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The photosensitizing efficiency of human serum albumin (HSA) nanoparticles loaded with the pho-
tosensitizers meta-tetra(hydroxy-phenyl)-chlorin (mTHPC) and meta-tetra(hydroxy-phenyl)-porphyrin
(mTHPP) was investigated in vitro. The endocytotic intracellular uptake, and the time dependent drug
release caused by nanoparticle decomposition of the PS loaded HSA nanoparticles were studied on Jurkat
cells in suspension. The photoxicity as well as the intracellular singlet oxygen ('0,) generation were
investigated in dependence on the incubation time. The obtained results show that HSA nanoparticles
are promising carriers for the clinical used mTHPC (Foscan). After release the (10;) generation as well as
the phototoxicity are more efficient compared with mTHPC applied without the HSA nanoparticles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Photodynamic therapy (PDT) is an alternative method to treat
tumors and other diseases (Roder, 2000; Dougherty et al., 1998;
Amato, 1993).

Photodynamic treatment is based on the presence of a drug
with photosensitizing properties combined with light and oxy-
gen (Dougherty et al.,, 1998; Henderson and Dougherty, 1992).
In darkness photosensitizer (PSs) exhibit no or low toxicity. The
absorption of light with suitable wavelength by the tumor-localized
PS molecules leads to the generation of highly toxic singlet oxy-
gen (10,) (Foote, 1968). This species causes cell death via direct or
indirect pathways. One big advantage of this method is the con-
trolled photodamage of cells by variation of dose and duration of
irradiation with visible light.

The application of PSs without carriers causes some problems.
First, the PSs can become active before they reach the target
cells. Second the long time used “selectivity” caused by different
metabolisms of PSs in normal and tumor cells is not satisfying.

Abbreviations: CLSM, confocal laser scanning microscopy; EPR, enhanced per-
meability and retention; FCS, fetal calf serum; FLIM, fluorescence lifetime imaging;
HSA, human serum albumin; mTHPC, meta-tetra(hydroxy-phenyl)-chlorin; mTHPP,
meta-tetra(hydroxy-phenyl)-porphyrin; PBS, phosphate buffered saline; PDT, pho-
todynamic therapy; PS, photosensitizer; ' 0,, singlet oxygen.
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In general two different mechanisms can be used for car-
rier mediated tumor targeting: the active targeting uses specific
molecules that bind to the target cells (e.g. monoclonal antibodies)
or passive targeting using the enhanced permeability and retention
(EPR) effect. Nowadays it is accepted that the EPR effect allows a
very efficent passive targeting of tumor tissue in vivo (Maeda et al.,
2001; Maeda, 1994; Matsamura and Maeda, 1986; Duncan and Sat,
1998; Perrault et al., 2009).

Taking into account that PSs of the type, investigated here, are
uptaken by cells, their intracellular localization plays an important
role for the efficiency of the photodynamic effect.

For this reason, beside phototoxicity we investigated the
uptake and the intracellular distribution after release of meta-
tetra(hydroxy-phenyl)-chlorin (mTHPC) and meta-tetra(hydroxy-
phenyl)-porphyrin (mTHPP) from the human serum albumin (HSA)
nanoparticles administered to cells in vitro as potential carriers for
passive tumor targeting.

Nanoparticles are regarded as potential PDT drug carrier sys-
tems (Jux and Roder, 2010) because of their high stability,
high carrier capacity, feasibility to carry both hydrophobic and
hydrophilic agents (Gelperina et al., 2005), as well as the possibil-
ity of multiple administration methods (oral or injection). Because
of the EPR effect nanoparticles with suitable size (at least 40 kDa,
Maeda et al., 2001) preferentially accumulate in tumor tissue. This
makes them very interesting for design of controllable drug release
carriers. In this work particles of a size of approximately 200 nm
were used with regard to further in vivo application.
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Fig. 1. Chemical structure of (A) meta-tetra(hydroxy-phenyl)-chlorin (mTHPC) and (B) meta-tetra(hydroxy-phenyl)-porphyrin (mTHPP).

Nanoparticular formulations consisting of HSA have been estab-
lished as carriers for different drugs like cytostatics (Dreis et al.,
2007). In this paper we report about in vitro investigations on the
capability of HSA nanoparticles as carriers for the 2nd generation
PS mTHPC (Marchal et al., 2004; Leung et al., 2002; Ma et al., 1994)
and the 1st generation PS mTHPP (see Fig. 1).

HSA-based nanoparticles, which were prepared as described in
(Langer et al., 2008) have a defined particle diameter between 100
and 300 nm with a narrow size distribution (Langer et al., 2000,
2008).

In a former work we described their potential as drug carrier for
pheophorbide a. We reported about the photophysical properties
of pheophorbide a-HSA nanoparticles as well as their photocyto-
toxicity in Jurkat cells (Chen et al., 2009).

These principle investigations were carried out without vari-
ation of different HSA-parameters or PS loading. In a next step
we investigated the photophysical properties of mTHPC-HSA
nanoparticles in dependence on loading ratio and degree of HSA
glutaraldehyde cross linking (Chen et al., 2010). These experiments
were done to switch on one hand to a clinical used PS (Dougherty
et al., 1998; Bonnett et al., 1989; Copper et al., 2003; Hopper et al.,
2004) and to investigate the influence of different parameters of
HSA nanoparticles on the efficiency of phototoxicity.

Here we report about a comparative study on the HSA nanopar-
icle accumulation using two different PSs, the intracellular drug
release and phototoxicity in dependence on incubation time. The
preparation and the photophysical properties of the investigated
nanoparticular PS delivery systems are reported in Wacker et al.
(2010).

Porphyrin based photosensitizers like mTHPC and mTHPP are
interacting with cellular organells like mitochondria, Golgi or lyso-
somes (Paul et al., 2002, 2003; Rancan et al., 2005a; Roeder et al.,
2006). Thus, to accomplish an effective photosensitization intracel-
lular uptake of the PS molecules into the target cells is necessary.
Nanoparticular drug carrier system are assumed to pass the cyto-
plasmatic membrane via endocytosis (Chen et al., 2009; Roeder
et al., 2004). Following the intracellular pathway of endocytosis
the nanoparticles are taken up into the lysosomes (Willingham
and Pastan, 1984) where the biodegradable HSA carrier system is
decomposed and as a result releases the PS (Chen et al., 2009).

To investigate the endocytotic uptake, the nanoparticle degra-
dation and the following drug release Confocal Laser Scanning
Microscopy (CLSM) and Fluorescence Lifetime Imaging (FLIM) were
used. The intracellular uptake of the PS loaded nanoparticles in
Jurkat cells was quantified by measuring the fluorescence intensity
of the PS in the cell extract.

The photodynamic treatment of cancer cells with mTHPP and
mTHPC causes different cell death pathways. The main mechanism

is apoptosis (Oleinick et al., 2002; Kessel and Luo, 1998; Rancan
et al., 2005b).

The photo- and dark toxicity of the PS loaded nanoparticles
were studied in comparison with the free PS in order to judge the
efficiency of the drug carrier system in vitro. To characterize the
phototoxic effect of the PS loaded nanoparticles and to discriminate
possible differences of cell death mechanism compared with the
free PS, both the rate of necrosis and apoptosis were determinated
separatly.

The ability of the PS to generate 10, in its intracellular microen-
vironment is an important condition for an efficient photosensi-
tization. Thus, we measured the intracellular 10,-luminescence
with a high-sensitive setup as reported in Schlothauer et al. (2008).
For these investigations cells in suspension are needed. Therefore,
Jurkat cells, a suspension cell line, were used for all investigations.

2. Materials and methods
2.1. Samples

The HSA-nanoparticles were investigated in Jurkat cells, as well
as the free PS without nanoparticles (see Table 1).

2.2. Preparation of mTHPC and mTHPP loaded HSA nanoparticles

The samples were prepared according to the established method
previously described in part I (Wacker et al., 2010).

In principle, preformed HSA nanoparticles were loaded with
photosensitizers in ethanol 33.3% [V/V] after addition of 2% [m/V]
of dissolved HSA for mTHPC and 1.5% [m/V] for mTHPP. After 2 h of
incubation time particles were purified by three steps of centrifu-
gation (20817 g, 15°C, 10 min) and redispersion in purified water.

Table 1

Investigated PSs and PS loaded nanoparticles, the preparation and the photophysical
characterisation of the investigated nanoparticles is described in part I (Wacker etal.,
2010).

Name of sample Description

mTHPC Meta-tetra(hydroxy-phenyl)-chlorin (see Fig. 1A)
mTHPP Meta-tetra(hydroxy-phenyl)-porphyrin (see Fig. 1B)
mTHPC-HSA HSA-nanoparticles, HSA monomers cross-linked by
glutaraldehyde bridges (gb). The particles are saturated
by 100% with gb The particles are adhesive loaded with
mTHPC. Loading ratio: 20.71 pg/mg mTHPC/HSA
mTHPP-HSA HSA - nanoparticles, HSA monomers cross-linked by gb.

The HSA particles are saturated by 100% with gb. The
particles are adhesive loaded with mTHPP. Loading ratio:
20.50 pg/mg mTHPP/HSA
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Afterwards the particle size and polydispersity index were
measured by photon correlation spectroscopy. The nanoparticle
concentration (mg/mL) and photosensitizer concentration (j.g/mL)
were determined according to the protocol described in part I of
these experimentes by (Wacker et al., 2010). The particle content
is determined gravimetrically and the photosensitizer concentra-
tion photometrically after enzymatic degradation of the particle
system. The loading ratio is calculated as the quotient of the pho-
tosensitizer concentration and the particle concentration (jLg/mg)
in the prepared suspension.

For all cell culture experiments the samples were prepared in
phosphate buffered saline (PBS).

2.3. Cell culture and incubation conditions

For in vitro experiments, Jurkat cells (clone E 6-1 human acute
T-cell leukaemia) were cultured in RPMI 1640 medium with L-
glutamine supplemented with 10% fetal calf serum (FCS), 100 U/mL
of penicillin and 100 p.g/mL of streptomycin without phenol red
(PAA). Cells were cultivated at 37 °C in 100% humidity and 5% CO,
and were seeded in new medium every 2-3 days (Rancan et al.,
2005a; Chen et al., 2009). For all in vitro experiments Jurkat cells
were incubated for 1 h, 3 h, 5 h, and 24 h with mTHPC, mTHPP or PS
loaded nanoparticles.

The cell growth medium contains 3 wM of the PS. The 1 mM
ethanol stock solutions of mTHPC and mTHPP are diluted with PBS
1:10 very slowly to prevent dye aggregation, before adding it to
the medium. The resulting ethanol concentration in the medium
is 0.3%. In former studies it has been shown that a concentration
of ethanol up to 0.5% in the medium does not affect cell growth or
health. Cells were incubated at 37 °C in 100% humidity, 5% CO, and
in darkness.

2.4. Intracellular uptake

Intracellular uptake of PS was investigated using steady-state
fluorescence spectroscopy. The incubation volume was 10 mL per
sample. After different incubation times the cells were harvested,
counted using a hemocytometer (about 3 x 10° cells/mL), cen-
trifuged (room temperature, 350 g, 5 min) and washed twice with
PBS. The cell pellets were frozen and stored at —20°C for more
than 20 min to break the cell membranes. For each sample, 1000 vl
ethanol was added to the frozen cell pellets to extract PS molecules
taken up by cells. After resuspension by ultrasonication for 5 min,
the samples were centrifuged (room temperature, 5000 x g, 2 min)
in order to separate the cell debris from ethanol solution.

The steady-state fluorescence was measured to calculate the
amount of intracellular PS taken up by the cells. 0.1 uM, 0.2 uM,
0.5 M, and 1.0 wM PS-ethanol solution were taken as fluorescence
standard. For the calculation (1) of the intracellular concentra-
tion the average cell diameter (10 wm) was obtained in the
confocal laser scanning microscope. All samples were excited at
Aex =405 nm.

Cextract X Vextract

Cuptake _
yeell  peell

(1)
cuptake = Intracellular PS concentration; ceXtract=PpS concentration
in the ethanol extract measured by fluorescence intensity;
yextract —yolume of the enthanol extract; Veell=cell volume
(assumed as spherical); n°!! = cell number.

2.5. Dark toxicity and phototoxicity
For incubation, 1 mL of Jurkat cell suspension for each sample

was placed on a 24-well plate (~2 x 10° cells/mL). The intact and
dead cells were counted using a hemocytometer under an inverse

Fig. 2. Photosensitized and Trypan Blue stained Jurkat cells were photographed 2 h
after irradiation using a light microscope (x200). (A) Intact cell, (B) apoptotic cell
with prominent membrane blebbing and changes in shape, and (C) necrotic cells.

microscope CKX 41 (Olympus, Hamburg). Necrotic and apoptotic
cells were counted separately. Trypan Blue (Sigma) was used to
indicate the necrotic cells. Apoptotic cells were distinguished by
their dramatic changes in cell shape (see Fig. 2)

In dark toxicity tests the intact and dead cell numbers were
counted after incubation. In phototoxicity tests the cells were
washed with fresh RPMI 1640 medium (room temperature, 350 g,
3 min), then placed in a black 96-well culture plate with transpar-
entbottom (250 L, ~2 x 10° cells/mL). For irradiation a laser diode
with emission at 660 nm was used as light source. The irradiation
time was 1205, which results in a light dose of 280 mJ/cm?2. The
living and dead cell numbers were counted after additional 2 h of
incubation. As shown in former studies for Jurkat cells the method
to determine the rate of apoptotic cells via cell counting results in
similar rates as the Caspase-Glo® 3/7 - Assay (Promega, Madison,
USA) (Chen et al., 2009).

2.6. Drug release and intracellular distribution

The drug release and intracellular distribution were detected by
fluorescence lifetime imaging FLIM and CLSM.

For incubation, 1mL of Jurkat cell suspension for each sam-
ple was placed on a 24-well plate (~2 x 10° cells/mL). For CLSM
experiments 1 wM (0.5 L) of LysoSensor green (pH dependent flu-
orescence label for lysosomes and endosomes) DMSO solutions
(Molecular ProbesTM, Invitrogen) were injected into Jurkat cell sus-
pensions followed by 20 min incubation for PS-fluorescence label
colocalization. For all samples at least four cells were imaged. One
representive image per sample is shown.

The cell images were observed with a CLSM (FluoViewTM
FV1000, Olympus) with FLIM-extension (Pico Quant, Berlin).
mTHPP, mTHPC and LysoSensor green were excited with a laser
diode at Aex =405 nm for imaging and excited with a nanosecond
pulse laser at Aex =440 nm for fluorescence lifetime measurements.
The fluorescence of LysoSensor was recorded at Aepy =520 nm, and
mTHPP, and mTHPC at Aem =650 nm. No auto-fluorescence from
HSA nanoparticles or cellular structures were observed in the range
of measurement wavelength.

2.7. Intracellular 10, generation and triplet lifetime

The ability of the PS to generate '0, in its intracellular
microenvironment is an important condition for an efficient pho-
tosensitization. Thus, a new setup to investigate the intracellular
10, generation was built in our group (Schlothauer et al., 2008).

The Jurkat cells were incubated for 5h with 3 wuM mTHPP,
mTHPC and mTHPP- and mTHPC-loaded HSA nanoparticles in dark-
ness. Then cells were washed twice with PBS. The cell suspension
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was illuminated with a YAG-pumped dye laser after washing. For
mTHPP and mTHPP-HSA nanoparticles, the irradiation wavelength
is 532 nm. For mTHPC and mTHPC-HSA nanoparticles the irradia-
tion wavelength is 652 nm. The cell suspension was illuminated for
20s. During this time, the average irradiation power was 500 pwW.
The 10, luminescence of PS located inside Jurkat cells was deter-
mined with the equipment described in Schlothauer et al. (2008).
The intensity of the 10, luminescence can be calculated using Eq.
(2) (Oelckers et al., 1999) where I(t) is the intensity of 10, lumi-
nescence, A is a constant that depends on several setup parameters
and on the solvent. It also relates to k, the 10, luminescence rate
constant. T is the 10, luminescence lifetime and 77 is the triplet
state lifetime of PS.

e fon(L) (O] e

3. Results and discussion

3.1. Intracellular uptake

One question was if the PS will be uptaken by the cells or not
using HSA nanoparicles as carriers. As could be seen from CLSM
images (see Fig. 4, Section 3.2) no PS molecules are located at the
cell surface. For all samples only intracellular PS fluorescence was
observed. Therefore we could be sure starting our investigation
on intracellular uptake, that we evaluate exclusively intracellular
located PSs.

The intracellular PS concentration in Jurkat cells depending on
the incubation time was determined to evaluate the efficiency of
the HSA nanoparticles as drug carrier systems. These experiments
were carried out in comparison to the accumulation of the free
PS mTHPP and mTHPC, which are known as membrane-permeable
(data shown in Fig. 3).

The intracellular uptake of both PS without HSA nanoparticles
is similar after 24 h of incubation. The intracellular concentration
is1.2 uM £ 0.1 M for mTHPP and 1.3 uM + 0.3 M for mTHPC. But
after 1 hand 3 h ofincubation with mTHPP the intracellular concen-
tration is more than twice as high as after incubation with mTHPC.

1,89
BEmTHPP
16 EmTHPP-HSA
EmTHPC

14 BmTHPC-HSA
1,2 1
1,0 4
0,8 1
0,6 1

0.4

Intracellular PS concentration [inivi]

0,2 1

0,0

T

Incubation time

Fig. 3. Intracellular uptake of 3 wuM mTHPP, mTHPP-HSA, mTHPC, mTHPC-HSA by
Jurkat cells at different incubation times. The experiments were repeated twice and
for each measurement the cell number was counted three times to get an average.
Error bars represent the standard deviation (n=6).

In contrast to the uptake of free PS the uptake of the mTHPC-HSA
nanoparticles is much more efficient than the uptake of the mTHPP
loaded HSA nanoparticles. After 24 h the amount of intracellular
mTHPC applied by HSA nanoparticles is similar to free mTHPC and
free mTHPP. The intracellular PS concentration in case of mTHPC-
HSA nanoparticle application is 1.3 uM £ 0.4 .M in contrast to the
low concentration for mTHPP-HSA nanoparticles 0.4 .wM £ 0.1 M.
After 5 h of incubation the intracellular PS concentration of mTHPC-
HSA nanoparticles is already significantly higher than for mTHPP-
HSA nanoparticles.

The intracellular PS concentration of mTHPC and mTHPC-HSA
nanoparticles after 5h and 24 h incubation is similar. In contrast
the uptake of mTHPP-HSA nanoparticles is significantly lower than
that of free mTHPP at all incubation times.

The loading ratio of the HSA nanoparticles with the two PS is
nearly the same. Therefore using a PS concentration of 3 wM in the
medium, the amount of nanoparticles in the samples should be
the same. If so the two PS themselves must have an impact on the
endocytotic uptake of the nanoparticles. Probably this is caused by
interactions between mTHPP/mTHPC loaded on HSA nanoparticles
with cellular components. These interactions should be different
from those of the free PS with the components of the cells during
the membrane permeation.

3.2. Monitoring the endocytotic uptake of the nanoparticles and
the drug release via CLSM

To be certain the PS loaded HSA nanoparticles are taken up as
a whole and the PS release occurs inside of the cells, monitoring
of endocytosis is necessary. Since the PS do not show fluores-
cence during their immobilisation on the nanoparticles (Wacker
etal.,2010) an appearing and increasing fluorescence signal reports
about the PS release from the nanoparticles. This fact was used to
study the localization of mTHPP and mTHPC in lysosomes depend-
ing on the incubation time receiving information about the process
of lysosomal nanoparticle destruction and the subsequent drug
release.

As can be seen from the colocalization experiment (see Fig. 4)
mTHPP applied without using nanoparticles does not accumulate in
lysosomes. The mTHPP molecules pass the cytoplasmic membrane
directly into the cytoplasma, thus no localization in the lysosomes
is observed. After 1 h, 3 h, and 5 h of incubation for the mTHPP-HSA
nanoparticles treated cells a strong overlap of the LysoSensor and
mTHPP fluorescence was observed. After 24 h the mTHPP carried
by HSA nanoparticles can be found in a high amount in lysosomes
but also mTHPP fluorescence was observed in the cytoplasm. The
images show the beginning mTHPP release from the nanoparticles
after 24 h incubation.

After 1h and 3 h of incubation with mTHPC applied without
nanoparticles the cells show PS localization in lysosomes and in
the cytoplasm as well unlike the mTHPP incubated cells. After
5h and 24 h incubation no mTHPC fluorescence in the lysosomes
was observed. The high affinity of mTHPC to proteins like bovine
serum albumin contained in the cell growth medium is well-known
(Leung et al., 2002; Sasnouski et al., 2005). Therefore it can be sug-
gested that not all of the mTHPC passes the cytoplasmic membrane
directly as some is taken up by the cells attached to proteins via
endocytosis (Bento-Abreu et al., 2009; Tabernero et al., 2002). This
behaviour causes the lysosomal localization of free mTHPC in the
first hours of incubation.

Compared to the cells treated with free mTHPC after 1 h of incu-
bation the mTHPC-HSA nanoparticle treated cells show significant
PS localization in lysosomes. After 3 h of incubation with mTHPC-
HSA nanoparticles the mTHPC localization in lysosomes is still
visible but mTHPC fluorescence in the cytoplasma was observed
as well. At longer incubation times with mTHPC-HSA nanoparti-
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LysoSensor mTHPC overlay

1h

3h

LysoSensor mTHPC overlay

1h

3h

incubated with mTHPC-HSA

B
“»
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3h

5h

LysoSensor green mTHPP overlay

incubated with mTHPC

incubated with mTHPP

LysoSensor green mTHPP overlay

incubated with mTHPP-HSA

Fig. 4. PS localization in lysosomes after different incubation times, green: LysoSensor; green and red: mTHPP. Localization, as an overlap of both mTHPP and fluorescence
probes is indicated by the yellow regions. The Jurkat cells were incubated with mTHPC (A), mTHPP (B), mTHPC-HSA nanoparticles (C) and mTHPP-HSA nanoparticles (D). For
all samples at least four cells were imaged, one repre-sentive image per sample is shown.

cles almost no PS localization in lysosomes could be varified by
fluorescence (see Fig. 4).

3.3. Investigation of drug release using FLIM

In general information about the microenvironment of fluo-
rophors, in this case of the PS molecules, can be obtained from
fluorescence lifetime changes.

The decomposition of the HSA nanoparticles and the resulting PS
release should cause changes in the PS micro environment, result-
ing in different fluorescence decay times. Therefore in addition
to co-staining steady state CLSM experiments, fluorescence life-
time imaging FLIM was used to follow the PS release from the HSA
nanoparticles during their decomposition after endocytotic uptake
(see results in Figs. 5 and 6).

The average of intracellular fluorescence lifetime of mTHPP
applied without nanoparticles shortened from 9.0 ns observed for
5h incubation to 8.1 ns for 24 h. This shift of the intracellular fluo-
rescence lifetime is caused by a broadening of the spectrum of the
detected lifetimes in the image of the cells (see Fig. 6).

This indicates an intracellular redistribution of mTHPP between
5h and 24 h incubation. This effect is not fully understood yet and
needs further investigations.

In contrast to the mTHPP incubated cells no change of fluores-
cence lifetime was detected in the cells treated with mTHPP-HSA
nanoparticles over the whole incubation time.

The release of mTHPP from the HSA nanoparticles is not
detectable via FLIM, even the CLSM measurement shows only a
low PS amount applied with nanoparticles that is released from
lysosomes after 24 h (see Fig. 4).
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1h Sh 24 h

mTHPP mTHPC-HSA mTHPC

mTHPP-HSA

Fig. 5. FLIM pictures of PS distribution in Jurkat cells after 1h, 3 h, 5h, and 24 h incubation: mTHPC (first line), mTHPC-HSA nanoparticles (second line), mTHPP (third line)

and mTHPP-HSA nanoparticles (fourth line). For all samples at least four cells were imaged, one representive image per sample is shown.
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Fig. 6. Histograms of FLIM measurements of PSs inside Jurkat cells after 1h, 3h, 5h, and 24 h incubation. The Jurkat cells are incubated with mTHPC (A), mTHPC-HSA
nanoparticles (B), mTHPP (C) and mTHPP-HSA nanoparticles (D). For all samples at least four cells were imaged, the normalized sum of all measured histograms per cell is
shown.
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Table 2

10, generation and triplet parameters of mTHPP, mTHPC as well as mTHPP- and
mTHPC-HSA nanoparticles in Jurkat cells. (a) Relative to the data of mTHPP; (b)
relative to the data, of mTHPC. '0, measurement in Jurkat cells: incubation time
5h.

Tr [s] TA [ps] Relative ® 5
mTHPP 40+1.0 0.80+0.05 100%?
mTHPP-HSA 40+1.0 0.70+0.05 27.4%
mTHPC 36+1.0 0.65+0.05 100%P
mTHPC-HSA 4.0+1.0 0.60+0.05 45.0%°

Coincident to the localization of mTHPC and mTHPC-HSA
nanoparticles in lysosomes the fluorescence lifetime distribution
also shows a similar behaviour (see Figs. 5 and 6). After 1 h, 3 h, and
5h of incubation the average fluorescence lifetime of 9 ns does not
change significantly. After 24 h it decreases to 6.2 ns for mTHPC-
HSA nanoparticles and 7.2 ns for mTHPC, respectively.

The decrease of the mTHPC fluorescence lifetime in mTHPC-HSA
nanoparticle treated cells is a consecution of the mTHPC release
from the nanoparticles. In case of mTHPC applied without nanopar-
ticles it should be related to the release from other proteins like
serum albumin and the distribution of the PS in the cytoplasm.
This observation is in agreement with the CLSM data showing the
release of mTHPC from the lysosomes after 24 h (see Fig. 4).

3.4. Intracellular 10, generation and triplet lifetime

To check the ability of the PS to generate !0, in their intracel-
lular microenvironment the 10, generation after 5 h of incubation
in Jurkat cells was measured. A detailed discussion of these data is
given in Wacker et al. (2010). Here they are used for the compara-
tive discussion with the results of the other in vitro experiments.

After 5 h of incubation, both mTHPP- and mTHPC-HSA nanopar-
ticles generate 10, inside Jurkat cells. The values of triplet lifetime
of mTHPP and mTHPP-HSA in Jurkat cells are 4.0 s (see Table 2).
The values of 10, lifetime are also similar: 0.8 us for mTHPP
and 0.7 ws for mTHPP-HSA nanoparticles, respectively. However,
the intensity of intracellular !0, luminescence of mTHPP-HSA
nanoparticles is only one fourth compared to that of mTHPP (see
Table 2). This result coincides with intracellular uptake (see Fig. 3).

The intracellular uptake data show that after 5 h of incubation,
the amount of mTHPP-HSA nanoparticles taken up by Jurkat cells
is less than that of mTHPP. The low intracellular uptake of mTHPP-
HSA nanoparticles leads to less 10, generation inside the Jurkat
cells compared to mTHPC-HSA nanoparticles. The triplet lifetime
of mTHPC in Jurkat cells (3.6 ws) is shorter than the intracellular
triplet lifetime of mTHPP, mTHPP- and mTHPC-HSA nanoparticles
(4.0 ws). However, the 10; lifetime of mTHPC is nearly the same as
for mTHPC-HSA nanoparticles (see Table 2).

In both cases the intracellular ! 0, luminescence of the PS loaded
nanoparticles is much lower than that of the PS applied without
nanoparticles. That coincides with the observations of the drug
release.

The intensity of intracellular 10, luminescence of mTHPP-HSA
nanoparticles is 27.4% compared to the value of the free mTHPP
applied without nanoparticles. After 5h of incubation no drug
release of mTHPP-HSA was observed (see the FLIM images see
Fig. 5 and the intracellular distribution see Fig. 4). The most mTHPP
molecules are still attached to the HSA-nanoparticle surface, this
causes a lower 10, luminescence.

The intensity of intracellular 10, luminescence generated by
mTHPC-HSA nanoparticles is about 45% compared to the value of
the mTHPC applied without nanoparticles. The CLSM images (see
Fig. 4) show a faster drug release from the lysosomes for mTHPC
applied without nanoparticles compared to mTHPC applied with
HSA nanoparticles.

This effect is caused by the fact that in the first case the mTHPC is
attached to single serum albumins whereas in the second case the
PS is attached to large HSA nanoparticles. For this reason the time
of the release of these different “carriers” is different. As a result the
release from the lysosomes for mTHPC applied with HSA nanopar-
ticles is delayed and causes a lower intracellular 10, luminescence.

A high potential of mTHPC-HSA nanoparticles being an effec-
tive PS carrier system is allocated by the efficient drug release (see
Figs. 5 and 6), the subsequent intracellular distribution (see Fig. 4)
and the efficient 10, generation (see Table 2) by the released PS.

3.5. Dark toxicity and phototoxicity

Beside the photophysical properties of the PS the photodynamic
effect depends on the intracellular uptake, the drug release from the
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Fig. 7. Phototoxicity of 3 wM mTHPP, mTHPP-HSA nanoparticles, mTHPC, mTHPC-
HSA nanoparticles in Jurkat cells after different incubation times. (A) Rate of
apoptotic cells, (B) rate of necrotic cells. The experiments were repeated twice and
for each measurement the cell number was counted three times to get an aver-
age. Error bars represent the standard deviation (n=6). Jurkat cells cultured with
medium were taken as reference (Ref.). The cells were irradiated with Acx =660 nm
for 120 s resulting 280 m]/cm?.
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nanoparticles and the intracellular distribution of the PS. For this
reason the dark and phototoxicity were investigated in dependence
on incubation time. The different types of cell death, apoptosis and
necrosis, were followed to characterize the phototoxic effects.

For all samples, independent of the application form and the
uptake mechanism, apoptosis was found to be the main cell death
pathway caused by both PS, mTHPP and mTHPC (see Fig. 7).

Proving the phototoxic effect the dark toxicity was measured,
too. Without irradiation no significant rate of apoptosis was mea-
sured. For dark toxicity the rate of necrosis is less than 5% in the first
5h and less than 8% after 24 h of incubation (data not shown). Thus,
the rate of necrosis after irradiation is nearly the same as without
irradiation.

The rate of apoptosis after irradiation in the samples treated
with mTHPP without nanoparticles in the first 5h is continual
below 45% after 24 h incubation it decreases to 22%. The irradiated
mTHPP-HSA nanoparticles treated cells show a rate of apoptosis of
32% after 1 h of incubation but only 8-12% after 3 h, 5 h, and 24 h of
incubation.

The high phototoxicity of mTHPP and mTHPP-HSA nanoparti-
cles after short incubation times is not clear yet. After incubation
times longer than 1 h the phototoxicity of mTHPP-HSA is lowered
compared to mTHPP and does not change with increasing time.
This result is in good agreement with the observation of negligible
mTHPP release from the nanoparticles over 24 h.

The maximum of phototoxicity of cells treated with mTHPC and
mTHPC-HSA nanoparticles is reached after 5 h and keeps high after
24 hofincubation. The rate of apoptosis in these samples is between
70% and 85%.

After 5 h of incubation the most mTHPC molecules applied with-
out nanoaprticles and a high amount of mTHPC molecules applied
with HSA nanoparticles are released from the lysosomes. This drug
release affects the efficiency of photosensitization much more than
the increase of the intracellular PS concentration.

The much higher phototoxic efficiency of the mTHPC loaded
nanoparticles in comparison to the mTHPP loaded nanoparticles
coincides with their better uptake (see Fig. 3), as well as with their
faster and complete drug release (see Figs. 4-6) and the resulting
significant higher 10, generation (see Table 2).

4. Conclusions

HSA nanoparticles are efficient drug carriers for porphyrin based
PSs. HSA nanoparticles, loaded with mTHPP or mTHPC, are able to
transport the PS into Jurkat cells.

The intracellular uptake of mTHPC-loaded nanoparticles is
significantly more efficient than the intracellular uptake of mTHPP-
loaded nanoparticles. The lysosomal decomposition of the HSA
nanoparticles is faster for mTHPC-loaded than for mTHPP-loaded
nanoparticles as well.

This result leads to the assumption that the PS and its interac-
tions with the HSA nanoparticles and with the cellular structures
can influence the velocity of the intracellular uptake and the drug
release.

Due to its passive uptake free mTHPP unlike the mTHPP-loaded
nanoparticles accumulates in Jurkat cells in the same amount like
free mTHPC and mTHPC-loaded HSA nanoparticles. The detected
endocytotic uptake confirms the stability of the PS loaded nanopar-
ticles, as it was already shown in solution by Wacker et al. (2010).

In Jurkat cells the phototoxicity of mTHPC-loaded nanoparticles
and of free mTHPC is much higher than that of the mTHPP-loaded
nanoparticles and the free mTHPP.

The low phototoxicity of mTHPP-HSA nanoparticles is not exclu-
sively caused by the lower uptake. Even the highly taken up free
mTHPP shows a much lower phototoxicity than mTHPC. The low
phototoxicity of mTHPP is probably caused by the much lower

absorbance in the region of the excitation wavelength (660 nm)
(Wacker et al., 2010) and the consequently much lower 10, gener-
ation.

Additionally, the different amphiphilicity of the mTHPP and
mTHPC molecules affects their ability of 10, generation (Roeder
et al,, 2004; Rancan et al., 2005b).

HSA nanoparticles were found to be an acceptable carrier for
mTHPP, too, but the behaviour of mTHPP is not satisfying. Due to
its slow-down effect to the endocytotic uptake of the nanoparticles
and to the nanoparticle decomposition the use of HSA nanoparticles
seems not to be promising.

Because of strong interactions between PS molecules the 10,
generation of PS loaded on nanoparticles is much lower than for
the PS without nanoparticles. Thus, the intracellular release of the
PS from the nanoparticles causing their monomerisation is a pre-
condition for its photoactivity. As a result of the release process
after light absorption 10, can be generated.

For this reason the HSA nanoparticles are potential very pow-
erful carriers for PS since they are “inactive” until the release from
the nanoparticles inside of the target cells.
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