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Upon X-ray irradiation, lanthanide transfers visible energy to a 

photosensitizer, leading to local reactive oxygen species (ROS) production 

and triggering photodynamic therapy (PDT), even in deep tumors. The 

proposed nanolipoparticles, which contain both lanthanides and 

photosensitizer molecules, offer new opportunities in therapy and diagnosis. 
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 ABSTRACT 
 
We report lanthanide-based micelles integrating hypericin (Hyp) for 
X-ray-triggered photodynamic therapy (PDT). The lanthanide luminescence 
induced by X-ray irradiation excites the photosensitizer, which leads to the 
generation of singlet oxygen. This versatile approach can be extended to other 
photosensitizers or other types of liponanoparticles and can allow for magnetic 
resonance imaging (MRI) guidance.  
 
 
 
 
 
 

 
 
 

1 Introduction 
Over the past several decades, nanoparticles have 
attracted growing interest as imaging probes [1–6] and 
drug carriers [7–9]. More recently, advances in 
theranostics [10] have led to the development of 
nanocarriers that combine diagnosis, drug delivery, 
and therapy monitoring. Nanoparticles loaded with 

lanthanides, in particular Gd(III), have been explored 
as contrast agents in magnetic resonance imaging 
(MRI) [11–13], and they have also been used as 
radiosensitizers in neutron capture therapy (NCT) [14]. 
The unique photophysical features of luminescent 
lanthanides, such as large Stokes shifts (avoiding 
concentration-dependent self-absorption problems), 
long luminescence lifetimes, narrow, non-overlapping 
emission bands (enabling the simultaneous use of 
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multiple Ln probes) as well as characteristic emission 
insensitivity to environmental changes, make them 
specifically useful for cellular optical imaging [2, 15, 
16]. Rare earths also exhibit a unique property known 
as X-ray excited optical luminescence (XEOL), 
pioneered by Urbain in 1909 [17], which refers to the 
luminescence of a light-emitting material upon 
absorption of an energetic X-ray photon.  
In this study, we propose to exploit XEOL of 
lanthanide-containing liponanoparticles and use the 
locally generated light for photodynamic therapy 
(PDT). To trigger the production of reactive oxygen 
species, PDT requires the simultaneous presence of 
three elements at the same location, namely the 
photosensitizer, oxygen, and electromagnetic radiation 
[18]. However, PDT is often impeded by the 
absorption maximum of the photosensitizer, which 
falls outside the tissue optical window (700–1,100 nm), 
where most tissue chromophores, including oxy- and 
deoxy-hemoglobin, melanin, and fat, have only weak 
absorption. The most straightforward method for 
overcoming this problem involves the creation of 
sensitizers with bathochromically shifted absorption 
maxima. Toward this objective, Roelants et al. 
synthesized hypericin (Hyp) derivatives [19]. Although 
the photoabsorption of Hyp could be tuned and shifted 
to longer wavelengths, its photosensitizer activity was 
unfavorably affected.  
A fundamentally different approach is to circumvent 
external ultraviolet–visible (UV–VIS) excitation by 
using a locally generated light source in the tissue for 
PDT. Carpenter et al. [20] have demonstrated that 
chemiluminescence produced from the reaction of 
luciferin with luciferase and molecular oxygen could 
yield sufficiently intense and long-lived emission for 
exciting Hyp [21, 22]. Despite the promising in vitro 
results, in vivo applications were hampered by the 
delivery of the chemiluminescence components and/or 
the viral vectors required to transfect the target cells 
with the luciferase gene.  
The X-ray excited optical luminescence of lanthanides 
appears as an alternative to the local light source for 

PDT. Wang et al. considered possible applications of 
scintillation nanoparticles for biological purposes [23] 
and proposed Tb3+-doped LaF3 nanocrystals [24] 
conjugated with the photosensitizer 
meso-tetra(4-carboxyphenyl) porphine for PDT [25]. 
Very recently, a porphyrin-conjugated Tb2O3 
nanoparticle has been evaluated for singlet oxygen 
production following X-ray irradiation [26]. In 
addition to lanthanide-based compounds, 
copper–cysteamine complex nanoparticles [27] as well 
as copper and cobalt co-doped ZnS [28] have also 
been studied in this context. 
2 Results and discussion 
In this communication, we report on a micellar system 
for X-ray-triggered PDT. The micelles consist of 
amphiphilic lanthanide chelates and incorporate Hyp 
as photosensitizer in their hydrophobic core (Fig. 1). 
Similar micellar assemblies, formed by LnC12 
complexes, have been previously shown to encompass 
chromophores that can efficiently sensitize lanthanide 
luminescence [29]. The non-toxicity of the pyridinic 
Ln3+ complex has been previously demonstrated in 
mice [30]. The micellar structure offers an easy way to 
integrate highly hydrophobic molecules such as 
typical photosensitizers. Liponanoparticles could also 
be interesting carriers for delivering a high payload of 
the photosensitizer to sites of interest, which could not 
be otherwise achieved owing to their poor water 
solubility. We hypothesized that X-ray irradiation of 
these micelles can trigger the cascade of events 
specific to PDT resulting in reactive oxygen species 
(ROS) production. Moreover, local light generation 
via X-ray excitation of the lanthanide could allow for 
deep cancer treatment with PDT that could be 
synergistically combined with classical radiotherapy. 
Additionally, the presence of lanthanides in the 
micellar structure offers optical or magnetic resonance 
imaging capabilities, either at the cellular level or in 
vivo, respectively. 
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Figure 1 Schematic representation of the studied 

Hyp-GdEuC12 micellar particles and the respective structures 

of the amphiphilic LnC12 complex and the photosensitizer 

Hyp. 
 
While the absorption and emission spectra for most 
lanthanides have been widely reported [2, 23, 31, 32], 
data on direct X-ray-excited luminescence of 
lanthanides are rather scarce [33]. Figure 2 shows the 
luminescence pattern of Eu3+ and Gd3+ in aqueous 
solution in the VIS–UV region after X-ray excitation. 
In Fig. 2(a), Eu3+ exhibits emission peaks at 595, 618, 
and 700 nm, while Gd3+ shows an emission pattern in 
the UV region (Fig. 2(b)). The relative luminescence 
intensity is proportional to the lanthanide 
concentration (Figure S1 in the Electronic 
Supplementary Material (ESM)). The emission spectra 
following X-ray excitation (Fig. 2) are in full 
agreement with the photoluminescence spectra 
presented in Fig. S2 in the ESM.  

 

Figure 2 X-ray-induced luminescence of (a) EuCl3 (96 mM) 

and (b) GdCl3 (199 mM) in aqueous solution. (c) Luminescence 

of the GdEuC12 micelles in aqueous solution following 275-nm 

excitation. Note: The peak at 550 nm corresponds to second 

harmonic excitation. (d) Absorption spectrum (solid line) and 

fluorescence emission (dashed line) after 51-nm excitation of 1 

µM Hyp in DMSO. (e) Overlay between the luminescence 

spectrum of EuCl3 (black line) and the absorption spectrum of 

Hyp (gray line) highlighting the level of donor-acceptor 

overlap. 

 

The photophysical properties of the micellar system 
were first studied following UV excitation, which 
corresponds to the excitation of the pyridine moiety of 
the ligand. Pyridine has been previously shown to be a 
good sensitizer of europium luminescence [29]. Upon 
excitation at 275 nm, the GdEuC12 micelles (without 
Hyp) present emission peaks at 595 and 618 nm (Fig. 
2(c)), corresponding to characteristic Eu emissions. 
The characteristic fluorescence of Gd at 317 nm 
within the GdEuC12 micelles is not detectable, which 
could be indicative of an energy transfer from Gd to 
Eu upon excitation at the 275-nm wavelength. To 
achieve an efficient energy transfer to the 
photosensitizer, the emission spectra of Ln(III) should 
overlap with the excitation spectra of Hyp. As Fig. 2(d) 
demonstrates, the absorption (and emission) spectra of 
Hyp nicely agree with the emission spectrum of the 
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micelles (Fig. 2(c)), which can thus afford an efficient 
energy transfer from the lanthanide to the 
photosensitizer. 
To test whether energy transfer indeed occurs in the 
micelles between Eu3+ and Hyp, micelles were 
prepared by incorporating different concentrations of 
Hyp (the photoluminescence spectra of Hyp-GdEuC12 
are presented in Fig. S3 in the ESM), and the 
luminescence spectra in the visible region were 
recorded after X-ray excitation (Fig. 3(a)). As Fig. 3(a) 
shows, upon X-ray irradiation of the Hyp-GdEuC12 
micelles, we detect characteristic Eu3+ luminescence in 
the visible spectral region. On the other hand, we do 
not observe the luminescence emission of Hyp (at 601 
nm) because it is below the detection threshold of our 
spectrometer. However, Fig. 3(a) demonstrates a clear 
decrease in the europium luminescence when the Hyp 
concentration in the micelles increases. Moreover, the 
observation that europium luminescence decreases 
with increasing Hyp concentration in the micelles 
gives credence to an energy transfer to Hyp from 
Eu(III) following X-ray excitation of the lanthanide. 
Such an energy transfer is a prerequisite for ROS 
production from the lanthanide-photosensitizer 
association, such as singlet oxygen. Therefore, to 
obtain prove that our micellar system could be an 
efficient agent for PDT, we have measured the singlet 
oxygen generated by Hyp following X-ray absorption 
of the lanthanide ion. The singlet oxygen production 
was monitored by mass spectrometry using 
methoxyvinylpyrene (MVP) as a singlet oxygen probe 
[34]. Upon X-ray irradiation, the abundance of 
1-pyrenecarboxaldehyde, which is the product of the 
reaction between MVP and singlet oxygen, increases 
with increasing Hyp concentration in the 
Hyp-GdEuC12 micelles (Fig. 3(b)). In contrast, only a 
negligible amount of 1-pyrenecarboxaldehyde is 
detected in the non-irradiated sample even for the 
highest Hyp payload. The correlation between the 
amount of Hyp and the production of singlet oxygen 
clearly shows that, upon X-ray absorption, energy 
transfer occurs from the lanthanide to the 

photosensitizer, which then triggers the PDT cascade 
of events.  

 

 
Figure 3 (a) The X-ray-induced luminescence of GdEuC12 

micelles in the presence of increasing concentrations of Hyp. (b) 

Singlet oxygen production as indicated by the abundance of 

1-pyrenecarboxaldehyde, measured by mass spectrometry, for 

non-irradiated (triangle) and irradiated (square) Hyp-GdEuC12 

micelles. 

 

The UV luminescence properties of the micellar 
assembly have been used to follow the localization of 
nanoparticles in cells. Figure 4 presents visible and 
fluorescence images of HeLa cells treated with the 
micelles. Fluorescence excitation under 395 nm 
provides a good contrast for lanthanides. Interestingly, 
cells treated with Hyp-GdEuC12 micelles exhibited a 
strong fluorescence located in the nucleus (Fig. 4(h)) 
in contrast to those treated with GdEuC12 micelles 
(Fig. 4(d)) or with Hyp (Fig. 4(f)). Obviously, the 
system targets the nucleus of the cells, which is an 
important characteristic for both radiotherapy and 
PDT.  
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Figure 4 The HeLa cells (transmission images in left column) 

were incubated with various concentrations of Hyp and 

GdEuC12 before fluorescence imaging (right column) with 

395-nm excitation (chosen for better contrast of GdEu 

fluorescence excitation compared to Hyp excitation). Control 

cells (a) and (b) and cells treated only with 500 µM GdEuC12 

(c) and (d) do not present any fluorescence. Cells treated only 

with 4 µM Hyp (e) and (f) show the typical localization of Hyp, 

surrounding the nucleus. Cells treated with and Hyp-GdEuC12 

(500 µM Ln, 4 µM Hyp (g) and (h) present strong fluorescence 

associated to the nucleoli. The scale bar is 20 µm. 
  
3 Experimental 
The preparation of GdEuC12 and Hyp-GdEuC12 
micelles is summarized in the ESM. The incorporation 
of Hyp into the hydrophobic core of the micelle was 
verified by absorption and fluorescence measurements 
of Hyp as previously described [35]. 
 Fluorescence spectra were recorded at 20 °C 

using a FluoroMax-4 (HORIBA Jobin-Yvon INC, 
Chilly Mazarin, France) spectrofluorimeter. A quartz 
cuvette with a 1-cm pathlength was used for 
measurement. To record the excitation and emission 
spectra of individual compounds, the best excitation 
and emission wavelengths were chosen after 
optimization (see Fig. 4 caption). Fluorescence spectra 
were treated under Microcal Origin, version 8.0 
(Microcal Software, Inc., Northampton, MA).  
 The X-ray irradiation was performed on the 
METROLOGY and Tests beamline of the Synchrotron 
SOLEIL (see the ESM).   
 Singlet oxygen production after X-ray 
irradiation of Hyp-GdEuC12 micelle solutions was 
detected by mass spectrometry using 
methoxyvinylpyrene (MVP) as a singlet oxygen probe 
[34] (see ESM).  
 In vitro imaging was performed on the Disco 
beamline [36] using the microscope [37] controlled 
under µManager [38]. The excitation came from a 
synchrotron bending magnet and was 
monochromatised at 395 nm. A 400-nm dichroic 
mirror reflected the light toward the cells. Emission 
was filtered through a long-pass 565-nm filter. 
 
4 Conclusions 
In summary, we report here a liponanoparticle 
construct based on GdEuC12 micelles incorporating 
Hyp as a photosensitizer in their hydrophobic core, 
which provides X-ray-induced singlet oxygen 
production for PDT. Our approach is highly versatile 
and can be translated to other photosensitizers and to 
other types of liponanoparticles such as liposomes that 
are already widely used in medical applications and 
can be easily adapted to various biological targets. 
This demonstration of X-ray-induced photodynamic 
therapy using lanthanide complexes represents an 
important breakthrough in PDT. The local excitation 
of the photosensitizer by X-ray-induced luminescence 
allows going beyond the existing boundaries of PDT, 
which is traditionally limited to superficial areas. This 
novel class of PDT sensitizers becomes suitable for 
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treating deep-seated tumors in combination with 
radiotherapy to achieve a more complete destruction 
of deep-lying malignancies. With this strategy, 
photosensitizers, such as porphyrins, that have been 
abandoned owing to their unfavorable excitation range 
could be applicable as they can be now excited at 400 
nm (Soret band) with a tenfold stronger absorption 
than the commonly used absorption band at 630 nm. 
Given the paramagnetism of Gd3+ and the ease of 
including different lanthanides in the nanolipoparticles, 
MRI-guided X-ray triggered PDT therapies could be 
envisaged. The versatility and the widespread 
biomedical use of liponanoparticles, the possibility of 
image-guided therapies, and the unlimited tissue 
penetration depth thanks to X-ray excitation make this 
strategy particularly promising, enabling 
fundamentally new perspectives in photodynamic 
therapy. 
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Preparation of GdEuC12 micelles: The GdEuC12 micelles were prepared according to Bonnet et al [S1]. 
Briefly, a 6.95 mM aqueous solution of the C12 ligand was prepared, and an equimolar amount of lanthanide 
chloride was added in a molar ratio of 90% GdCl3 and 10% EuCl3. The solution was allowed to react at 333 K 
by regularly controlling the pH, adjusting the pH with KOH when necessary. The absence of free metal was 
verified by xylenol orange colorimetric assay. The micelle size was verified by dynamic light scattering (DLS), 
measured with Mavern Zetasizer Nano Series equipment at 20.0°C, revealing an average diameter of 4.6 nm 
with a PDI of 0.6. 
Preparation of Hyp-GdEuC12 micelles: Stock solutions of Hyp (1.98 mM and 0.1 mM) were prepared by 
dissolving Hyp in 100% dimethyl sulfoxide (DMSO), and the solutions were stored in the dark at 4 °C until 
used. The Hyp-micelles were prepared by mixing a GdEuC12 micelle solution with Hyp. Four 
Hyp-GdEuC12 solutions were prepared: The concentration of GdEuC12 micelles was kept constant (6.95 mM), 
while the concentration of Hyp varied (c = 0.2, 4, 20, and 60 µM). The total content of DMSO in the final 
micellar solution did not exceed 3%. After mixing, the micelle solutions were sonicated in the dark for 10 min 
at 37 °C. The incorporation of Hyp into the hydrophobic core of micelle was verified by the Hyp absorption 
and fluorescence measurements, as indicated in our previous study [S2]. The prepared Hyp-GdEuC12 micelles 
were then stored in the dark at 4°C for at least 24 h before X-ray irradiation. The DLS measurements were 
performed to verify the existence of the micelles. The critical micellar concentration (cmc) was determined 
for the Hyp-GdEuC12 micelles by a previously described relaxometric method [S3]. Based on the 
measurement of proton relaxation rates at variable concentrations, the cmc was found to be 1.6 mM (LnL) in 
aqueous solution containing 3% DMSO ([Hyp] = 0.008[GdL]). Using the same relaxometric method, we 
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found that in the cell culture medium (described below), aggregates are present above the 0.1 mM 
concentration of LnC12 ([Hyp] = 0.008[GdL]).  
The incorporation of Hyp was also demonstrated by recording the Eu luminescence emission spectrum 
following excitation at 550 nm, corresponding to Hyp excitation (Fig. S4). The excitation spectrum recorded 
(for Eu emission at 619 nm) overlaps with the absorption spectrum of Hyp, showing that Eu luminescence 
results from sensibilization via Hyp as an antenna. This is only possible if Hyp and Eu are in close proximity, 
i.e., within the same micellar aggregate [S1, S4]. 
X-ray irradiation and experimental set-up: Experiments were performed on the METROLOGY and Tests 
beamline of the Synchrotron SOLEIL using the multiple bunch mode (400-mA ring current) of the machine. 
The sample was placed 32 m from the bending magnet source, after a 150-µm-thick Beryllium window and a 
1.45-m air path. The white beam radiation delivered by the beamline was adjusted to a transverse size of 13 
(Hor.) x 2 (Vert.) mm² at the sample position. Figure S5 gives the simulated X-ray beam spectrum for our 
experimental setup as implemented on the beamline. The integrated flux on the sample was 1015 photons/s. 
Several motorized translation stages allowed for precise sample alignment within the beam path. The sample 
holder was also equipped with a quartz collimating lens coupled to a 600-µm optical fiber (Ocean Optics, 
France) to collect (perpendicular to the X-ray beam) the UV fluorescence emitted by the sample. A Maya2000 
Pro (Ocean Optics, France) spectrometer (covering the 175–1100 nm wavelength range) was finally used for 
spectral analysis of the sample fluorescence during X-ray irradiation. To increase the signal-to-noise (S/N) 
ratio, all spectra were averaged over 10 acquisitions of 30 s integration time. 
 
Detection of singlet oxygen production after X-ray irradiation of Hyp-GdEuC12 micelle solutions using 
mass spectrometry: We have chosen methoxyvinylpyrene (MVP) because it is highly specific for singlet 
oxygen and does not react with other activated oxygen species such as hydroxyl radicals, superoxide, or 
hydrogen peroxide [S5]. Although MVP is used as chemiluminescence probe of singlet oxygen, the high 
concentrations of photosensitizer present in our micelles as well as changes of luminescence properties of 
GdEu micelles after X-ray irradiation made the detection of singlet oxygen by chemiluminescence of MVP 
difficult. The mechanism of MVP reaction with singlet oxygen is very well known: The reaction of MVP with 
singlet oxygen decomposes the MVP molecule into 1-pyrenecarboxaldehyde. Based on the known molecular 
weight of 1-pyrenecarboxaldehyde (Mw = 230.6) and MVP (Mw = 258.31), we decided to use mass 
spectrometry to detect singlet oxygen production. The validation of mass spectrometry as a tool to 
investigate singlet oxygen production is part of Fig. S6. The singlet oxygen production was monitored by 
mass spectrometry after polychromatic X-ray irradiation of GdEuC12 (cLn = 6.95 mM) micelle-Hyp solutions 
(c = 0.5, 3, 7, 10, 12, and 20 µM) with singlet oxygen probe MVP (c = 1 µM). After mixing 1 µM MVP with 
GdEuC12 micelle-Hyp complexes, the solution was divided into two aliquots: The first was injected into the 
mass spectrometer to measure the relative molecular weights of the singlet oxygen probe in the 
non-irradiated sample, and the second was irradiated for 6 s with the polychromatic synchrotron beam. After 
irradiation, the sample was inserted into the mass spectrometer, and the intensities of molecular masses 
corresponding to MVP and 1-pyrenecarboxaldehyde were measured. All measurements were done three 
times in the absence of visible light. 
To validate the use of mass spectrometry as a tool for the detection of singlet oxygen species, the results have 
been compared with gold standard method, fluorescence spectroscopy, using the singlet oxygen sensitive 
probe MVP. We have chosen water-soluble Al(III) phthalocyanine chloride tetrasulfonic acid for the 
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photosensitizer. A solution of this photosensitizer at concentration c = 0.5 µM has been prepared in 
phosphate-buffered saline (PBS) at pH = 7.4, followed by mixing with the singlet oxygen probe MVP (c = 3 
µM). To produce singlet oxygen species, the solution, which was contained in a quartz cuvette with a 1-cm 
pathlength, was irradiated with a He-Ne laser at 633-nm wavelength. During irradiation, the solution was 
stirred with a magnetic stirrer. After each irradiation dose, the aliquot of the irradiated solution was 
analyzed by mass spectroscopy and/or by fluorescence spectroscopy. The fluorescence of the MVP probe 
was monitored at λemis = 467 nm (excitation wavelength at λexc = 400 nm). Figure S6 shows the correlation of 
singlet oxygen production detected by both methods. While Fig. S6(a) demonstrates the singlet oxygen 
production measured by fluorescence spectroscopy, Figure S6(b) shows the singlet oxygen production 
(within the same sample of irradiated photosensitizer) measured by mass spectroscopy. The error bars 
within Fig. S6(b) came from two injections of the same sample. A comparison of both graphs in Fig. S6 shows 
the same profile, which validates the use of mass spectrometry as a tool for detecting singlet oxygen species. 
 
Cell culture and conditions of incubations: The HeLa human cells were routinely cultured as monolayer 
and were grown in Dulbecco’s modified Eagle’s medium (DMEM) containing L-glutamine (862 mg·L–1), 
sodium pyruvate (110 mg·L–1), and glucose (4500 mg·L–1), supplemented with 10% fetal calf serum (FCS), 
penicillin (50 µg·mL–1), and streptomycin (50 µg·mL–1). All chemicals were obtained from Gibco-Invitrogen. 
The cells were maintained at 37 °C in a humidified atmosphere of 5% CO2. For detecting Hyp-GdEuC12 
micelles in the cells, both control and treated cells were processed in a similar way. The cells were seeded on 
quartz slides (deposited in 35x10 mm Petri dishes) to reach confluency after 48 h of incubation at 37 °C under 
an atmosphere of 95% air/5% CO2. The medium was removed and fresh growth medium (supplemented 
with 5% FCS, glutamine, penicillin, and streptomycin) was added to each flask. In the case of treated cells, 
the medium was mixed with Hyp alone (4 µM), with the GdEuC12 micelles alone (500 µM), and with 
Hyp-GdEuC12 micelles (500 µM Ln; 4 µM). The medium was added to the Petri dishes, which were 
incubated with cells for 4 h. After a given period of time, the cells were washed twice with PBS and were 
fixed with 4% paraformaldehyde.  
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Figure S1 Concentration dependence of the X-ray-excited luminescence of GdCl3 in distilled water. 
 

 
Figure S2 Photoluminescence spectra of lanthanides in aqueous solution: (a) EuCl3 (c = 96 mM) emission 
spectrum at λexc = 317 nm (grey) and excitation spectrum at λemis = 592 nm (black); (b) GdCl3 (c = 12.7 mM) 
emission spectrum at λexc = 275 nm (grey) and excitation spectrum at λemis = 317 nm (black); (c) CeCl3 (c = 0.883 
mM) emission spectrum at λexc= 240 nm (grey) and excitation spectrum at λemis = 355 nm (black). 
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Figure S3 Photoluminescence spectra of Hyp-GdEuC12 micelles in the presence of different concentrations 
of Hyp at λexc = 275 nm: GdEuC12 micelles without Hyp (black); Hyp-GdEuC12 micelles with 3 µM (blue); 
and Hyp-GdEuC12 micelles with 20 µM Hyp (green). The peak at 550 nm corresponds to the second 
harmonic excitation. The peaks at 601 and 650 nm are the peaks of Hyp, while the peaks at 595 nm and 618 
nm correspond to Eu fluorescence. 

 

Figure S4 Absorption, normalized emission (λexc = 550 nm), and excitation (λemis = 619 nm) spectra of 
GdEuLC12 micelles (6.95 mM LnL) containing 60 µM Hyp.  
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Figure S5 The X-ray beam spectrum impinging on the sample in the configuration of our experiment on the 
METROLOGY beamline. 

 

Figure S6 (a) Singlet oxygen production of Al(III) phthalocyanine chloride tetrasulfonic acid in PBS with pH 
= 7.4 measured by fluorescence spectroscopy. The photosensitizer was irradiated with a 633-nm wavelength 
laser. The production of singlet oxygen was measured by an MVP probe. The MVP probe only fluoresces at 
467 nm in presence of singlet oxygen. (b) Singlet oxygen production of Al(III) phthalocyanine chloride 
tetrasulfonic acid in PBS with pH = 7.4 measured by mass spectrometry. The relative abundance of 
1-pyrenecarboxaldehyde, a singlet oxygen indicator, after irradiation of Al(III) Phthalocyanine Chloride 
Tetrasulfonic Acid in PBS pH = 7.4.   
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