopic molecular 
mass of 564.24 or 566.22 Da [8, 17], and accordingly, the 
protonated monoisotopic ion of these photoproducts would 
be detected at m/z 565.24 and 567.22. Although the absorp-
tion spectra of irradiated PpIX (Figs. 1 and 2) suggest the 
formation of the formyl photoproducts, their peaks were not 
apparent in the mass spectra of the irradiated PpIX (Figs. 6 
and 8). The formation rate of the formyl photoproduct is 10 
times less than that of Ppp [29], and the MS peaks of the 
formyl photoproducts overlap with the protonated isotopic 
peaks of PpIX, possibly hindering their detection. A higher 
PpIX irradiation, which can increase the formation of the 
formyl photoproduct, may help in their detection. Addition-
ally, in micelles and liposomes, the dominance of the formyl 
photoproducts over the hydroxyaldehyde photoproducts has 
been reported [17]. Thus, investigations of their formation 
rates in such solvents may be useful.

Fig. 6   Normalized mass 
spectra of PpIX before and after 
irradiation for 100 J/cm2 at 
the wavelength of 635 nm and 
fluence rates of a 10 and b 100 
mW/cm2. The insets show the 
mass spectra zoomed in around 
m/z 595.3, where the new peaks 
were observed
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Fig. 7   MS intensity of the protonated monoisotopic peak of Ppp at 
m/z 595.3 with increased fluence for PpIX irradiation at the wave-
length of 635  nm and fluence rates of 10 and 100 mW/cm2. The 
error bars indicate the standard deviation from at least 3 independent 
experiments. The average intensity of the solvent for the m/z analyzed 
is displayed in a dashed line to indicate the background level

Fig. 8   Normalized mass spectra 
of PpIX before and after irradia-
tion for 0.6 and 1 J/cm2 at the 
wavelength of 405 nm and 
fluence rates of a 10 and b 100 
mW/cm2
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3.4 � HPLC analysis of photoproducts

Figure 9 shows the extracted ion chromatograms (EIC) 
of PpIX before and after irradiation at the wavelength of 
635 nm for m/z 563.3 (protonated monoisotopic ion of PpIX) 
and for m/z 595.3 (protonated monoisotopic ion of Ppp). 
The photobleaching of PpIX after irradiation is indicated by 
the decreased intensity of the EIC for m/z 563.3 (Fig. 9b). 
PpIX irradiation also resulted in the formation of three chro-
matographic peaks (Peaks A, B, and C) for m/z 595.3. The 
chromatogram peaks suggest the existence of at least three 
isomers of Ppp. A similar chromatographic separation also 
occurred in PpIX dimethyl ester irradiated at the wavelength 
of 635 nm (Fig. S2).

The mass spectra of the LC/MS/MS for the precursor 
ion at m/z 595.3 for Peaks A, B, and C (Fig. 10) have simi-
lar fragmentation patterns, further indicating that these 
compounds have similar molecular structures. The frag-
mentation pattern of these peaks is also similar to that of 
PpIX [30], inferring that these new peaks have a chemical 
structure similar to that of PpIX. The chemical structures of 
two isomers of Ppp and their formation mechanisms have 
been reported previously [28] (Fig. 11). An intermediate is 
formed by 2,4 cycloaddition of singlet oxygen to the vinyl-
substituted diene of PpIX (1 → 2). The endoperoxide in the 
intermediate then rearranges to form the hydroxyaldehyde 
photoproducts (2 → 3). An analysis of a higher concentration 
of Ppp may further split the chromatographic peaks at m/z 
595.3 observed in the mass spectra for PpIX irradiated at the 
wavelength of 635 nm (Fig. 9). A third and a fourth isomer 
may be proposed by the oxygenation of the pyrrolidine ring 
containing the NH.

The formyl-type photoproducts are also primarily formed 
by the reaction of PpIX with singlet oxygen [17, 29, 31]. 
In their formation, the double bond of PpIX is left intact, 
and singlet oxygen is directly added to either or both of the 
vinyl groups to form a dioxetane (1 → 2). The dioxetane then 

cleavages to form the formyl photoproduct (2 → 3) (Fig. 12) 
[17].

Irradiation of PpIX causes the formation of PpIX photo-
products: hydroxyaldehyde and formyl photoproducts. Both 
the fluorescence and the absorption peaks of the photoprod-
ucts fall in regions similar to that of PpIX. It is surmised 
that both photoproducts may exist in different quantities 
after PpIX irradiation. The hydroxyaldehyde photoproduct 
may be dominant under the red-light irradiation of PpIX, 
while more formyl photoproducts are formed in the blue-
light irradiation of PpIX. In addition, the dependence of the 
photoproduct formation with the irradiation fluence rate was 
noted. A higher formation of the photoproduct at a low flu-
ence rate for PpIX irradiated at the wavelength of 635 nm 
was observed (Figs. 1, 3, and 6). On the contrary, PpIX irra-
diation with the wavelength of 405 nm indicated a higher 
photoproduct formation at a higher fluence rate (Figs. 2 and 
5). Differences in the irradiation time and energy between 
the irradiation wavelengths may result in differences in the 
reaction rates for the photoproduct formation. A fast reaction 
rate may occur for irradiation with 405 nm, where PpIX has 
the highest absorption. Any Ppp that may have formed may 
be quickly oxidized to form another compound. Further, the 
amount of singlet oxygen necessary for the photoproduct 
formation is generated at different rates at different irradia-
tion wavelengths [32, 33], and differences in the amount of 
photoproduct formed with the irradiation wavelength may 
arise. Oxygen concentration may also play a role. The effect 
of fluence rate on oxygen availability has been previously 
reported by some authors [12, 34, 35], and can affect the 
singlet oxygen production. However, some have reported a 
contrary result, as no oxygen dependence on the fluence rate 
was noted in the treatment region [36, 37].

The prospect of applying PpIX photoproducts for 
extended fluorescence diagnosis and laser therapy has 
already been highlighted [14, 16, 20, 26, 38]. The photo-
products have similar or less susceptibility to photobleaching 
as PpIX [2, 10, 27, 39]. Under PDT irradiation condition at 

Fig. 9   Total ion chromato-
gram (TIC) and extracted ion 
chromatogram (EIC) of PpIX a 
before and b after irradiation at 
the fluence of 100 J/cm2. PpIX 
was irradiated at the wavelength 
of 635 nm and fluence rate of 
10 mW/cm2. The TIC and the 
EIC were obtained at m/z 563.3 
and m/z 595.3. NL: Normaliza-
tion Level
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a low fluence rate, increased photoproduct formation was 
seen. PDT at a low fluence rate yields higher tumor destruc-
tion [36], making PDT at low fluence advantageous. The 
photoproduct’s intensity continued to rise up to the maxi-
mum irradiation fluence investigated, implying that extend-
ing the irradiation period may benefit PDT. Since a con-
siderable amount of photoproducts are formed under such 
excitation, the photoproducts could be instrumental to PDT 

if explored. In some fluorescence diagnoses, higher fluence 
rates are desired [40–43]. Irradiation with 405 nm, typically 
used in PDD, yields higher photoproducts for high fluence 
rates. In such cases, the excitation of the photoproduct could 
be used in addition to PpIX excitation for extended tumor 
detection [20]. However, the irradiation conditions for PDD 
and PDT need to be adjusted accordingly for the desired 
photoproduct formation.

Fig. 10   LC/MS/MS spectra of the peaks A–C in the EIC for m/z 595.3 at the collision energy of a 40 eV, and b 60 eV. The fragmented mol-
ecules from the precursor ion at m/z 595.3 are displayed on the chemical structure of one of the isomers of the hydroxyaldehyde photoproducts
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The photoproducts observed in the present study have 
also been observed in different cells and in vivo analysis 
[2, 5, 6, 8, 11, 12, 38]. The results of the present analyses 
indicate that the photoproduct formation is dependent on 
the irradiation light. The formation of photoproducts also 
depends on environmental factors, which vary with the bio-
logical system [2, 5]. Analysis comparing the photoprod-
uct formation from PpIX and its dimethyl ester in cells and 
organic solvents reported different formation distributions 
of the photoproducts with the PpIX environment [8–10, 38]. 
Thus, investigation of the detailed formation of these photo-
products in vivo is necessary if their utilization is intended in 
PDD and PDT.

4 � Conclusion

The results obtained in this study show that the dominant 
PpIX photoproduct formed differs with the PpIX irradia-
tion wavelength. Additionally, the photoproduct forma-
tion rate varies with the fluence rate. Photooxidation is 
the main pathway for the formation of these photoprod-
ucts. The disparity in the singlet oxygen production with 
the wavelength used in the PpIX irradiation and the flu-
ence rate can lead to variations in the reaction rates for 
the photoproduct formations. Analyses in this study were 
performed with PpIX in DMSO, and the results may vary 
when performed in a biological environment. However, the 
results obtained in the present work serve as a foundation 
and would be instrumental for future analysis of photo-
product formation in more complex in vivo environments.

Fig. 11   Chemical structure of the isomers of hydroxyaldehyde photo-
product, photoprotoporphyrin, and their reaction scheme. 1 → 2: 2,4 
cycloaddition of singlet oxygen to the vinyl-substituted diene of PpIX 

to form an intermediate. 2 → 3: The endoperoxide in the intermediate 
then rearranges to form the hydroxyaldehyde photoproducts [28]
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