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The First Sino-German Symposium on “Singlet molecular oxygen and photodynamic effects”, supported by the
Sino-German Center for Research Promotion (SGC), was successfully held in Fuzhou city from March 23-28, 2015. The
SGC is co-financed by the National Natural Science Foundation of China (NSFC) and the Deutsche Forschungsgemein-
schaft (DFG). The symposium was initiated and co-organized by Prof. Buhong Li from the School of Photonics and Elec-
tronic Engineering, Fujian Normal University and Prof. Beate Roder from the Institute of Physics, Humboldt- Universitat
zu Berlin, with strong support from top scientists in the field from China, Germany, the United States and Brazil. The
aim of the symposium was to provide a bilateral scientific and technical forum to report, share and discuss the newest
fundamental, clinical and technical developments in the field of singlet molecular oxygen, its detection, and its use for
photodynamic treatments, both in the environment and clinics.

More than 40 experts were invited to report about their latest results in the topics of particular interest. In total
16 scholars participated from Humboldt-Universitdt zu Berlin, University of Regensburg, Ludwig-Maximilians-
Universitat Miinchen (LMU), Fraunhofer Institute of Solar Energy Systems (ISE), Charité — Universitdtsmedizin
Berlin, Friedrich-Alexander-Universitat Erlangen-Niirnberg (FAU), Freie Universitit Berlin (FU), Universitdt Ulm
and Christian-Albrechts-Universitdt Greifswald. A further 25 experts participated from Shanghai Jiaotong University,
Zhejiang University, Huazhong University of Science and Technology, Xi’an Jiaotong University, Xiamen University,
Tongji University, Dalian University of Technology, Soochow University, China Pharmaceutical University, South
China Normal University, Fuzhou University, Shenzhen University, Southern Medical University, National Center
for Nanoscience and Technology of China, Technical Institute of Physics and Chemistry of Chinese Academy of Sci-
ences, Institute of Chemistry of Chinese Academy of Sciences, Fujian Institute of Research on the Structure of Matter
of Chinese Academy of Sciences, Chinese People’s Liberation Army General Hospital and Fujian Normal University.
There were also representatives from the City University of New York, University of Sdo Paulo and The Chinese Uni-
versity of Hong Kong, China.

The scientific program addressed a wide range of problems in the different aspects of singlet molecular oxygen
research and photodynamic effects, starting with photosensitized generation of singlet oxygen and the synthesis of
novel efficient photosensitizers, problems of direct singlet oxygen luminescence detection in biological systems includ-
ing possible strategies of signal enhancement, and clinical aspects up to the exciting topic of using singlet oxygen
luminescence as a tool for diagnosis, and evaluation of the effectivity of photodynamic therapy in clinics. Round table
discussions were also organized after each section, and a series of new bilateral collaborations were established during
the symposium.
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Session 1: Singlet oxygen generation and detection

[1.01] Time-resolved singlet oxygen luminescence detection under PDT-relevant light doses

Steffen Hackbarth’, Jan Caspar Schlothauer, Annegret Preuf3 and Beate Roder
Humboldt-Universitdt zu Berlin, Department of Physics, Photobiophysics Group, NewtonstrafSe 15, 12489 Berlin, Germany
“Corresponding author: Dr. Steffen Hackbarth, hacky@physik.hu-berlin.de

Abstract: Recent developments in time-resolved singlet
oxygen luminescence detection allow measurements
in vitro at low light doses so that the cells under investi-
gation stay alive. This way, information can be gained
about the impact of photosensitization on the cells under
investigation and indirectly, their vitality can be estimated
from changes in the kinetics. Such kinetics can also give
information on the sub-microscopic localization of photo-
sensitizers. This is shown in principle using liposomes as
model system.

Keywords: singlet oxygen luminescence; diffusion; kinet-
ics; subcellular localization; light dose.

1 Introduction

Measurements of the luminescence of singlet oxygen
('0,) in biological systems suffer from principal technical
problems. The luminescence is very weak, the decay time
of singlet oxygen is short and there are many sources of
interfering signals, such as scattering or photosensitizer
(PS) phosphorescence [1]. However, the kinetics of 'O, may
give valuable information about the illuminated sample,
and detection setups have recently become much better
[2]. Even though these results have been made in vitro
they may be used for in vivo evaluation of a photodynamic
treatment in the future.

In a homogeneous environment the temporal develop-
ment of the local concentration of'0,, c,, can be described
by:

_ 2
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where ¢, represents the concentration of excited PS directly
after excitation, ®, the '0, quantum yield, 7, and 7 are the
'0, decay and the PS triplet decay time, respectively. 7, is
dependent on the local oxygen concentration and its diffu-
sivity. The 'O, decay in biological systems is influenced by

the omnipresence of water, which is an effective physical
quencher. The '0, decay time in pure water is 3.7+0.2 us [3].
Intracellular quenchers, like proteins further shorten this
decay time. The shortest reported decay time of 'O, in cells
so far was 0.3 us [4], which means that in this experiment
the quenching by proteins was 10 times more efficient than
it was by water. If these proteins react with '0,, both the
protein and the oxygen are consumed, which affects both
the PS triplet and the 'O, decay [5].

2 Statement1

“One has to be aware that any in-vitro measurement using
other than just small light doses bear the risk of not being
PDT relevant anymore. The cells under investigation will be
in many cases just dead biomaterial.”

Chemical quenching and the related changes in decay
times of PS in vitro were observed first in 2008 [6] and have
been investigated in more detail since explaining the con-
tradictary kinetics in cells which was reported eatlier [3,
4, 7]. Any measurement of '0, in cells influences the local
environment of the PS by consumption of oxygen and the
quencher. Illumination with an effective light dose (ELD)
of around 400 n]J/cell already causes in many cases a dou-
bling of the observed '0, decay time, where ELD describes
the amount of light that actually passes the cross section
of a cell and is defined as the average light intensity in
the sample multiplied by the geometric cross section of
the cell.

This was chosen as the upper limit for measurements
in living cells. The reason for this is that about half of
all chemical quenchers, among them cellular proteins,
within the diffusion range of a PS are destroyed at that
point and so the cell is doomed to die. After illumination
with only 20 nJ/cell, the vitality of the examined andro-
gen-sensitive human prostate adenocarcinoma (LNCaP)
cells in suspension, which were incubated with 3 um or
more Pheophorbide-a (Pheo) in the cell medium for 24 h
and determined with the microculture tetrazolium (MTT)
test, dropped to <40% after further 24 h (Figure 1).
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Figure 1: Cell vitality of LNCaP cells 24 h after illumination with
low light doses (ELD, effective light dose) for different incubation
concentrations of Pheo in the cell medium (incubated for 24 h).
Cells were kept in cell medium at 37°C with 5% CO, constantly
and only removed from the incubator for a short illumination
period. The illumination was performed with white-light emitting
diodes, but the illumination dose was corrected according to

the absorption spectrum of Pheo as if it had been performed
with 666 nm to enable comparison with the luminescence
measurements.

3 Statement 2

“The treatment efficiency does not only depend on
the amount of generated '0,, but also, where the '0, is
generated.”

There is common agreement in the literature that the
diffusion coefficient of oxygen in water is about 2x10~
cm?/s and also that it will be even smaller in cells. There-
fore the diffusion length of '0, in the cells is considerahly
lower than the diffraction limit for optical imaging, so
even co-staining techniques cannot predict the treatment
efficiency. However, luminescence kinetics can.

After just 30 min incubation of Jurkat cells with
chlorin e, (Ce6) and Pheo, the '0, luminescence signal of
Ce6 was much bigger than that of Pheo (Figure 2A). In bio-
logical material in most cases the '0, decay time is shorter
than the PS triplet decay. According to Eqn. (1) this means,
that the '0, decay mainly influences the shape of the rising
flank of the '0, luminescence signal.

It is obvious that the 'O, decay time of Pheo is much
shorter than that of Ce6 indicating that the interaction of
'0, with cellular quenchers is much greater if generated
by Pheo. Hence the impact of Pheo on the cell after only
30 min of incubation is much more significant than that
of Ceé6. The cell vitality counting which took place about
90 min post-illumination supports this interpretation
(Figure 2B). While the percentage of vital cells is reduced
to 40% for Pheo, it is more than 80% for Ce6. This result
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Figure 2: While the intensity of the '0, luminescence signal of Ce6
is bigger than that of Pheo after incubation of Jurkat cells for 30 min
(A), the treatment impact is lower for Ce6 (B). The reason is probably
the lower interaction of the 0, with cellular quenchers due to dif-
ferent localization of 'O, generation, resulting in a longer '0, decay
time for Ce6 compared to Pheo.

underlines the importance of measuring the kinetics of 'O,
luminescence rather than just the intensity.

4 Statement 3
“Encoded in the kinetics there is information about the sub-
microscopic localization of the PS.”

'0, has different radiative rate constants in different
cell compartments (meaning the same amount of 'O, may
emit a different number of photons depending on the local
environment) and different decay times. The diffusion of
'0, from one cell compartment to another then causes
deviations in the luminescence kinetics from the perfect
exponential behavior as described in Eqn. (1).

The first example for deriving the sub-microscopic
localization from the kinetics was given recently [8]. The
kinetics of meso-Tetra(4-N-methylpyridyl) porphyrin
(TMPyP) and Pheo in the liposomes of 1,2-dipalmitoyl-
rac-glycero-3-phosphocholine hydrate (DPPC) were inves-
tigated. Since the geometry of the formed liposomes can
be determined with a high degree of accuracy, a detailed
theoretical simulation of the diffusion and luminescence
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of '0, in these suspensions was possible. Whereas for
TMPyP, which is located in the aqueous phase, the simple
two exponential descriptions resulted in a y? value very
close to 1, the measured signals of Pheo in liposomes
could not be fitted this way (see Figure 3). Only a spheri-
cal symmetric diffusion fit, assuming the Pheo is located
in or in direct vicinity of the DPPC membrane resulted in
a good fit.
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Figure 3: Any trial to fit the '0, luminescence signal of Pheo in
liposomes using Eqn. (1) will fail, particularly if the PS triplet decay
time is determined independently (f.i. with flash photolysis) and the
result is included in the fitting process as fixed parameter (A). A fit
can be reached using the spherical symmetric diffusion model for
fitting a perfect coincidence of measured data (B, reprinted from [8]).

[1.02] Singlet oxygen and its role in drug delivery
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5 Conclusions

Strong limitations apply to 'O, luminescence measure-
ments of biological systems if relevant results are pursued.
Nevertheless, if this challenge is managed, analysis of the
'0, kinetics can help in gaining information on the situa-
tion in the cell, the treatment impact and cell vitality or
even the sub-microscopic localization of the PS.

Acknowledgment: The authors want to thank Carmen
Ludwig for carrying out measurements on cell vitality.
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Abstract: Singlet oxygen from photosensitizers plays an which can directly damage cancer cells under light irra-
important role in photodynamic therapy. Generally, singlet ~ diation. Here we demonstrate a new role of singlet oxygen
oxygen is considered as a highly reactive oxygen species in intracellular delivery of anticancer compounds using
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nanocarriers. Singlet oxygen can mediate the disruption
of lysosomes, induce the translocation of the nanocarri-
ers from lysosomes into cytoplasma, and finally achieve
synergistic anticancer efficiency.

Keywords: vesicles; micelles; singlet oxygen; lysosomal
disruption; intracellular delivery.

1 Background

Photodynamic therapy (PDT) is a good approach for
selectively destroying cancer cells by singlet oxygen
that is generated by photosensitizers upon light irra-
diation at an appropriate wavelength [1]. However, it is
still a major challenge to develop the nanocarriers for
efficient intracellular delivery of photosensitizers, even
though some nanocarriers such as liposomes and poly-
mersomes are also being used to improve their delivery
into cytoplasma.

2 Vesicle system
We have recently explored a vesicle system for the photo-
induced intracellular delivery of photosensitizers, which
possesses the ability to selectively disrupt lysosomal mem-
branes through a photochemical internalization effect.
The vesicles are fabricated through a pair of oppositely
charged polyethylene glycol (PEG)-based block aniomer
and homocatiomer [2]. A photosensitizer, AI(III) phthalo-
cyanine chloride disulfonic acid (AlPcS2a) was further
encapsulated into the vesicles through a simple vortex
mixing of solution at a drug loading percentage of 11%.
Interestingly, the vesicles exhibited a photo-induced
release of AlPcS2a under irradiation. The combination of
high-resolution fluorescent confocal microscopy and lyso-
some membrane-specific staining showed that the photo-
induced release was also observed even in the lysosomes
after endocytic internalization. Simultaneously, the released
AlPcS2a disrupted the lysosomal membranes through pho-
tochemical internalization effect, leading to the transloca-
tion of AlPcS2a and vesicles themselves to the cytoplasm.
Thus, the vesicles exhibited stronger photocytotoxicity com-
pared with free AlPcS2a. It is worth of note that the vesicles
exhibit a promising potential for PDT application.

3 Micelle system

The focus has recently turned to the exploration of a
nanocarrier for multimodal cancer therapy. We have
recently demonstrated a micelle system for PDT-based
multimodal therapy. The copolymers, consisting of mono-
methoxy poly(ethylene glycol) and alkylamine-grafted
poly(L-aspartic acid), were assembled with carbocya-
nine dyes into the micelles, which exhibited small size,
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high loading capacity, good stability, sustained release
behavior, and enhanced cellular uptake [3]. The micelles
achieved the desired biodistribution and long-term reten-
tion of carbocyanine dyes in the tumor. The micelles
caused severe photothermal damage to the cancer cells by
the destabilization of subcellular organelles after photoir-
radiation, causing superior photothermal tumor regres-
sion. Interestingly, singlet oxygen was also generated
from carbocyanine dyes at a low dose under irradiation,
and was found to disrupt the lysosomes upon light irra-
diation through photochemical internalization effect. The
acridine orange staining was used to validate the disrup-
tion of lysosomes at a very low dose of carbocyanine dye
under irradiation. Therefore, the micelles encapsulating
the carbocyanine dye are potentially able to facilitate the
intracellular translocation of other anticancer compounds
into cytoplasm through lysosomal disruption.

We subsequently encapsulated carbocyanine dye
and photosensitizer within the micelles, which exhib-
ited significant photothermal effect and singlet oxygen
from carbocyanine dye with irradiation at 785 nm [4]. The
photothermal effect triggered hyperthermia, while singlet
oxygen also triggered the disruption of lysosomes at a low
dose of 0.2 ug/ml carbocyanine dye, which further induced
the translocation of photosensitizer into cytoplasma. The
enhanced distribution of photosensitizer in cytoplasma
effectively led to the enhancement of PDT at 660 nm irra-
diation owing to the enhanced access of singlet oxygen
to subcellular organelles. Finally it triggered off syner-
gistic anticancer efficacy between PDT and photothermal
therapy. In addition, we developed the micelles to encap-
sulate cyanine dye and a chemotherapeutic drug, which
also exhibited singlet oxygen-mediated disruption of
lysosomal membranes under irradiation [5]. The micelles
proved to be highly capable of triggering the synergistic
cytotoxicity of chemotherapeutic drug with photother-
mal therapy for achieving tumor eradication without any
tumor re-growth. The enhanced distribution of a chemo-
therapeutic drug in cytoplasma plays a key role for syner-
gistic anticancer efficacy. Consequently, it indicates that
the micelles encapsulating carbocyanine dye provide an
effective pathway to transport anticancer compounds into
the cytoplasma by efecting photo-induced lysosomal dis-
ruption, which can improve the susceptibility of residual
cancer cells to anticancer compounds, and generate syn-
ergistic anticancer efficiency.
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[1.03] Current prospects of detectors for high performance time-resolved singlet oxygen luminescence detection
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Abstract: The very weak phosphorescence of singlet
oxygen is the best option for the direct detection of singlet
oxygen. Time-resolved luminescence detection in the near-
infrared gives detailed insight into the generation and
decay of photosensitized generated singlet oxygen. Highly
sophisticated instrumentation is necessary to obtain lumi-
nescence kinetics with high signal-to-noise ratio. Here we
present the current state of time-resolved singlet oxygen
luminescence detection. For the improvement of the detec-
tion systems possible alternative near-infrared detectors
are discussed with respect to their usefulness for time-
resolved singlet oxygen luminescence detection.

Keywords: infrared spectroscopy; photon counting; pho-
tomultiplier; single photon avalanche diode; supercon-
ducting nanowire.

1 Introduction

Direct detection of singlet oxygen is possible via its weak
phosphorescence emission in the near-infrared (NIR), at
about 1270 nm. In contrast to steady-state detection time-
resolved detection allows the determination of kinetics
which give information about the generation and decay
of singlet oxygen. For quantitative investigation of singlet
oxygen, especially in biological environments, the time-
resolved detection of the singlet oxygen luminescence can
be considered a “gold standard”.

For the determination of kinetics the light dose of the
experiment must be minimized, since the kinetics in bio-
logic environments change due to light. However, due to
the low quantum efficiency of the phosphorescence emis-
sion, the luminescence signals are very weak. This already
makes the detection a challenging task. In addition, for
NIR wavelengths around 1270 nm only a few detectors are
available.

In contrast to silicon-based technologies for the
visible spectrum, the development of NIR detectors pro-
ceeds slower. Photomultipliers suitable for wavelengths
around 1270 nm are almost exclusively offered by Hama-
matsu. Nevertheless, the demand for NIR detectors has
increased, also due to applications in cryptography
and the telecommunication industry. In addition to
classic photomultipliers (PMT), different technological
approaches are pursued such as single photon avalanche
diodes (SPAD) or single photon superconducting nanow-
ire detectors (SPSND).

For this, it is the aim of this work to look at the current
state of technological development of commercially avail-
able devices for NIR detection with respect to their pos-
sible application for time-resolved detection of the singlet
oxygen luminescence.

2 Analog detectors vs. photon counting devices

Analog detection of the luminescence kinetics is a very
straightforward method (see Figure 1). The sample is
excited by a pulsed laser and the detector output is an elec-
tronic signal proportional to the luminescence. This signal
must be amplified and digitized for further processing. In
contrast to analog detection a counting detector converts
incoming photons into electronic pulses. A histogram of
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Figure 1: Luminescence detection schemes of (A) analog detection
and (B) photon counting.
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the temporal distribution of these pulses with respect
to the excitation laser pulse has to be constructed. This
is usually done by time-correlated single photon count-
ing devices. In the case of singlet oxygen luminescence
detection the use of multiscalers or time correlated multi
photon counting is advised.

The best detector for analog detection is a Ge diode
(EO817-p), which is available from Northcoast. For
photon counting the H10330-45 PMT by Hamamatsu
is considered the optimal device [1]. A comparison of
the luminescence signal of pheophorbide-a in ethanol,
obtained from the analog detection setup with that
obtained using photon counting is shown in Figure 2.
When the signal obtained from the analog measurement
of the sample with OD 0.00067 and the counting meas-
urement of the sample with OD 0.00017 are compared,
taking into account the irradiation energy of the meas-
urement and the channel width, the signal obtained by
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Figure 2: Comparison of the singlet oxygen luminescence signal
acquired by (A) analog detection with the Northcoast EO817-p
and (B) photon counting with the Hamamatsu H10330-45

PMT from solutions of pheophorbide-a in ethanol with differ-

ent optical densities. The samples were illuminated with 4 )

for analog detection and 0.5 ) for photon counting. The signal
acquired with the photon counting setup is approximately a
factor of 30x higher.
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the photon counting setup is more than an order of mag-
nitude higher (Figure 2) [2].

3 Sensitivity of biological cells to light
Following the illustrative look of Hackbarth et al. [3],
showing how many photons can be detected from a single
cell, before the cell has been critically damaged by the meas-
urement light and using more realistic values for the kinet-
ics and maximum light dose, a signal of 330 photons can be
obtained from a single cell. A simulated signal of this magni-
tude, without any noise, is depicted in Figure 3A. The signal
does not allow accurate quantification of rise- or decay times.
Kinetics of singlet oxygen luminescence can only be
obtained from measurements of suspensions of many
cells. Typical experiments use around 1 million cells. The
setup used in our group typically allows around 7-9 meas-
urements before the decay times have doubled. Assuming
a good optical efficiency of 20% and a detector quantum
efficiency of 2% the simulated signal for such a measure-
ments looks like in Figure 3B.
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Figure 3: (A) Simulated signal obtained from a single cell by col-
lecting all emitted photons and (B) simulated signal for one realistic
measurement of a suspension of 1 million cells; seven such meas-
urements can be conducted before the light dose limit is reached.
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4 Detector technologies

Apart from PMTs other detector technologies exist for
single photon detection in the NIR [4]. SPADs and SNSPDs
may be of interest for a possible application in singlet
oxygen luminescence detection setups.

SPADs are avalanche diodes biased above the
breakdown voltage. An occurring avalanche has to be
quenched by reducing the bias voltage below breakdown.
Due to trapped charges these devices exhibit a high after-
pulsing probability. This is reduced by keeping the bias
below the breakdown voltage for a hold-off time in the
order of microseconds. Two operating modes must be dis-
tinguished, gated mode and free running operation. In
gated operation the bias in only applied for a short time,
the gate time. Photons can only be detected during the
gate time. In free-running mode the device can asynchro-
nously detect photons, however, when a photon event
occurs, the bias is reduced for a hold-off time resulting
in a dead time after the detection of a photon. Gated
operation reduced the dark counts, but gate times of <2
us make the gated mode unsuitable for singlet oxygen
luminescence detection with kinetics in the range of
microseconds.

SNSPDs consist of a superconducting nanowire
that is about 100 nm wide. To maximize the detec-
tor, the wire is layed out meandering across the detec-
tor area. The wire is biased slightly below the critical
current density for superconduction. When a photon is
absorbed, a local hotspot disturbs the superconduction
within the nanowire and the critical current is exceeded.
This causes the breakdown of the superconduction,
which can be detected by a voltage drop across the wire.
The device recovers quickly from this condition, once
the temperature is reestablished. These devices are sen-
sitive once the temperature is reached and the bias is
applied, no gating is necessary and after pulsing does
not occur.
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5 Discussion of NIR photon counting devices for
singlet oxygen luminescence detection

The detector area, the quantum efficiency, and the dark
count rate are parameters suitable for a first evaluation of
a detector. An overview of these parameters for the devices
considered here is given in Table 1. Regarding PMTs only
the H10330-45 was considered in Table 1 since datasheet
values, own investigations as well as reports in literature
indicate that this PMT is optimal for time-resolved singlet
oxygen luminescence detection. However, other PMTs with
similar characteristics are available, such as the H12694-45
(Hamamatsu). To the knowledge of the authors, no other
manufacturer apart from Hamamatsu offers PMTs for
single photon counting at wavelengths around 1270 nm.
NIR sensitive SPADs are offered by ID Quantique (id210,
id220, and id230) and Micro Photon Devices (InGaAs SPAD
— gated and InGaAs SPAD - free-running). For the over-
view devices for gated and free-running operation were
considered. SNSPDs are offered by SCONTEL, PhotonSpot
and Single Quantum. However, datasheets for SNSPDs are
not readily available, therefore data was compiled here
from scientific publications using SNSPDs.

The timing characteristics of all these detectors exceed
the requirements, since time-resolution on the scale of
several nanoseconds is sufficient to resolve singlet oxygen
kinetics in most environments. Thus, this parameter is not
further considered. Long term stability of these param-
eters may be of more concern for quantitative measure-
ments, but is not scope of this work.

Usually for PMTs it is not reasonable to make adjust-
ments that significantly affect quantum efficiency or dark
counts since the count rate dependence on the operating
voltage exhibits a plateau region and the optimal operating
point is easily found. For SNSPDs, an optimal adjustment
of the bias current is necessary to optimize the trade-off
between quantum efficiency and dark counts. Similar to
PMTs, for SNSPDs continuous operation is possible and

Table 1: Overview of selected properties of the different detector types.

PMT (H10330-45) SPAD? SNSPD®
Sensitive area @ 1.6 mm @ 20-50 um 10x10-30x30 um?
Quantum efficiency at 1270 nm (%) typ. 2 3-40 10-25
Dark count rate (cps) typ. 2500 50-2000 1000-2000

Other considerations — Thermoelectric cooling

- Fixed lens in detector unit

— Thermoelectric cooling

— Gated operation or free-running mode

— Trade-off between after-pulsing and
dead time

— Closed cycle cooling
—Natively fiber coupled

2Compiled from datasheets of commercial devices by ID Quantique and Micro Photon Devices; "Compiled from scientific publications

(SCONTEL, PhotonSpot and Single Quantum offer commercial devices).
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after-pulsing is not a concern. SPADs allow the adjust-
ment of several parameters by software: The quantum
efficiency, dark count rate, hold-off time and after-puls-
ing probability are interdependent on each other and an
optimal operating point considering all parameters must
be determined by the user.

It is of interest that even though SPAD datasheets and
publications on SNSDPs claim singlet oxygen lumines-
cence detection as an application, scientific publications
where SPADs or SNSPDs were used for singlet oxygen
luminescence detection still seem quite rare. Just a few
examples were found by the authors; all of the investigated
systems had a very high luminescence intensity on the
scale of singlet oxygen. The time-resolved luminescence
of singlet oxygen, generated by photosensitizer-loaded
nanofibers was investigated using a SPAD [5]; however,
the investigated system is complex and conclusions about
details of the detection system are omitted. Singlet oxygen
luminescence detection using a SNSPD was reported for
a photosensitizer in solution [6]. The kinetics obtained in
both experiments demonstrate that, in principle, SPADs
and SNSPDs can be used for singlet oxygen luminescence
measurements.

However, up to now the very small size and, associ-
ated with this, the limited possible optical layouts for
setups incorporating SPADs or SNSPDs restrict their use.
For spectroscopic applications in biological environ-
ments multimode fibers are usually used [7]. For singlet
oxygen luminescence detection the weak signal requires
the fiber to collect as much light as possible and there-
fore is rather large. Currently it seems, that the devel-
opment of fiber coupling to larger multi-mode fibers
must become available for these detectors to become
a realistic alternative to the PMT. SPAD datasheets
already mention possible coupling to a 100-um multi-
mode fiber. SNSPDs have only recently been coupled
to multimode fibers; in the visible wavelength range a
fiber diameter was reported of up to 50 um [8]. However,
the problem of polarization sensitivity of SNSPDs must
be overcome to achieve high coupling efficiencies with
multimode fibers [9].

6 Conclusions
Time-resolved singlet oxygen luminescence detection
relies on photon counting. To select an optimal detector
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for such measurements several different properties of the
detection system must be assessed. Not all detector prop-
erties such as the detector area, quantum efficiency, and
dark count rate can be maximized all at once. Technical
details such as cooling effort, fiber coupling, and elec-
tronic timing requirements have to be considered.

At present, the authors consider the H10330-45 PMT
from Hamamatsu still to be the most suitable device for
time-resolved singlet oxygen luminescence detection.
Other detector types show very promising quantum effi-
ciencies, but still have sensitive detector areas that are
orders-of-magnitude smaller.
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[1.04] Two-dimensional time-resolved detection of singlet oxygen luminescence
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Abstract: The use of imaging techniques has given a boost
to the gain in knowledge about biological systems. This
talk discusses the current state of time-resolved singlet
oxygen luminescence detection as an especially important
technique, since it allows the discrimination of singlet
oxygen and other luminescence sources and the investi-
gation of singlet oxygen interaction with its surroundings.
The technical approaches of spatially resolved detection
(scanning in contrast to wide-field imaging) are evalu-
ated. Investigations on the macroscopic scale of tissue are
covered, including their advantages and limitations.

Keywords: singlet oxygen luminescence; time-resolved
luminescence spectroscopy; imaging; in vivo singlet
oxygen detection.

1 Introduction

The use of imaging techniques has given a boost to the
gain in knowledge about biological systems. Photody-
namic therapy (PDT) imaging is in general used in appli-
cations ranging from research to clinical use [1] focusing
on imaging of the photosensitizer (PS) fluorescence,
which correlates with the localization of the PS. However,
imaging of the main mediator of PDT, singlet oxygen, is of
great interest as this could help to understand the local
efficiency of photodynamic action. In future it might help
to optimize therapeutic relevant parameters, such as the
light dose [1, 2]. The possibility of direct imaging of singlet
oxygen under PDT relevant conditions would be a leap in
clinical methodology. It is a well-known fact that direct
detection of singlet oxygen is at its most promising when
detecting its weak luminescence at 1270 nm [3]. However,
signal intensities are quite low due to the very low quantum
yield of luminescent deactivation of singlet oxygen [4].
Only a few research groups worldwide go beyond meas-
urements in solution or suspension and investigate singlet
oxygen luminescence in a spatially resolved mode.

2 Macroscopic time-resolved singlet oxygen lumines-
cence detection

Macroscopic time-resolved luminescence detection would

enable simultaneous monitoring of singlet oxygen gen-

eration and its decay in malignant tissue giving deeper

insights in the current therapy progress and facilitating

individual optimization of the treatment parameters. Up
to now, macroscopic time-resolved singlet oxygen lumi-
nescence monitoring has been employed for the inves-
tigation of several systems from ex-vivo tissue models
up to in-vivo models such as tumor bearing mice or rats.
Work performed by Schlothauer et al. [5, 6] on topically
photosensitized ex-vivo pig ear skin shows singlet oxygen
kinetics with a sufficiently high signal-to-noise ratio to
derive signal rise and decay times. Clear changes in the
rise and decay time were observed during illumination of
the sample, whilst using PDT-like excitation conditions.
The signal rise and decay times of a bi-exponential fit of
the data obtained from pig ear skin are of the order of less
than about 1 us for the rise time and about 10-20 ps for the
decay time [7]. These times are similar to reports by Baier
et al. [8] and Nonell et al. [9] for singlet oxygen kinetics
obtained by direct excitation of pig ear samples and Jarvi
et al. [10] for experiments on rat skin.

Based on measurements made on the ex-vivo pig ear,
the question remains as to whether in-vivo application is
possible on human skin. Using the fiber setup, a measure-
ment was conducted on in-vivo human skin with topically
applied pheophorbide-a. The investigations on model
systems ex vivo as well as in vivo clearly demonstrate that
macroscopic scanning of time-resolved singlet oxygen
luminescence is feasible. This method has the great advan-
tage of gathering the kinetics and information about the
interaction of singlet oxygen with the micro-environment.
This allows a deeper insight into the photophysical pro-
cesses within the tissue. Future evaluation of this method
must show the comparability of skin samples and tissue
of other organs. Currently, requirement of having to raster
scan samples is still a serious drawback of the method
because of the long time needed. Using high resolution
scanning with a typical integration time of some seconds
per pixel and a pixel size in the order of 100 um, a scan of
a macroscopic area would easily take hours. As a result,
changes in the sample - light-induced as well as others
— presents a problem for the investigation of biological
samples.

To reduce the light dose and measurement time,
improvement of the detection systems is highly desirable.
The photomultiplier tube (type H10330-45; Hamamatsu),
which is considered most suitable for time-resolved singlet
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oxygen luminescence detection [3], has a datasheet value
for the quantum efficiency of typically 2%. Detectors with
higher quantum efficiencies are available. For example,
superconducting nanowire single photon detectors have
shown promising quantum efficiencies of more than 20%,
[11], and single photon avalanche diodes have quantum
efficiencies of up to around 40% at 1270 nm. Despite the
higher quantum efficiencies, other technical properties
make these devices less useful for singlet oxygen lumi-
nescence detection. Nevertheless, for use in scanning
and fiber applications these devices may become suitable
alternatives.

3 Conclusions

From the little literature available in the field of spa-
tially resolved direct singlet oxygen detection, it becomes
clear that measuring and in particular imaging are still
extremely challenging tasks. In contrast to steady-state
singlet oxygen luminescence detection, time-resolved
measurements allow the exclusion of luminescence that
does not originate from singlet oxygen by spectral dis-
crimination as well as due to the different kinetics. Fur-
thermore, the kinetics gives information about the singlet
oxygen interaction with the micro-surroundings of the
where it has been generated. Until now, scanning is neces-
sary to acquire spatially and time-resolved singlet oxygen
luminescence signals concurrently.

The time-resolved macroscopic scanning of ex-vivo
pig ear shows that singlet oxygen luminescence detection
under PDT-relevant experimental conditions is possible
with today’s detector systems. The same method can be
applied to in vivo systems, for which similar luminescence
signals are obtained. Nevertheless, scanning of samples is
slow and since singlet oxygen kinetics are influenced by
the measurement excitation light and duration, this par-
ticular feature must be optimized.
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Abstract: Singlet oxygen ('0,) is widely believed to be the
major cytotoxic reactive oxygen species generated during
photodynamic therapy (PDT). In this talk, recent advances

in optical imaging techniques for 'O, luminescence at
~1270 nm will be summarized, and a newly developed
novel configuration of a near-infrared sensitive camera
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and adaptive optics for fast imaging of '0, luminescence
in vivo will be introduced. With regard to PDT application,
the future challenges for direct imaging of 'O, lumines-
cence will be discussed briefly.

Keywords: singlet oxygen luminescence; imaging; time-
resolved; spatially resolved.

1 Introduction

The excited singlet state of oxygen ('0,), is recognized
as being the major cytotoxic reactive oxygen species
(ROS) generated during photodynamic therapy (PDT)
for a number of photosensitizers used clinically (por-
phyrin- and chlorin-based) and for some new compo-
nents under investigation [1, 2]. 'O, is generated in a
type-II reaction in which the excited singlet state of the
photosensitizer produced upon photon absorption by
the ground-state photosensitizer molecule undergoes
intersystem crossing to a relative long-living triplet
state. This state can then exchange energy with the
triplet ground state of molecular oxygen. 'O, can have
radiation decay, emitting near-infrared (NIR) lumines-
cence at around 1270 nm. This phenomenon has driven
intense research to develop novel sensitive techniques
for time- and spatial- resolved measurement of 'O, lumi-
nescence at 1270 nm. In this talk, recent advances in
optical imaging techniques for 'O, luminescence will
be summarized, and a newly developed novel config-
uration of a NIR sensitive camera and adaptive optics
will be introduced for fast imaging of '0, luminescence.
With regard to PDT application, the future challenges
will be briefly discussed concerning direct imaging of
'0, luminescence.

2 Imaging systems for '0, luminescence

As summarized in Table 1, there were two patterns devel-
oped for direct imaging of '0, luminescence.

Table 1: Imaging systems for '0, luminescence.
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One pattern is based on the utilization of NIR pho-
tomultiplier tube (PMT) in combination with scanning-
based methods, and the advantage of these measurements
is that the 'O, luminescence could be simultaneously
validated by time-resolved measurement, which is ben-
eficial in processing the raw data to obtain 'O, lumines-
cence images. However, motion artifacts during the long
scan time are still a serious concern, while the treat-
ment itself may cause changes to the 'O, kinetics that are
then missed or incorrectly recorded [3-6]. The second
approach is based on the use of a NIR camera with a set
of band-pass filters to discriminate the '0, luminescence
from background fluorescence and phosphorescence
[7-9]. However, the long acquisition time of 40-50 s per
image and the low signal-to-noise ratio in physiological
environments are likely to preclude this method being
practical for PDT dosimetry.

Most recently, we have developed a novel configura-
tion of a thermoelectrically-cooled NIR-sensitive InGaAs
camera for imaging photodynamically generated 'O, lumi-
nescence, using custom-designed NIR optics to collect
the luminescence [10]. The validation of '0, luminescence
in the acquired images was performed using the model
photosensitizer rose bengal (RB) in aqueous solution. In
this study, the well-controlled dorsal skinfold window
chamber model in mice was used in vivo to image the 'O,
luminescence in blood vessels immediately after the mice
had been intravenously injected with RB. Images of 'O,
luminescence in blood vessels in vivo were obtained for
the first time.

3 Future challenges

'0, is generally considered to have an extremely short lifetime
(probablility <<1 us) in cells and tissues due to its high reac-
tivity with biomolecules, so that the luminescence signal is
very weak (~1:108 probability). Additionally, 1270 nm is not in
a favorable range for efficient photodetection using standard

NIR detector Object Scanning Resolution Integrated References
(um) time (s)

InGaAs Linear array detector (Princeton Instrument)  Cells with D,O Yes 2.5 30 [3]

PMT (R5509, Hamamatsu) Tumor model Yes 1000 400 [4]

PMT (H10330-45, Hamamatsu) Skin model Yes 200 4000 [5]

PMT (R5509, Hamamatsu) C,, powder Yes 17.96 589.824 [6]

Camera (XEVA, Xenics) Mouse skin No 39.4 1 [7]

Camera (MOSIR 950, Intevac) Tumor Model No 46.0 40-50 [8]

Camera (NIRvana:640, Princeton Instruments) Cells with D,0 No 1.4 5 [9]

Camera (XEVA, Xenics) Dorsal skin window chamber  No 30 1 [10]

D,0, deuterium oxide.
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devices. In order to establish a robust 'O, luminescence-
based PDT dosimetry, the NIR-PMT or a camera with extraor-
dinarily high sensitivity is highly desired. Furthermore, the
validation of '0, luminescence from the obtained NIR lumi-
nescence image is still a challenge, which hopefully can be
directly validated by time-resolved measurement. For this,
the combination of time- and spatial-resolved measure-
ments with NIR-PMT and camera respectively, is currently
the major aim of our study.
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Abstract: Water is a well-known quencher for singlet
molecular oxygen. The dissipation of the energy from
singlet molecular oxygen was found to cause physical
changes of the water that could be detected by infrared-
spectroscopic investigation of the water absorption bands
and the behavior during the liquid/solid phase transi-
tions. Water treated with singlet oxygen accelerated the
activity of the enzyme beta-glucosidase and accelerated
the growth of corn plants.

Keywords: singlet oxygen; water; quenching; infrared
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1 Introduction

The energy for the excitation of singlet oxygen could be
provided by the energy transfer between a photosen-
sitizer (PS) and an oxygen molecule. The lifetime of the
singlet oxygen state, the so-called lAg, depends on the

surrounding medium. The oxygen molecule in this excited
singlet state relaxes by emitting a photon at a wavelength
of 1268 nm (7886 cm™). The typical lifetime of this process
is of the order of milliseconds. Radiationless deactiva-
tion (energy transfer) is induced if a so-called quencher
is present. Water is a well-known quencher for singlet
oxygen and reduces the lifetime of singlet oxygen to a few
microseconds [1, 2]. That is especially the case when using
singlet oxygen for inhalation therapies. However, healing
effects have been reported.

2 Singlet oxygen and water

What could be of interest in combining singlet oxygen
and water? The water will simply deactivate the singlet
oxygen, as may be seen from the diminished near-infra-
red (NIR) luminescence of singlet-molecular oxygen. But
what happens with the water? Will the energy be dis-
sipated by the water, resulting in a slight temperature


http://spie.org/documents/Newsroom/Imported/005511/005511_10.pdf
http://spie.org/documents/Newsroom/Imported/005511/005511_10.pdf

DE GRUYTER

increase? The energy content of 0.98 eV in '0, is above
the vibration-stretching modes of water. These modes can
be seen in the water absorption spectrum in the NIR and
mid-infrared. Infrared (IR) spectroscopic investigations of
liquid water and air saturated with water vapor and water
clusters, treated with singlet oxygen, showed changes
in the absorption bands when the water quenched the
singlet oxygen. This would not be such a surprise, if these
changes were not also detected minutes, hours and even
days after the water had quenched the singlet oxygen, far
beyond the time-scale for a thermal relaxation.

3 Investigation of the interaction between singlet
oxygen and water

Singlet oxygen was generated in the gas phase. The
water-insoluble PS (metal-phthalocyanine) was deposited
on various substrate materials by evaporation in a high
vacuum. The PS was illuminated and excited by means
of a suitable broadband light source. A gas containing
oxygen was blown across the surface of the PS and fed
into de-ionized water for deactivation.

4 NIR spectra of singlet oxygen treated air

The spectroscopic analysis was performed either in the
gas phase by feeding the outlet air, which was humidi-
fied by the water used for quenching the singlet oxygen,
into integrating spheres attached to a Fourier-transform
spectrometer: A PTFE-coated sphere fitted with an InGaAs
detector for the shorter wavelength range (1.0-2.4 um or
10,000-4300 cm?) and a diffuse-gold coated sphere with
a Mercury-Cadmium-Telluride (MCT) detector attached
to the sphere wall for the IR spectral range (1.7-17 um or
6000-600 cm™).

The NIR absorption bands caused by the water mol-
ecules of humidified air treated with singlet molecular
oxygen show small, but reproducible changes compared
to non-treated humidified air. The rotational fine struc-
ture of the water bands had disappeared in the ratio of the
spectra measured after quenching singlet oxygen to the
reference, whereas a somewhat weaker shift in the vibra-
tional modes was observed (Figure 1) which could still be
seen for a long time after the treatment. One explanation
could be that the changes only occur in water clusters
formed by hydrogen bonds, where the water molecules
are not able to rotate.

Analysis of the time dependence of the spectral
changes at 5600 cm* yielded some interesting features
(Figure 2). A saturation level was reached after treating
the water for approximately 2 h, presumably depending
on the singlet oxygen production rate and the amount of
treated water. An exponential decrease of the changes
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Figure 1: Transmittance spectra of humidified air before (black)
and after quenching singlet oxygen (red) in relation to the reference
spectrum (blue).
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Figure 2: Relative changes of the water absorptance at 5160 cm™*
while purging with air without singlet oxygen (green), while quench-
ing singlet oxygen (blue squares), after stopping the quenching
(red), and after restarting quenching (blue triangles, note the
change in time scale).

after the end of the treatment was observed. This process
reached a constant level after approximately 2.5 h. The
absorption changes could be reproduced by restarting the
singlet oxygen impact.

5 Effect of water treated with singlet oxygen on
metabolic processes
Enzymes are usually active in water. Their chemical
activity to change molecules involves hydrogen bonds.
Therefore the influence of water treated with singlet
oxygen was investigated on the enzyme activity of beta-
glucosidase. The exogenous beta-glucosidase enzyme is
used for the decomposition of cellulose into glucose. The
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Figure 3: Activity of 10 mg/l beta-glucosidase in water after addi-
tion of 5 g/l salicin. The data are averages taken from eight experi-
ments. Untreated de-ionized water (blue bars), de-ionized water
freshly treated with singlet oxygen (green bars) and de-ionized
water, which was treated with singlet oxygen 3 days before the
enzyme test started (red bars).

enzyme concentration was 10 mg/l in all experiments.
Salicine (5 g/1) was added as the carbohydrate substrate
instead of cellulose in order to keep the enzymes active.
The saligenine concentration was used as a measure of
the enzyme activity. Samples were taken and analyzed
immediately after adding salicine as well as 3 h and
6 h later. All experiments were repeated a total of eight
times.

Beta-glucosidase showed a drastically increased enzy-
matic activity in treated water (Figure 3). Soil suspensions
reached different equilibrium levels for the pH value and
the redox potential, when the water had been treated with
singlet oxygen. Irrigation with activated water increased
above ground dry-matter production of corn plants by
20%. The mechanisms of the improvements of these bio-
chemical and metabolic processes are unknown and still
require further investigation.

DE GRUYTER

6 Conclusions

After the quenching of singlet molecular oxygen, unex-
pected changes were found in some of the physical proper-
ties of water. IR spectroscopy demonstrated these changes
and showed that they were not caused by temperature
effects or the formation of hydrogen peroxides.

Differences in the thermal behavior during and after
liquid/solid phase transitions also indicated structural dif-
ferences. The lifetime of the observed changes was found
to be of the order of hours and days. Thermal treatment
(microwave) reversed the observed changes. The nature of
these changes in the water is still unclear. Changes in the
structure or size of water clusters might be assumed, but
this hypothesis needs to be validated.

We are convinced that we have found a new method
for water treatment which could facilitate fruitful applica-
tions in various fields such as biotechnology, agriculture
and food processing. We also recognize that a much better
understanding of the properties of water is still needed.
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Abstract: Pulsed lasers have been widely applied in pho-
todynamic therapy (PDT). However, the effects of pulsed
laser parameters on PDT efficacy have not been fully
understood. Singlet oxygen ('0,) is known to be a major

cytotoxic agent in PDT. In this study, the influence of pulse
repetition rate on 'O, production was evaluated by detect-
ing '0, luminescence at 1270 nm. We studied the genera-
tion of '0, using a pulsed laser by changing its repetition
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rate (1-90 kHz). The results showed that there was no sig-
nificant difference in 'O, production among different rep-
etition rates with the same irradiation power of 20 mW.

Keywords: photodynamic therapy; singlet oxygen; lumi-
nescence; pulsed laser; pulse repetition rate.

1 Introduction

Photodynamic therapy (PDT) is an effective therapeutic
modality that uses light source with a specific wavelength
to activate a photosensitizer (PS) for the treatment of both
oncological and non-oncological diseases. Upon absorp-
tion of the light, the PS initiates photochemical reactions
that lead to generation of reactive oxygen species (ROS),
particularly singlet oxygen ('0,), which may cause tar-
geted cells damage or death. Therefore, the production of
'0, during PDT is a direct indicator for PDT dosimetry.

In clinical practice, different types of pulsed light
sources have been widely used as the excitation light
sources in PDT. Several investigations have reported that
the efficacy of PDT using a pulsed laser may vary with
the pulsed laser parameters, for instance, repetition rate,
fluence rate, and so on [1, 2]. However, the effects of pulsed
laser parameters on PDT efficacy have not been fully under-
stood. In this study, we demonstrate the influence of laser
pulse repetition rate on the '0, production during photosen-
sitization by directly detecting its luminescence at 1270 nm.

2 Materials and methods

We studied the production of '0, that was generated from
photosensitization of rose bengal (RB) using a pulsed
laser by changing its repetition rate from 1 to 90 kHz.
RB-mediated '0, luminescence were detected at different
repetition rates with the same irradiation power of 20 mW
using time- and spectra-resolved 'O, luminescence detec-
tion system.

RB was purchased from Sigma-Aldrich (St. Louis,
MO, USA) and was used as a model PS in the solution-
based measurements for generation of 'O, in the follow-
ing studies. A 100 uM stock solution of RB was made up
in initially air-statured phosphate buffered saline (PBS) at
pH 7.5, and 1 uMm RB were prepared from this stock immedi-
ately before use. Preparation was done in near-dark con-
ditions to prevent photosensitized degradation of RB.

The time- and spectra-resolved '0, luminescence was
measured by a custom-developed near-infrared (NIR)
luminescence detection system, which has been described
in detail previously [3]. Briefly, a 523 nm pulsed laser
(QG-523-500; Crystalaser Inc., Reno, NV, USA) was used
to excite the PS. The laser light passed through a splitter,
an optical attenuator and was directed into the measured
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2.5 ml RB solution placed in a standard 10 mm pathlength
quartz cuvette. The average output power can be adjusted
by using the optical attenuator. The exciting lumines-
cence was collected at right angle to the excitation beam
through a 1000 nm long-pass filter, the collection optics
and a series of three NIR narrow-band filters centered at
1270, 1230, and 1310 nm that were placed in front of the
NIR-PMT (H10330-45; Hamamatsu Corp.) at an operating
voltage of -900 V. The NIR-PMT output signals were finally
recorded by the fast photon counter (MSA-300; Becker &
Hickl GmbH, Berlin, Germany). In order to differentiate
'0, emission at 1270 nm from the PS fluorescence (and/
or phosphorescence) and other background signals, the
exciting luminescence for each sample was detected by
using each of the 1230, 1270 and 1310 nm filters in turn.
The 1230 and 1310 nm filters, which contain only the PS
fluorescence (and/or phosphorescence) and other back-
ground signals, were used to determine the luminescence
background in the 1270 nm region. Therefore, the '0, lumi-
nescence counts at 1270 nm for RB in PBS were corrected
for background by subtracting the average luminescence
counts of the 1230 and 1310 nm.

In order to evaluate the influence of pulse repetition
rate on the production of '0,, 1 uM RB in initially air-stat-
ured PBS was freshly prepared for each 'O, luminescence
measurement with the selected pulse repetition rate of 1,
5,10, 15, 30, 50 and 90 kHz, respectively. Under each pulse
repetition rate, the laser power and irradiation time were
set to 20 mW and 30 s, respectively. The obtained time-
resolved '0, luminescence curve and the corresponding
integrated '0, luminescence counts with background sub-
traction in PBS solution were comparatively studied.

3 Results
Figure 1A shows the representative time-resolved NIR lumi-
nescence curves at the filter of 1270 nm for different rep-
etition rates, respectively. In order to keep the same laser
irradiation time of 30 s, the time-resolved luminescence
counts were summed over a different number of laser
pulses for different repetition rates (30,000-2,700,000
laser pulses for 1-90 kHz). As a result, the background
counts increased with the repetition rate. The integrated
'0, luminescence counts were calculated by counting the
total luminescence counts following the laser pulse and
subtracting background contributions. Figure 1B shows
the comparison of the integrated '0, luminescence counts
at different repetition rates. No significant difference in'0,
production was observed among the different repetition
rates with the same irradiation power of 20 mW (p>0.05).
Furthermore, the influence of laser power on the 'O,
production was also assessed at the repetition rate of
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Figure 1: (A) The time-resolved NIR luminescence curves at the filter
of 1270 nm, and (B) the integrated '0, luminescence counts as a
function of the pulse repetition rate.

15 kHz with a fixed laser irradiation time of 30 s. The laser
power was set to 20, 50, 100, 150 and 200 mW, respectively.
As shown in Figure 2, the integrated 'O, luminescence
counts almost linearly increased with increasing laser
power, but reached a plateau at above the laser power of
150 mW. We estimated the peak fluence rate with laser
power of 150 mW, repetition rate of 15 kHz and pulse width
of 29.1 ns to be about 4.4x10* W/cm? in the present study.
In clinical practice, the PDT efficacy may be influ-
enced by the penetration of light in tissue, distribution
of PS, and so on. In this study, the experiments were per-
formed in the solution of RB. Therefore, we do not have to
take into account factors such as light penetration depth;
this allowing us to focus on discussion the influence of
the pulse repetition rate on the production of '0,, which is
the major cytotoxic agent in PDT. In a previous theoretical
analysis [2], the authors concluded that the effectiveness of
pulsed excitation in PDT drop significantly when the peak
fluence rate was above a threshold, which was probably
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Figure 2: The integrated 'O, luminescence counts at the repetition
rate of 15 kHz as a function of the laser power.

due to the saturation of the PS absorption. Furthermore,
the threshold may vary with the laser pulse parameters, for
instance, repetition rate, pulse width, and so on [2]. In this
study, the peak fluence rate is inversely proportional to the
pulse repetition rate, while the laser power and irradiation
time were kept constant. The 'O, production was almost
identical among different pulse repetition rates, and the
peak fluence rate for each repetition rate was below the
threshold.

4 Conclusion

In conclusion, we investigated the influence of pulse rep-
etition rate on the '0, generation from the photosensitiza-
tion of RB by using a '0, luminescence detection system.
The obtained results indicate that there was no significant
difference in 'O, production among different repetition
rates with the same irradiation power of 20 mW.
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Abstract: In this contribution we will discuss the selec-
tivity challenge in the photodynamic therapy of tumors,
various approaches to increase selectivity and present
some of our results with regard to this issue.

Keywords: PDT; active targeting; passive targeting;
enhanced permeation and retention effect (EPR).

1 Introduction

The selective enrichment of photosensitizers in tumor
tissue with respect to healthy tissue is still a major issue
in photodynamic therapy (PDT), as it is with many other
cancer therapies. Ever since the first coherent studies
using various sensitizers, the selectivity challenge has
been recognized and addressed by several different
approaches. Generally, two major solutions have been
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proposed: (1) active targeting via tumor-specific recogni-
tion units (targeting devices) such as antibodies, peptides
or fragments thereof, and (2) passive targeting which
essentially takes advantage of the enhanced permeation
and retention (EPR) effect (see Figure 1) [1].

In this brief overview, the term “carrier system” is
used for all combinations of targeting devices, linkers and
photosensitizer(s). Thus, an antibody-sensitizer conjugate
with its active targeting mode as well as a nanoparticle-
based sensitizer complex with its passive targeting mode
are both carrier systems.

Active targeting generally implies that the attachment
of the sensitizer does not detrimentally affect the activ-
ity of the targeting device towards the tumor. Clearly, if
the sensitizer(s) dominate(s) an active-targeting carrier
system, chances are high that the selectivity will not be

Passive targeting (EPR)
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Figure 1: Schematic representation of active targeting (left). Difference in small and large (>40 kDa) molecule uptake — passive targeting (right).

EPR, enhanced permeation and retention.
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high. As a consequence, changes in the recognition unit,
either by covalent bonds, or by electrostatic or hydropho-
bic interactions, should be avoided. But, in terms of effi-
ciency, it is desirable to use as high a ratio of sensitizer to
recognition unit as possible.

2 Solution approach
Within the last 30-40 years, many attempts have been
made to generate active-targeting carriers that utilize
various recognition units; only those with antibodies will
be mentioned here briefly. As linkers, polymers such as
polyvinyl alcohol, y-polyglutamic acid, or modified poly-
L-lysine were attached to the antibodies [1]. Sensitizers
were then covalently bound to these polymers, complet-
ing the carrier systems. It should be pointed out that many
more studies were made but that most of them, although
successful in cell experiments, apparently never led to a
breakthrough in PDT. We considered a slightly different
approach, i.e. not employing polymers with their mul-
titude of conformations but rather dendrimers as multi-
plying motifs. In particular, fullerene seemed to be an
excellent candidate as it allowed, as a dendritic core, the
attachment of up to 12 substituents in a simple manner.
Thus, we prepared fullerene adducts with up to 24 sen-
sitizers — our choice was pyropheophorbide-a — as refer-
ence compounds and an antibody conjugate with 10 dye
moieties (see Figure 2 for a selection of these molecules).
In a proof-of-priniciple, we showed that the antibody con-
jugate did indeed selectively bind to cell with the respec-
tive antigene [2].

Detailed photophysical investigations with all conju-
gates [3, 4] showed that extensive resonance energy trans-
fer and excitonic coupling significantly lowered singlet
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oxygen quantum yields, ®,. The decrease of @, essen-
tially correlated with the number of sensitizers attached
to the core. At this point it became clear why previous
approaches were not as successful as hoped and that just
putting as many sensitizers as possible on a carrier system
is not a good strategy. This observation also applies to pas-
sive-targeting systems, maybe even more so as the inter-
nal energy dissipation can also include the cores, such as
nanoparticles.

Fortunately, these obstacles may be overcome if the
sensitizers are released from the carrier once they reach
the target tissue. By separating the dyes, they will regain
their full power as singlet oxygen sensitizers. For example,
given the slightly acidic conditions in tumor cells, hydroly-
sis of ester or amide moieties is possible — although, given
the size of the whole complex, enzyme-catalyzed processes
may be rather slow. At the moment, we are working on
carrier systems that take on the one hand advantage of the
EPR effect and on the other hand, possess covalent bonds
that can be cleaved by tumor-specific stimuli such as pH
changes. Also, external stimuli for bond cleavage such as
heat or radiation are conceivable which — similar to internal
tumor mechanisms — would allow for intravenous applica-
tion of the carrier systems. Clearly, the whole system must
stay fully intact until it reaches the target tissue.

3 Conclusion

In summary, the accumulated knowledge of the work
done on carrier systems, the deeper understanding of
the EPR mechanism, the development of photophysical
characterization and chemical synthetic techniques in
recent years now demand intelligent carrier systems to be
further developed. High selectivity, high efficiency, and

Figure 2: (A) C, -conjugates with 12 pyropheophorbide-a moieties [3], (B) conjugate with 24 dyes [4] and (C) schematic representation of a

C,,-Pyropheophorbide-a rituximab® carrier system [2].
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high activity versus tumors in PDT are the milestones that
need to be achieved.
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Abstract: Cell receptor, uPAR, is widely considered as
a tumor marker. We prepared a novel tumor targeting
drug carrier (ATF-HSA) by fusing human serum albumin
(HSA) with a uPAR inhibitory peptide (amino-terminal
fragment of urokinase, ATF) and successfully loaded a
photosensitizer, mono-substituted B-carboxy phthalocya-
nine zinc (CPZ), into ATF-HSA by a novel strategy to form
a molecular complex (ATF-HSA:CPZ). ATF-HSA:CPZ was
demonstrated to be an effective photosensitizer showing
remarkable anti-tumor effect and, at the same time, faster
liver clearance compared to other types of photosensitiz-
ers. Moreover, ATF-HSA:CPZ showed much higher (100x)
fluorescence compared to a control and was demonstrated
to be able to track the location of xenografted tumor.

Keywords: urokinase receptor; amino-terminal fragment
of urokinase; human serum albumin; phthalocyanine
zinc; tumor targeting.

1 Introduction
Urokinase-type plasminogen activator (uPA) and its receptor
(uPAR) are important components of the plasminogen acti-
vation system [1] which generates active enzyme (plasmin)
and leads to the degradation of fibrin clot, the extracellular
proteins, and the activation of metallomatrix proteins [2].
Many studies suggest that the levels of uPA and uPAR
expression are substantially higher in invasive, malignant
cancer cells than in either most healthy cells or benign
tumors [2-4]. High level of uPAR on cell surface can bind
to circulating uPA and concentrates the uPA proteolytic

activity onto pericellular space. Tumor cells hijack this
uPAR/uPA system for the purpose of tumor cell migra-
tion and metastasis. Thus, uPAR is widely advocated as
a surface marker for tumors, and is an important target
for tumor therapy and tumor imaging [1, 2]. One peptidyl
inhibitor of uPAR conjugated with a radioactive isotope is
used in a clinical trial as a positive emission tomography
(PET) tracer to identify tumors with aggressive phenotype
[5]. Amino-terminal fragment of urokinase (ATF) is the
primary receptor binding region of uPA to uPAR, and can
be used as a potent inhibitor of uPAR [6].

Human serum albumin (HSA) is the most abundant
plasma protein and plays many important physiologi-
cal roles. HSA can bind to many endogenous and exog-
enous substances, e.g. fatty acids, bilirubin, heavy metal
ions and many kinds of drugs [7], and has been used as a
drug carrier for delivery and for improving the pharma-
cokinetic profile of drugs [8]. In this study, we constructed
the fusion protein ATF-HSA by merging ATF together with
HSA to enhance tumor targeting ability of HSA as a drug
carrier.

Photodynamic therapy (PDT) is an increasingly valu-
able therapeutic modality for a range of tumors. In the
process of photodynamic therapy, photosensitizers (PSs)
are activated by light of a specific wavelength, and in the
presence of tissue oxygen, singlet oxygen is produced to
kill tumor cells [9]. Phthalocyanine is a second genera-
tion photosensitizer, and has unique advantages, such as
near-infrared absorption at 680 nm, and allowing deeper
tissue penetration compared to the first generation PSs
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[9]. However, phthalocyanine-type PSs do not have tumor
targeting capability, and tend to have a prolonged reten-
tion in normal tissues [10, 11].

2 Methods and results

To enhance the tumor retention of phthalocyanine and
to improve its clearance rate from the body, we loaded
a PS, mono-substituted B-carboxy phthalocyanine zinc
(CPZ), non-covalently into ATF-HSA, forming a molecular
complex ATF-HSA:CPZ. We demonstrated that only one
CPZ molecule was embedded inside ATF-HSA at the fatty
acid binding site 1 of HSA.

Phthalocyanine tends to form heavy aggregates in
aqueous solvents, but such an aggregation of CPZ mol-
ecules was minimized in our preparation. Compared with
free CPZ, CPZ in ATF-HSA:CPZ was mainly in monomeric
form (UV absorption peak at 680 nm) and its fluorescence
was enhanced ~100 fold compared to a water soluble
phthalocyanine (ZnPc-5K) [11], which is an important
property for optical imaging application. The hydrody-
namic radius of ATF-HSA:CPZ was 7.5 nm close to that of
HSA (6.5 nm), which is different from albumin nanoparti-
cles (~200 nm) in previous studies [12].

The PS-loaded ATF-HSA:CPZ did indeed bind to uPAR
with high potency, indicating that the loading of CPZ did
not perturb the receptor binding property of ATF-HSA. In
non-small cell lung carcinoma cells (H1299) and human
breast cancer cells (MDA-MB-231), both with uPAR over-
expression on the surface of cells, ATF-HSA:CPZ had
higher cell uptake than HSA:CPZ, which demonstrated the
receptor-mediated targeting effect in vitro. In addition, we
carried out the tumor targeting studies in vivo using a flu-
orescent molecular tomography FMT 2500TM instrument
(PerkinElmer, Waltham, MA, USA) which can achieve
three-dimensional imaging and precise quantification on
living mice. ATF-HSA:CPZ and HSA:CPZ were injected into
H22 tumor-bearing Kunming mice at a dose of 80 nmol/
kg. The mice were then imaged at different time points in
a noninvasive manner on the FMT instrument by the fluo-
rescence of ATF-HSA:CPZ and HSA:CPZ. The result showed
that HSA:CPZ targeted the tumor, presumably through
an enhanced permeability and retention effect and/or
some albumin receptor. Furthermore, ATF-HSA:CPZ had
a tumor retention ~2-3 fold higher than HSA:CPZ, dem-
onstrating the ATF-mediated tumor targeting effect. Then
photodynamic anti-tumor experiments were carried out
on H22 tumor-bearing Kunming mice at 80 nmol/kg injec-
tion dose and 50-J/cm? illumination (3 min once a day) for
7 days. Both ATF-HSA:CPZ-treated and HSA:CPZ-treated
groups displayed a significantly reduced tumor growth
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rate compared to the control. Consistent with the result
of tumor targeting study, ATF-HSA:CPZ had a more potent
photodynamic anti-tumor effect compared to HSA:CPZ.
The tumor size of ATF-HSA:CPZ-treated group was reduced
by 2-fold compared to that of the HSA:CPZ-treated group.

Our biodistribution study showed that both ATF-
HSA:CPZ and HSA:CPZ were accumulated mainly in the
liver and kidney but much less in other organs/tissues
after injection. The results showed that both ATF-HSA:CPZ
and HSA:CPZ were eliminated from ~2 uM to ~150 nM in
liver and from ~0.5 uM to ~80 nM in kidney in 7 days. They
were cleared faster than other phthalocyanines. This is
likely to be related to the incorporation of monomeric CPZ
inside ATF-HSA or HSA.

3 Conclusion

In summary, a molecular complex, ATF-HSA:CPZ, was
prepared by a novel strategy. ATF-HSA:CPZ was dem-
onstrated to be an effective probe for tumor imaging
and have remarkable anti-tumor effect. Moreover, both
ATF-HSA:CPZ and HSA:CPZ had faster liver and kidney
clearance.
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Abstract: The limited therapeutic depth and the difficult
dosage determination of photodynamic therapy (PDT)
restrict its clinical application to topical lesions. Novel
near-infrared nanoprobes, which were constructed with
upconversion nanoparticles (UCNPs) and photosensitiz-
ers (PSs), were studied as a theranostic agent for deep-
seated PDT. In our study, by cooperation of UCNP and PS,
one part of the light energy was transferred from UCNP to
PS for deep-seated PDT; another part of the energy was
transformed to emit red light for imaging. The nanoprobes
showed considerable potential for both deep-seated
tumor treatment and therapeutic monitoring.

Keywords: tumor; photodynamic therapy; singlet oxygen;
upconversion nanoprobe.

1 Introduction

Photodynamic therapy (PDT) is a cancer treatment modal-
ity involving a combination of light, photosensitizer (PS),
and molecular oxygen. Upon irradiation with an appro-
priate light, the PS is excited and transfers its energy to
the surrounding molecular oxygen to generate cytotoxic
reactive oxygen species (ROS) [1]. This leads to selective
and irreversible destruction of diseased tissues, without
damaging adjacent healthy ones.

Despite the many advantages of PDT over current
treatments (e.g. surgery, radiation therapy, and chem-
otherapy), PDT still has yet to gain general clinical
acceptance.

The first reason is that PSs often need to be excited
with a visible band light causing limited therapeutic
depth which clinically restricts its treatment to topical
lesions [2]. There is an “optical window” of tissue from 700
to 1100 nm, where tissue has maximum transparency to
light [3]. So the therapeutic depth of PDT would be greatly
improved if the excitation light lies within this window.

The delivery process of PS is another major challenge
in PDT. Majority of currently available PSs are hydropho-
bic by nature and their intrinsic tumor specificity is less
than optimal. Numerous approaches have been proposed
to achieve not only stable aqueous dispersion but also
site-specific delivery of therapeutic agents. Therefore, bio-
compatible delivery vehicles are often used.

The third reason is that the used dosage of PDT is
difficult to determine. Understanding both the PDT dose
and the threshold dose and giving a proper treatment are
important [4]. But to determine PDT dosage for planning
the PDT effect is difficult with any of the three players
involved in PDT: PS, light and oxygen due to the compli-
cated interplay among them, although the correlation of
treatment response to the total light dose in PDT has shown
varying success [5]. However, to optimize the biological
effect, accurate dosimetry needs to be implemented.

2 Materials and methods

To overcome these limitations, upconversion nanoparti-
cles were used in our study due to its intrinsic advantages.
We explored the functions of upconversion nanoparticles
as a drug carrier and energy donor in PDT.

Upconversion is an anti-Stokes process that involves
long-wavelength radiation, usually near-infrared (NIR)
at 800 or 980 nm [6], being converted to a shorter wave-
length such as ultraviolet or visible radiation (Figure 1).
Upon radiation of NIR, upconversion nanoparticles
(UCNPs) emit visible light that can be used to excite PS
to generate ROS. Modified with PSs, these upconversion
nanoparticles have the potential of increasing the limited
therapeutical depth of current PDT techniques [7].

3 Results
In our research, we constructed a nanoprobe (UCNP-
Ppa-RGD) for NIR-PDT. The nanoprobe uses NaYF,:Yb/
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Figure 1: Emission spectra of upconversion nanoparticles excited
with near-infrared light.

Er upconversion nanoparticles that are wrapped by
O-carboxymethyl chitosan, and were co-modified with
c(RGDyK) and pyropheophorbide-a [8] to result in the
UCNP-Ppa-RGD nanoparticle. We demonstrated its tar-
geting specificity and singlet oxygen generation upon
NIR irradiation (980 nm); we also explored the PDT effi-
cacy and therapeutical depth in vitro and in vivo. The
results showed a strong targeting specificity for integrin
avP3-positive tumor and an effective treatment outcome
[9, 10].

However, in this application only the energy of the red
light band of UCNP was utilized. And although the green
emission can be used for imaging, it is not so effective
because of the poor tissue transmission. More critically,
the treatment dosage of PDT could not be determined.
Further work is still required to improve the excitation
efficiency and the imaging availability.

654 nm

. Photosensitizer

Targeting molecule

Figure 2: Near-infrared upconversion nanoprobe for monitoring
photodynamic therapy.
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Several methods have been reported to predict the
therapy dosage [5, 11, 12], but their application is limited
by their intrinsic shortcomings. Based on these points,
we further improved the nanophotosensitizer by select-
ing other kinds of UCNPs and providing monitoring capa-
bility. The newly designed probes with NaYF,:Yb/Er/Nd
can be excited with 808 nm laser, which has a very low
absorption of water, to achieve a much deeper tissue pen-
etration. In this research, the energy of the emission at the
540 nm band was used for exciting PS, and the energy at
650 nm was used for real-time therapeutic effect monitor-
ing based on the change of the tissue optical parameters
attributed to PDT (Figure 2). This work has been submitted
to report as a very feasible strategy to realize a monitoring
for PDT.

4 Conclusion

In conclusion, our study aimed to develop a tumor-tar-
geting PS based on upconversion nanoparticle for NIR
fluorescent imaging and deep-tissue PDT. The composite
nanoparticle was proved to be convenient and controlla-
ble for applications. The drug delivery, the tumor localiza-
tion, and the tumor treatment effect can all be monitored
in situ. With the real-time monitoring and dosimetry, any
potential side effects of the treatment will be reduced.
All of these results suggest that the highly tumor-specific
NIR-nanoparticles are advantageous as a photodynamic
imaging reagent for tumor localization and as a thera-
peutic agent for the treatment of large or deeply seated
tumors. The proposed technique combines several well-
established individual concepts into one novel integrated
procedure, significantly improving both the tumor diag-
nosis and treatment capability.
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Abstract: Clinical applications of current photodynamic
therapy (PDT) agents are often limited by their low singlet
oxygen (*0,) quantum yields, as well as by photobleach-
ing and poor biocompatibility. Recently, we have pre-
pared a new PDT agent based on carbon dots that can
produce 'O, via a multistate sensitization process, result-
ing in a quantum yield of ~1.3, the highest reported for
PDT agents.

Keywords: photodynamic therapy;
quantum yields; carbon dots.

singlet oxygen

1 Background

Carbon dots (C-dots) have recently emerged as important
nanomaterials and have received much attention for their
unique properties, such as high water solubility, surface
modification flexibility, low toxicity, excellent biocompat-
ibility, and high photostability [1]. To date, a wide range of
synthetic approaches, including top-down and bottom-up
methods, have been pursued to produce C-dots. The top-
down methods are primarily based on the post-treatment
of nanographene broken off from large graphene sheets.
The bottom-up method involves the synthesis of graphene
moieties containing a certain number of conjugated
carbon atoms or solution chemistry methods in which the
C-dots are formed from molecular precursors [2]. However,

the application of C-dots in PDT from the current synthe-
sis methods remains unexplored.

2 Materials and methods

In this paper, we present highly water-dispersible, posi-
tive charged, and sulfur and nitrogen doped C-dots in
large quantities using a hydrothermal method with poly-
thiophene derivatives as the carbon source [3].

3 Results

The C-dots exhibit a broad absorption in the ultraviolet-
visible region and a strong emission peak at 680 nm. We
demonstrated that the C-dots exhibit good biocompatibil-
ity and excellent '0, generation capability with a quantum
yield of ~1.3. Moreover, in vitro and in vivo studies suggest
that the C-dots can be applied as a PDT agent for the simul-
taneous imaging and highly efficient treatment of cancer.
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Abstract: Although photodynamic therapy (PDT) has
been approved by many countries for numerous clinical
cancer treatments, two major challenges still persist: 1)
the limited penetration of excitation light in tissue, and
2) the poor tumor-selectivity of the photosensitizer. To
address these issues, we have developed a multifunctional
nanoconstruct consisting of upconversion nanoparticles

(UCNPs) that transform near-infrared (NIR) light into
visible light, and a photosensitizer, zinc(I) phthalocya-
nine (ZnPc), for in vivo deep tissue PDT triggered by NIR
light. The results indicate that the multifunctional nano-
construct is a promising PDT agent for deep-seated tumor
treatment and demonstrates a new paradigm for enhanc-
ing PDT efficacy.
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1 Introduction

Photodynamic therapy (PDT) is a treatment modality
based on the photochemical reactions mediated by the
interaction of photosensitizers (PSs) with specific light
and oxygen. PDT induces cell death through intracellu-
lar generation of reactive oxygen species (ROS), which
are produced by energy transition from the excited PS to
molecular oxygen. Although PDT is a minimally invasive
therapeutic modality approved by many countries for
numerous clinical cancer treatments, some challenges still
persist, including limited penetration depth of the excita-
tion light, poor water solubility of PSs, and significant pho-
tosensitivity to sunlight. The upconversion luminescence
mechanism provides a potential strategy to overcome some
drawbacks of current PDT. The excitation light of upcon-
version nanoparticles (UCNPs) is in the near-infrared (NIR)
region, which is a transparent window in the tissue and
permits a deeper tissue penetration than visible light. Li
and Zhang [1] first reported the representative application
of NaYF, UCNPs in biomedicine by introducing the upcon-
version luminescence mechanism into PDT.

2 Materials and methods

To improve the optical properties of NaYF, UCNPs, we pre-
pared hydrophilic hexagonal phase NaYF, UCNPs as PS car-
riers for in-vivo PDT. In addition, most of the current PSs are
hydrophobic, requiring solubilization in biological buffers
through polymer and silica-based UCNPs for PDT in deep
tissues. Amphiphilic chitosan, which self-assembles into
core-shell nanoparticles, has been widely used for targeted
drug delivery in cancer therapy due to its good biocompat-
ibility and biodegradability. Amphiphilic chitosan could
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significantly improve the water solubility of hydrophobic
drugs and prolong the blood circulation time in vivo for
better therapeutic efficacy. Meanwhile, the hydrophilic
branches of amphiphilic chitosan enhance its water solubil-
ity and stability in physiological solution. Thus, chitosan-
modified UCNP is an ideal drug carrier for hydrophobic
PSs. The co-localization of UCNP and PSs encapsulated in
chitosan-modified nanoparticles limits the toxicity of PSs
and enhances the PS excitation efficiency. In our study,
hydrophilic UCNPs were first prepared by coating amphi-
philic chitosan (N-succinyl-N"-octyl chitosan, SOC) on the
surface of hydrophobic oleic acid-capped NaYF, UCNPs (OA-
UCNPs). Hydrophobic PS zinc(II)phthalocyanine (ZnPc) was
loaded into the SOC-coated UCNPs (SOC-UCNPs) via hydro-
phobic interactions to form a novel drug delivery system for
in vivo deep tissue PDT triggered by NIR light (Figure 1).

3 Results

The ZnPc-loaded SOC-UCNPs exhibited good dispersibil-
ity, excellent optical properties and good photostability.
Under NIR light irradiation, the measurement of singlet
oxygen production indicated that ZnPc effectively gen-
erated singlet oxygen induced by the emission from the
UCNPs. Cell viability assays showed the low cytotoxicity of
the UCNPs after surface modification. In vitro and in vivo
therapeutic investigation demonstrated the prominent
PDT effects of ZnPc-loaded SOC-UCNPs upon NIR light
irradiation. Furthermore, NIR imaging of indocyanine
green derivative-loaded SOC-UCNPs after intratumoral
injection indicated the high retention of SOC-UCNPs only
at the tumor site. Histological examination confirmed the
negligible toxicity of ZnPc-loaded SOC-UCNPs on other
organs. All the results demonstrate the promising poten-
tial of using SOC-UCNPs as new PS carriers for PDT of
cancer and other diseases in deep tissues [2].

NIR Light NIR Light

SOC Coating J ZnPc —_—
OA-UCNPs SOC-UCNPs
ROS Reactive oxygen species OH OH OH
Q ZnPc ’[ o o o o) SOC
. (o] 0]
~ "\  Chitosan HO ™ L HO A.k.mi- HO k
pore Octyl groups NH(CH,),CH, NH, NHCO(CH,),COOH
~ Succinyl groups

Figure 1: Schematic of the synthesis of ZnPc-loaded chitosan-modified upconversion nanoparticles (SOC-UCNPs).
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4 Discussion

Diverse UCNP-based PDT agents have been developed for
in vivo cancer treatment. However, only a few of them have
been utilized for in vivo PDT treatment through intratumoral
injection. This inefficient route of administration was needed
to obtain higher PDT efficiency and fewer side effects because
of the limited tumor specificity and selectivity of previously
reported UCNPs. Unfortunately, local injection of PDT agents
does not disperse the nanopatrticles uniformly in the tumor
and this technique is less efficient for tumors in deep tissue.
Since the passive targeting of UCNP-based PDT nanoparti-
cles is not adequate for in vivo PDT treatment through sys-
temic administration, the modification of active targeting
ligands to the nanocomplexes is urgently needed to increase
local concentration of PSs in tumors and avoid side effects.
Biomolecular recognition moieties such as cyclic arginine
glycine aspartic acid (RGD) peptide and folic acid (FA) are
usually conjugated to UCNPs for the targeted PDT of cancer
cells. Tumor-targeted UCNP-based PDT agents can effectively
increase the accumulation of the nanoparticles and improve
PDT efficiency in deep-seated tumors. Very recently, Idris
et al. [3] first reported the use of targeted upconversion nan-
oparticles for PDT of subcutaneous tumors, but their treat-
ment programs need long time exposure (2 h) to laser light
due to the limited PS loading of silica-coated UCNPs (<0.6
kg/1), which might induce photodamage to the tissues. In our
work, we applied the FA-modified chitosan (FASOC) to coat
UCNPs PSs to constitute a PDT system for deep-tissue treat-
ment. The tumor-targeted FASOC-modified upconversion
nanoconstruct (FASOC-UCNP) loaded with ZnPc is designed
to selectively accumulate in tumors and to activate the adja-
cent ZnPc, producing photodynamic therapeutic effects after

NIR irradiation (Figure 2).
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This study aims to treat deep-seated tumors by using
a tumor-targeted, UCNP-based PDT nanoconstruct. A high
loading of PS to UCNP-based nanoconstructs is typically
a prerequisite for efficient in vivo PDT treatment through
Forster resonance energy transfer (FRET). In this study, we
constructed FASOC-coated UCNPs as ZnPc carriers with a
high drug loading capacity (~10%) through hydrophobic
interaction. Compared with the reported UCNP-based PDT
system, FASOC-UCNP nanoconstructs possess an improved
loading capacity for hydrophobic ZnPc molecules. However,
the higher loading capacity of ZnPc does not guarantee a
better PDT efficiency because there is an optimal loading
concentration for ZnPc. Excess ZnPc (250 pg/ml) in the nano-
constructs could not be entirely photoactivated during PDT,
and the large number of ZnPc may form aggregates in the
FASOC-UCNPs in aqueous media. These conditions would
decrease ROS production by increasing the likelihood of
deleterious processes such as triplet-triplet annihilation and
self-quenching. Thus, the optimal loading of ZnPc (150 ug/
ml) in the FASOC-UCNP was utilized in the subsequent in-
vivo experiments. A similar result of PS-dependent singlet
oxygen production from UCNP-PS complexes has been
reported by other researchers. To maximize ROS production
from FASOC-UCNP-ZnPc, ZnPc loading should be controlled
to avoid aggregation. In addition, owing to the hydrophobic
property and planar structure of ZnPc, it can be efficiently
encapsulated in the nanoconstruct with minimal leakage
(<20%) even after 50 h incubation at various pH values (5.7,
74 and 8.0), which maximized FRET efficiency from UCNP to
ZnPc. The good stability of the FASOC-UCNP-ZnPc nanocon-
struct makes it an excellent UCNP-based PDT system for non-
superficial tumors. Furthermore, the targeting ability of the
FASOC-UCNP-ZnPc nanoconstruct was demonstrated in vitro
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0 o i N/\““ ~"~COOH
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T Folic acid AN A
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OH OH OH
Omor bl el I
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Figure 2: Schematic of the synthesis of FASOC-UCNP-ZnPc nanoconstruct and folate-mediated binding of tumor cells with folate receptor

expression.
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and in vivo. The enhanced intracellular uptakes of FASOC-
UCNP-ZnPc by folic acid receptor (FR)-positive tumor cells
(Bel-7402 and MDA-MB-231) were significantly higher than
that in FR-negative A549 tumor cells. This increased uptake
is attributed to FR-mediated endocytosis, which is evidenced
by FR-blocking experiment in FR-positive cancer cells. In our
experiment, a high concentration of free folic acid (1 mM) can
effectively inhibit the uptake of folate-modified complexes in
FR-positive cells. Similar findings have been reported for FR-
mediated tumor targeting of different drugs or nanomateri-
als in cancer cells and in vivo using FR blocking experiments.
The in-vivo biodistribution of the UCNP-based nanoconstruct
with or without FA modification further confirmed the high
tumor targeting ability of FASOC-UCNP in tumor bearing
mice. This result suggests that conjugating FA ligands with
SOC coating significantly improved the active tumor-target-
ing of FASOC-UCNP to FR-overexpressed tumors (Bel-7402
and S180). In general, the main mechanism associated with
the killing of cancer cells by PDT is the activation of PSs by
light irradiation, which generates cytotoxic ROS that directly
destroy the tumor cells. It has been demonstrated that PDT
has two ways to kill cells, defined as type-I and type-II mech-
anisms. The type-I mechanism involves hydrogen-atom
abstraction or electron-transfer reactions between the PS
and a substrate to yield free radicals and radical ions, which
can interact with molecular oxygen to either generate ROS
(such as superoxide anions and hydroxyl radicals) or can
cause irreparable biological damage. The type-Il mecha-
nism results from an energy transfer between the PS and the
molecular oxygen to produce singlet oxygen. Dichlorofluo-
rescindiacetate and 1,3-diphenylisobenzofuran probes can
detect lethal cytotoxic ROS (not only singlet oxygen) produc-
tion inside cells and in solution, allowing its use to report
the potential PDT efficacy of the nanoconstructs. Unlike
visible light, PDT triggered by NIR light enables the feasibil-
ity of deep-tissue PDT treatment. Significant light attenu-
ation of 72% and 95% was observed through 1-cm adipose
tissue using the same power density (0.2 W/cm?) at 980 and
660 nm excitation, respectively. Our in vitro results suggest
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that UCNP-based PDT induced by deep-penetrating 980 nm
light produces more ROS than 660 nm light in the cancer
cells covered by a 1-cm pork tissue.

5 Conclusion

In vivo PDT treatments for deep-seated tumors demon-
strated that NIR light-triggered PDT based on the nano-
constructs possessed remarkable therapeutic efficacy with
tumor inhibition ratio up to 50% compared with conven-
tional visible light-activated PDT with a noticeably reduced
tumor inhibition ratio of 18%. Although in vivo results indi-
cate 660 nm light-induced PDT possesses better therapeu-
tic efficacy for subcutaneous tumors, NIR-induced PDT
using FASOC-UCNP-ZnPc demonstrates superior treatment
of simulated 1-cm deep tumors. These results demonstrate
the considerable advantages of tumor-selective UCNP-
based PDT induced by NIR light over traditional PDT for
internal tumors and prompt further explorations of these
nanoconstructs for targeted drug delivery and deep-tissue
PDT of other related diseases [4, 5].
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Abstract: Triplet photosensitizers are used for photo-
dynamic therapy (PDT). The conventional triplet photo-
sensitizers used in PDT studies are limited to porphyrin

derivatives and analogues. Very few new triplet photosensi-
tizers have been reported. Recently we prepared a series of
new triplet photosensitizers which are potential candidates
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for PDT studies. These new triplet photosensitizers included
transition metal complexes (Pt, Ir, Ru, Re, etc.), and organic
compounds. We devised new molecular structure design
methods, such as an intramolecular spin converter for
preparation of heavy atom-free triplet photosensitizers, and
photosensitizers based on Forster resonance energy trans-
fer (FRET) effect, so that photosensitizers exhibiting broad-
band visible light-absorbing properties can be obtained.

Keywords: Bodipy; FRET; photochemistry; transition
metal complex; triplet state.

1 Introduction

Triplet photosensitizers (PSs) are crucial for photody-
namic therapy (PDT) studies [1]. Conventional triplet PSs
are limited to the porphyrin derivatives or analogues [2].
However, these compounds suffer from certain drawbacks,
such as difficulties in preparaton, isolation/purification,
and modification of the molecular structures to improve
the photophysical or biological properties. On the other
hand, it is difficult to design new triplet PSs because the
intersystem crossing (ISC) property of organic compounds
is difficult to predict for heavy atom-free triplet PSs.

2 Investigations and results

In order to address the above challenges in the area of
triplet PSs, we developed a few new molecular design-
ing methods for preparation of triplet PSs [2]. These
methods include: 1) Direct metalation for preparation of
visible light-harvesting transition metal complexes [3];
2) Matched energy levels for the visible light-harvesting
antenna (ligand) and the coordination center, so that
energy transfer from the visible light-absorbing ligand
to the coordination center ensured [4, 5]; 3) using spin
converter, e.g. C_, for design heavy atom-free triplet
PSs [6]; and 4) using Forster resonance energy trans-
fer (FRET) for preparation of broadband visible light
absorbing triplet PSs [7, 8]. Attaching a visible light-har-
vesting chromophore into a transition metal complex
will result in strong absorption of visible light for the
complex. However, it does not necessarily mean the
harvested photoexcitation energy can be efficiently
funneled to the triplet excited state manifold. In order
to address this problem, we propose the direct metala-
tion concept that directly attaches the transition metal
to the m-conjugation core of the ligand. Thus the heavy
atom effect and the ISC can be maximized. Follow-
ing this molecular designing method, we prepared a
Bodipy-based binuclear Pt(II) complexes (Pt-1, Figure 1),
for which room temperature phosphorescence of the
Bodipy ligand was observed [3].
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Figure 1: Red-absorbing Pt(ll) complex Pt-1.

3 Results

The room temperature (RT) phosphorescence of Pt-1 indi-
cated efficient ISC, which is unprecedented for Bodipy
containing transition metal complexes.

Pt-1 shows strong absorption in the red spectra range,
the RT phosphorescence is at 770 nm. The triplet excited
state lifetime is up to 128.4 ps. The complex was used in
triplet-triplet annihilation upconversion. The excitation is
at 632 nm, and the upconverted emission is at 450 nm. Pt-1
may be a promising candidate for PDT studies.

We also propose to use of a visible light-harvesting
ligand with a matched energy level to that of the coordina-
tion center, so that the photoexcitation energy harvested
by the ligand can be efficiently funneled to the coordina-
tion center. Therefore the photoexcitation energy can be
efficiently transformed into the triplet excited state energy,
otherwise the photoexcitation energy may be trapped on
the ligand.

Following this method, we prepared visible light-
harvesting Ir(III) and Ru(Il) complexes (Figure 2). Ir-1
gives strong absorption at approx. 470 nm, and the triplet
excited state lifetime is up to 75 us. These complexes were

Figure 2: Ir(1ll) complex Ir-1 showing strong absorption of visible
light and long triplet state lifetime.
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used for triplet-triplet-annihilation upconversion, but the
PDT effect of these complexes was not studied [5].

It is still a challenge to design a heavy atom-free
organic triplet photosensitizer because the ISC property is
difficult to predict in this case. In order to design heavy
atom-free triplet PSs, we propose to use the concept of
spin converter. A spin converter is a chromophore which
undertakes efficient ISC upon photoexcitation. C is one
example, for which the ISC is close to unit. However, the
visible light-harvesting ability of C, is very weak, thus C,;
is not an ideal triplet photosensitizer.

In order to address this drawback, we propose attaching
a visible light-absorbing chromophore to C | as the antenna
and singlet energy donor. C_ is the singlet energy acceptor
and the spin converter. Photoexcitation into the visible light-
harvesting antenna will finally lead to the formation of the
triplet excited state of C. Following this method, we pre-
pared a series of heavy atom-free triplet PSs based on C_, as
the spin converter and Bodipy as the visible light-harvesting
antenna (Figure 3) [6]. These dyads are efficient heavy atom-
free triplet PSs and have been used for triplet-triplet-anni-
hilation upconversion. The advantage of these dyads is the
absorption wavelength that can be easily tuned with using
different visible light-absorbing antennas.

Another major challenge in the area of triplet PSs
is that most of the triplet PSs are on the profile of single
chromophore, thus there is only one major absorption
band for these conventional triplet PSs in the visible spec-
tral region. In order to address this drawback, we propose
to prepare broadband visible light-absorbing triplet pho-
tosensitizers based on the FRET effect (Figure 4) [2]. FRET
has been widely used in singlet excited state manifold,

Figure 3: Visible light-harvesting C, -Bodipy dyads as heavy atom-
free triplet photosensitizers.
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Figure 4: Broadband visible light-absorbing organic triplet
photosensitizers.

but it has been rarely used in the triplet state manifold.
Following this method we prepared series of new triplet
PSs which show broadband visible light absorption, and
long-lived triplet excited states (Figure 4). These novel
triplet PSs may be promising PDT reagents for which white
light can be used to reduce the treatment time and these
compounds are ideal for PDT with white-light light emit-
ting diodes as a light source [7, 8].
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Abstract: This short report summarized the structure-
activity relationships of a series of phthalocyanines
substituted with different functional groups at axial or
peripheral positions reported previously by us. The effects
of the type, number, and position of substituents as well
as center ions, e.g. Si(IV) and Zn(II), have been discussed
on the photophysical and photochemical properties, and
photodynamic activities.

Keywords: phthalocyanine; photosensitizer; photody-
namic therapy; anticancer; antifungus.

1 Introduction

Due to the desirable photophysical and photochemi-
cal properties, phthalocyanines (Pcs) have emerged to
be most promising photosensitizers for photodynamic
therapy (PDT) [1]. In recent years, we have synthesized
and reported a series of Pcs as shown in Figure 1, includ-
ing silicon(IV) phthalocyanines (SiPcs) {1-20} and zinc(II)
phthalocyanines (ZnPcs) {21-37}, which are substituted
with different functional groups, such as hydrophilic
quanternary ammonium, carboxyl, sulfonate, amphiphi-
lic triethylene glycol chain, and hydrophobic adamantine,
for anticancer and antifungal PDT [2-16]. To rationally
design more efficient compounds, here we briefly summa-
rize their structure-activity relationships.

2 Results

As shown in Table 1, the Q-band absorption ranges from
672 nm to 686 nm in N,N-dimethylformamid (DMF) for the
SiPcs. Generally, the SiPcs substituted with aryloxy deriv-
atives {1-4 and 15} exhibit a red-shift relative to the ana-
logues substituted with alkoxy groups {5-14 and 16-20}.
For the ZnPcs, the o-tetra-substituted compounds show
Q-bands at 686700 nm, which are significantly red-shifted

compared to the corresponding B-tetra-substituted ana-
logues. The Q-bands of quaternized SiPcs show a slightly
red-shift (3-5 nm) compared with that of the correspond-
ing counterparts. On the contrary, the quaternized ZnPc
{31} shifts the Q-band to the blue compared with its coun-
terpart {30}. The SiPcs {1, 3, 5}, and {10}, which contain
the amine moieties close to the Pc ring, show extremely
low fluorescence quantum yields (®,) values as a result
of photoinduced electron transfer (PET) effect of amino
groups, while the @, values are greatly increased for the
corresponding quaternized compounds {2, 4, 6, and 11}.
However, the PET effect is not observed obviously on
the ZnPcs. Generally, the ZnPcs present higher singlet
oxygen quantum yields (®,) than the SiPcs as shown in
Table 1. The PET effect can also be significantly observed
on singlet oxygen generation efficiency for the SiPcs. On
the whole, the o-tetra-substituted ZnPcs show higher ®,
but lower @, than the corresponding B-tetra-substituted
compounds, suggesting that the o-substituted analogues
should have more efficient intersystem crossing.

As shown in Table 2, the in vitro photodynamic antican-
cer activities of these Pcs greatly depend on the substitu-
ents. The SiPc {17} substituted with uridines exhibits a very
high photoactivity against HepG2 cells with an IC, value,
defined as the dye concentration required to kill 50% of
the cells, down to 6 nM, which can be attributed to its high
cellular uptake and non-aggregated nature [9]. The pho-
tocytotoxicity of SiPcs can be enhanced dramatically after
quaternization (e.g. {1} vs. {2}, and {5} vs. {6}). It is worth
mentioning that the octa-sulfonated ZnPc {29} exhibits a
high selectivity toward tumor tissue by targeting tumor-
associated macrophages [13]. Moreover, incorporating the
tetra-sulfonated ZnPc {28} with layered double hydroxide
(LDH) could afford a novel tumor-pH-activatable nanopho-
tosensitizer with an IC,  value as low as 0.053 um [12].
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Figure 1: Structure of phthalocyanines {1-37}.
Table 1: Photophysical and photochemical data for phthalocyanines in N,N-dimethylformamid.
Pc A, (nm) D, o, Pc A, (nm) D, o, Pc A, (nm) D, D,
1 680 0.02 0.15 14 673 0.50 0.40 27 700 0.11 0.69
2 685 0.22 0.49 15 686 0.46 0.38 28 692 0.15 0.72
3 679 0.01 0.05 16 676 0.33 0.31 29 696 0.14 0.82
4 680 0.10 0.18 17 678 0.37 0.44 30 700 0.13 0.77
5 674 0.03 0.04 18 676 0.29 0.46 31 696 0.12 0.77
6 678 0.45 0.45 19 677 0.36 0.42 32 675 0.31 0.64
7 672 0.23 0.25 20 676 0.30 0.67 33 674 0.25 0.63
8 673 0.29 0.23 21 687 0.24 0.76 34 679 0.23 0.58
9 676 0.47 0.40 22 686 0.14 0.68 35 678 0.27 0.54
10 673 0.08 0.07 23 695 0.16 0.70 36 685 0.10 0.74
11 678 0.39 0.41 24 700 0.12 0.64 37 699 0.03 0.54
12 673 0.36 0.49 25 699 0.13 0.77
13 672 0.46 0.43 26 700 0.11 0.56

@, fluorescence quantum yield; ®,, oxygen quantum yield; Pc, phthalocyanine; 4 __, wavelength at maximum absorption.
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Table 2: IC, values of phthalocyanines against different cancer cells.

Pc IC,, (um) Cancer cells Pc IC,, (um) Cancer cells Pc IC,, (um) Cancer cells
1 >2.5 B16 16 0.078 HepG2 36 0.08 HepG2

2 0.033 B16 17 0.006 HepG2 37 3.31 HepG2

5 1.02 B16 18 0.051 HepG2 22 3.05 MGC803

6 0.30 B16 19 0.400 HepG2 23 3.78 MGC803

3 5.50 HT29 20 0.080 HepG2 33 3.29 MGC803

4 0.015 HT29 28 1.27 HepG2 34 5.30 MGC803

15 0.500 HepG2 29 3.78 HepG2 29 0.28 J774A.1

IC,,, dye concentration required to kill 50% of the cells; Pc, phthalocyanine.
Cancer cell lines: B16, melanoma carcinoma cells; HT29, human colorectal carcinoma cells; HepG2, human hepatocellular carcinoma cells;
MGC803, human gastric carcinoma cells; J774A.1, mouse macrophages.

Table 3: Comparison of IC;  values of phthalocyanines against C. albicans [5, 11, 14, 16].

Pc 2 6 7 8 9 10 11 12 30 31 35

IC,, (um) 61 66 88 85 19 54 49 >100 15.59 1.46 9

IC,,, dye concentration required to kill 90% of the cells; Pc, phthalocyanine.

The photodynamic antifungal activities of some Pcs and in vitro antifungal photodynamic activities. Dyes Pigments
against Candida albicans are shown in Table 3. The SiPcs 2015;112:311-6.
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Session 4: Photodynamic inactivation of microorganisms
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Abstract: In 2014, experts of the World Health Organiza-
tion were alarmed about the worldwide antibiotic resist-
ance. Antibiotic resistance is currently one of the most
important clinical challenges and not longer only a pre-
diction. Therefore new approaches such as the photody-
namic principle to fight against multi-resistant bacteria
are necessary. This review summarizes the talk about pho-
todynamic inactivation of multi-resistant bacteria given
at the Sino-German Symposium on “Singlet molecular
oxygen and photodynamic effects”. Taken together the
most promising environmental and clinical applications
of the antibacterial photodynamic principle are: (i) pho-
todynamic active surfaces; (ii) decolonization of methi-
cillin-resistant Staphylococcus aureus (MRSA) on skin,
(iii) treatment of diseases of the oral cavity e.g. caries,
parodontitis, or endodontitis and (iv) superinfected burn
wounds.

Keywords: singlet oxygen; decolonization; antibiotic
resistance; MRSA; photodynamic antimicrobial chemo-
therapy (PACT).

1 Antibiotic resistance worldwide

During the Sino-German Symposium on “Singlet molec-
ular oxygen and photodynamic effects” the newspa-
per Metropolitan Beijing [1] highlighted the fact that the
use of antibiotics in pork in China is soaring. Half of the
world’s production of pigs (600 millions) is produced in
China annually. Four times as many antibiotics per pound
of meat are used in the raising of pigs as in cattle [1]. In
fact, exactly the same antibiotics that one can buy in a
pharmacy are those used to keep animals healthy. This
could lead to the spread of drug-resistant bacteria from
animal to farmer and consumer, and pose a significant
threat to public health. Furthermore the unrestricted sale
of antibiotics in developing countries, inappropriate pre-
scription of antibiotics, insufficient doses and duration
of antibiotic treatment, and overuse of antibiotics in live-
stock farming could additionally lead to the beginning
of new multi-resistant superbugs that are not harmful to

immunocompromised humans alone [2]. The worldwide
prevalence of methicillin-resistant Staphylococcus aureus
(MRSA) demonstrates that high levels of resistance can be
found in all regions of the world [3]. In 1995, Norrby [4]
stated that Vancomycin is active against all MRSA strains.
Actually, 13 cases of Vancomycin-resistant S. aureus
isolates have been observed in the USA since 2002 [5].
However MRSA is not the worst-case scenario, because
Carbapenem-resistant Enterobacteriaceae has become
resistant to all, or nearly all available antibiotics [5]. The
strain KPC-OXA 48/181 is defined as “pan-resistant” bacte-
ria that repels every single kind of antibiotic.

Therefore a new approach such as the antibacterial
photodynamic principle is of interest to combat multi-
resistant bacteria. So far it has already been accepted that
photodynamic antimicrobial chemotherapy (PACT) is an
efficient antimicrobial approach to kill both antibiotic-
sensitive and multi-resistant bacteria [6—8].

2 Decolonization of MRSA

Successful eradication of MRSA from intact skin entails
of a 5-day standard decolonization regimen as follows:
(i) mupirocin ointment twice daily, (ii) oral rinsing with
0.2% chlorhexidine solution 3 times daily, and (iii) daily
body washing with 4% chlorhexidine solution [9]. Up to
10 decolonization courses are needed for successful MRSA
eradication depending on the number of sites initially
colonized by MRSA. Buehlmann et al. [9] showed that
MRSA decolonization was only highly effective in patients
who completed the full decolonization treatment course.
However decolonization of MRSA by the photodynamic
principle is possible. Maisch et al. [10] investigated the
antimicrobial photodynamic efficacy of XF73, a two-fold
positively charged porphyrine derivative, against MRSA
applied on ex vivo porcine skin. Depending on the XF73
concentration (10 uM), incubation time (minimum 15 min)
and light dose (15.2 mW/cm?, 12.7 J/cm?), a 99.9% of MRSA
eradication was possible which highlights the potential
of PACT to use it as a sustentative approach for the skin
decolonization of MRSA.
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3 Type-II photosensitizer

Oxidative stress provoked by superoxide anions, hydrogen
peroxide or hydroxyl radicals are general stress factors in
bacterial life. All these ROS are also mostly generated by the
type-I mechanism of PACT. Therefore bacteria can evade
such stress inducing molecules by expressing enzymes
such as catalase, peroxidase and superoxide dismutase.
So far, detoxification of the highly reactive singlet oxygen
(type-II mechanism) by pathogenic bacteria via specific
quenching systems is not available. Therefore in order to
optimize PACT efficacy, Cieplik et al. [11] from our group
investigated a new generation of a type-II photosensitizer,
SAPYR, based on a 7-perinaphthenone structure [11, 12].
SAPYR shows a singlet quantum yield of 0.99, therefore
reacting almost quantitatively according to the photody-
namic type-II mechanism. A polymicrobial biofilm can be
expressed by Enterococcus faecalis, Actinomyces naeslun-
dii, and Fusobacterium nucleatum were inactivated after a
single treatment by light-activated SAPYR (600 mW/cm?;
120 s) with an efficacy of >99.99%.

4 Photodynamic active surfaces

One further new application of PACT is the use of photody-
namic active surfaces. Here the photosensitizer is immo-
bilized (convalently linked) in the surface material (e.g.
polyurethan). Polyurethan is gas permeable, an essential
prerequisite so that a sufficient amount of oxygen reaches
the photosensitizer in the coating material. After light acti-
vation of the photodynamic active surface singlet oxygen
is generated and can diffuse to the bacteria attached to the
surface. There is no direct contact between the photosen-
sitizer and the bacteria. The process works as long as light
activates the system, preventing bacteria from settling at
the surface and growing. Felgentréger et al. [13] from our
group demonstrated that singlet oxygen is generated in a
porphyrin-doped polymeric surface coating, which facili-
tates a photodynamic killing of >99.9% within an irradia-
tion time of 30 min using an incoherent light source. No
leakage of the porphyrin derivative was measured from
the coating material into the aqueous surroundings which
demonstrates that no direct contact between the photo-
sensitizer and the respective bacteria is necessary. Singlet
oxygen diffuses from the photodynamic active coating
material into air leading to oxidative damage of the bacte-
ria attached to the surface.

5 Application of PACT in the oral cavity

Several different PACT systems using phenothiazine-
based photosensitizers have been used in the clinic for
dental plaque-related diseases and infections [14]. These
PACT systems have several advantages:
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1. Bacteria can be eradicated quickly (within seconds or
minutes).

2. The development of resistance in the target bacteria
is unlikely.

3. Disruption of the normal microflora can be avoided.

4. Clinical outcomes can be improved by PACT as an
auxiliary approach.

However as well as the above mentioned advantages of

PACT, there are also some disadvantages:

1. The overall photodynamic killing efficacy is not con-
vincing in vivo.

2. So far no real benefit has been proved in vivo even to
the point of view that the clinical outcome is juged to
be heterogenous.

3. It is questionable that the right photosensitizers are
used in vivo.

6 Summary and outlook

PACT is a multi-target process that means no specific bac-
terial target is required for the attack of the oxidative burst
induced by the light-activated photosensitizer. In contrast
to this, antibiotics act very specific (key hole principle).
Therefore PACT is practical in parallel to antibiotic treat-
ment even if antibiotics work takes several days [8]. So far,
PACT is not only active against bacteria, but also against
fungi, virus and parasites. PACT can destroy biofilms,
inactivate virulence factors and exhibits a therapeutic
window. Overall, PACT is a new antimicrobial platform to
support the current standard antimicrobial treatments to
inactivate multiple pathogens.
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Abstract: The photodynamic antimicrobial chemotherapy
(PACT) is facing a great challenge, i.e. how to find a thera-
peutic window in vivo where bacteria but not human cells
are killed. Several new triarylmethanes have been examined
to address this issue. We modified commercial triarylmeth-
anes with protonatable groups, and studied their photody-
namic inactivation capabilities against Escherichia coli cells
and human lung carcinoma A549 cells. It was found that our
new triarylmethanes are able to selectively inactivate E. coli
cells over A549 cells upon visible light irradiation. It seems,
that multivalent cationic photosensitizers are promising
PACT candidates for selective inactivation against bacteria.

Keywords: photodynamic therapy; inactivation of bacte-
ria; triarylmethane.

1 Introduction

The rapidly increasing emergence of antibiotic resistance
among pathogenic bacteria has encouraged the develop-
ment of alternative antibacterial therapeutics that may
not lead to resistance. In this regard, photodynamic anti-
microbial chemotherapy (PACT) is drawing more and
more attention as a promising solution to this issue. PACT
follows the same mechanism of photodynamic therapy
(PDT). The interplay of a photosensitizer, light at a suit-
able wavelength and singlet oxygen ('0,) has given rise to
the generation of reactive oxygen species (ROS), such as
'0,, superoxide anion radical and hydroxyl radical, which
in turn lead to the damage of biomaterials, including
DNA, protein, enzyme, as well as lipid membranes. The

multiple-targeting character makes it difficult for bacteria
to develop resistance toward PACT.

2 Objective

For clinical application, PACT still faces a major challenge,
i.e. how to find a phototherapeutic window to selectively
kill bacteria but leave mammalian cells unaffected. So far,
nearly all PACT agents can also effectively kill mammalian
cells. To address this issue, we should at first find the dif-
ference between bacteria and mammalian cells. Similar
to the cell wall of bacteria, the cytoplasmic membrane of
mammalian cells are also negatively charged. However, the
magnitude of transmembrane potentials is much smaller
in mammalian cells than in bacteria. Moreover, unlike bac-
teria, acidic phospholipids are sequestered in the inner
leaflets of the mammalian cell membranes, leading to
much a lower negative charge density on the cell surface.
These differences may be utilized to develop PACT agents
of high selectivity. We surmised that a photosensitizer
bearing more positive charges might be more hydrophilic
and therefore more difficult to be taken up by mammalian
cells, but would still have a strong binding affinity toward
bacteria by virtue of electrostatic attraction.

3 Materials and methods

To test this idea, we designed and synthesized a series of
new triarylmethanes as shown in Figure 1 and examined
their photodynamic activities, using Escherichia coli and
human lung carcinama A549 cells as models for bacteria
and mamallian cells, respectively. Due to the protonation
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Figure 1: Chemical structures of the examined triarylmethanes:
crystal violet (CV), monopiperazine modified crystal violet (MPCV),
dipiperazine modified crystal violet (DPCV), ethyl violet (EV) and
aliphatic amine-modified ethyl violet (AEV).
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of the tertiary aliphatic amine group(s) in neutral aqueous
solutions, monopiperazine modified crystal violet
(MPCV), dipiperazine modified crystal violet (DPCV),
and aliphatic amine-modified ethyl violet (AEV) can be
regarded as the bivalent or trivalent catinoic derivatives of
the commercially available triarylmethanes crystal violet
(CV) and ethyl violet (EV). Upon modification by proto-
natable group(s), the oil/water partition coefficients of
MPCV, DPCV, and AEV underwent a remarkable decrease
with respect to CV and EV, indicating the enhancement in
hydrophilicity for the three new triarylmethanes. In spite
of this, the three new triarylmethanes exhibit absorption
spectra very similar to their parent dye molecules.

4 Results

We first examined the binding/uptake behaviors of these tri-
arylmethanes. For A549 cells, the binding/uptake followed
the order CV>>MPCV>DPCV. This is in good agreement
with the rule that the more hydrophilic a photosensitizer
is the less effective it will be taken up by mammalian cells.
In the case of E. coli, the binding/uptake ability of MPCV
is just a little bit lower than that of CV, and that of DPCV
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is even larger than CV. Obviously, electrostatic attraction
between bivalent or trivalent cationic dye molecules and
highly negatively charged E. coli play an important role.

In contrast to porphyrin-type dyes, triarylmethanes
do not generate 'O, upon irradiation but hydroxyl radi-
cals instead. As a result, we used electron paramagnetic
resonance technique to evaluate the ROS generation
using 5,5-dimethyl-1-pyrroline-N-oxide as spin trapping
agent of hydroxyl radicals. It was found that MPCV and
AEV can generate hydroxyl radicals more efficiently than
CVand EV.

Finally, we compared the PACT/PDT activities of these
triarylmethanes. The photoinactivation ability of MPCV is
found to be much stronger than that of CV. For example,
at 5 uM and 20 min irradiation, the colony-forming units
reduction by MPCV was 5 log units, while it was only 3 log
units using CV. A similar result was also observed compar-
ing AEV to EV. This can be attributed to the improved elec-
trostatic attraction of the bivalent cationic molecules with
bacteria. The enhanced hydroxyl radical generation also
plays a role. DPCV showed the lowest photoinactivation
potential to E. coli, which may be due to its high bleach-
ing propensity. In sharp contrast, the PDT activities of
MPCV and AEV toward A549 cells were found to be much
lower than their parent dye molecules, mainly due to their
greatly diminished uptake by the mammalian cells.

5 Conclusion

In summary, by introducing protonatable group(s) into the
structures of commercial triarylmethanes, we obtained
new multivalent cationic PACT agents, which showed
enhanced inactivation activities against bacterial cells but
reduced PDT activities towards mammalian cells [1]. The
strategy we utilized could be extended to other types of
photosensitizers to develop more efficient and selective
antimicrobial agents.
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Abstract: Oral infectious diseases are comprised of
several different conditions caused by bacteria, fungi and
viruses. Due to the present threat of microbial resistance,

dental professionals are looking for different antimicro-
bial approaches to treat oral infections. In this context,
antimicrobial photodynamic therapy (aPDT) could be an
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important technique providing efficient treatment against
all types of microorganisms. The technique involves the
use of light sources that can reach all areas of the oral
cavity and photosensitizers that have been proven effec-
tive against microorganisms in this environment. With
consistent research, aPDT could provide an efficient anti-
microbial approach for dentistry.

Keywords: oral disease; biofilm; photodynamic therapy;
photoinactivation; microbial resistance; dental infections.

1 Introduction - Status quo

The role of dental infections in systemic health has been
investigated from the focal infection theory presented in
the early 20th century up until the present date. Improved
microbiological techniques have allowed the identifica-
tion of oral microorganisms at different sites in the body,
and advances in bacterial identification methods, mostly
culture independent approaches as 16S rRNA gene sequenc-
ing, have greatly contributed to the studies in this field [1].

The link between oral diseases and systemic healthy
is not definitive for a lot of diseases, but plausible bio-
logical mechanisms including direct infection and/or
the presence of low grade chronic inflammatory markers
in the blood stream have made researchers link diseases
such as rheumatoid arthritis and the oral health status
[2]. So far, enough evidence has been produced to support
the link between periodontal disease and cardiovascular
disease and diabetes [3].

Chronic infections are rarely caused in the majority
of the cases by planktonic microorganisms, microbial
biofilm being the main cause of the disease. Biofilm is a
microbially derived sessile community, characterized by
cells that are attached to a surface. They are embedded in
an extracellular polymeric matrix produced by the cells,
the matrix is a highly hydrated, predominantly anionic
exopolymer matrix and the cells in this habitat exhibit
an altered phenotype and gene transcription pattern.
Biofilm is a nutrient-sufficient ecosystem and these sessile
microbes differ from their planktonic counterparts [4]. Due
to the developmental challenges and interactions among
species inside the biofilm, the cells become very resistant
to traditional therapies with antibiotics and/or antifun-
gal drugs [4]. Of late considerable research efforts have
been made to develop effective antimicrobial approaches
that can overcome the microbial resistance, as for many
researchers, the microbial resistance can be considered
the major global healthcare issue of the 21st century [5].

Oral diseases are mainly caused by microorganisms
and are always in the form of biofilms; some examples are
dental cavities, periodontal disease, endodontic abscess,
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peri-implantitis, oral candidiasis, and oral herpes infec-
tion. According to Peterson and Ogawa [6] more than 90%
of the population worldwide at the age of 35-44 years
has some degree of periodontal disease, conforming to
the World Health Organization approach [6]. In addition
to the high incidence of oral infections, the oral cavity is
considered to be a reservoir of microbial resistant micro-
organisms [7] and dentists seem to be responsible for
around 10% of all the antibiotics prescribed in the world
[8]. Putting these facts together, it would be highly desir-
able to have an alternative antimicrobial approach to treat
oral infections that could overcome and not promote the
selection of resistance among microorganisms.

In this context antimicrobial photodynamic therapy
(aPDT) is a promising alternative approach.

2 Antimicrobial photodynamic therapy
2.1 State of the art
Photodynamic therapy is a therapeutic approach that com-
bines a chemical compound known as a photosensitizer
(PS) and light to produce oxidative stress at the target area.
aPDT has been studied intensively in the last few years,
and substantial evidence has been collected to prove its
efficiency against a broad spectrum of microbes including
bacteria [9, 10], fungi [11, 12] and viruses [13] in vitro. For
topical aPDT, as it is performed in the oral cavity, the PS
can be directly delivered to the target and the light source
can be focused on a certain point without significant
obstacles, with the added bonus that the dye concentra-
tions and light fluences that kill microorganisms are lower
than those required to kill host cells or damage tissues [14].
Some clinical research has showed the potential
of aPDT to treat oral infections, even in the presence of
resistant bacteria [15], and also a good clinical outcome
has been reported on the treatment of oral fungal infec-
tion in immunocompromised patients [16].

2.2 Further development steps

Despite the good results, aPDT has to produce consist-
ent and predictable results to become a standard thera-
peutic modality for dental infection treatment. The need
for improved PS to work on the oral cavity, where blood
and saliva will interact with the PS and suitable light
sources that will allow professionals to reach all the oral
sites, are important developmental fields in oral aPDT. A
PS such as methylene blue, a substance that is already
approved by regulatory agencies in Europe and America,
is already used in the oral cavity, but has to be further
improved [17]. Alternatively it would be even better if a
PS were to be specifically designed to be effective against
oral biofilm.
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3 Outlook

Oral aPDT is a reasonable, easy to perform therapy that
presents enough compliance to be used in the oral cavity.
With further research effort, it may become the first choice
treatment for localized oral infections leaving antimicro-
bial prescriptions reserved for widespread infections
where light and PS are not an option.
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Abstract: Microorganisms, like bacteria, fungi and algae
grow in biofilms on surfaces and provoke problems for
human health, environment, and building fabrics. Con-
ventional biocides and antibiotics are outdated because
of the fast rising number of multi-resistant microorgan-
isms and the environmental toxicity that they lead to. The
photodynamic effect, originally used in photodynamic
therapy has recently been introduced for the photody-
namic inactivation (PDI) of microorganisms. We were able
to show that PDI is a promising strategy to combat biofilm
forming microorganisms and even the highly resistant
conidia of mold fungi by attacking their cell walls from
outside of the cells.

Keywords: photodynamic inactivation; singlet oxygen;
biofilm; bacteria; mold fungi.

1 Introduction

Photodynamic inactivation (PDI) is an alternative strat-
egy to combat microorganisms [1]. Especially the rising
number of multi-resistant pathogens, such as methicil-
lin-resistant Staphylococcus aureus (MRSA), makes alter-
native biocides a very important and pressing field of
current research [2, 3]. The photodynamic effect is also
widely used in photodynamic therapy (PDT), which has a
broad field of application in human medicine e.g. in der-
matology, oncology, and ophthalmology [4, 5]. Due to our
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long experience in the field of PDT research [5-9], it was a
logical step to test whether singlet oxygen generating pho-
tosensitizers can be also used against microorganisms.

In addition to multi-resistant pathogens, environ-
mental relevant microorganisms and their suppression
is a very important field of research. Various microor-
ganisms like mold fungi, green algae, and cyanobacteria
provoke problems for human health, environment, and
building fabrics leading to large economic losses [10]. As
a result, many different biocides are discharged into the
environment to combat them. Unfortunately the bioc-
ides themselves provoke new environmental and human
health problems. Therefore the first sufficient results in
PDI against pathogen bacteria makes the environmental
relevant microorganisms a new and very interesting target
for photodynamic treatment [11].

A particular challenge in the fight against environ-
mental relevant microorganisms, growing on surfaces
is their organization into biofilms. Biofilms are the most
frequent form of microbial growth. The three-dimensional
structure of the biofilms, their high diversity and the pro-
duction of extracellular substances strongly increase the
microorganism’s resistance to environmental influences.

2 Own studies

Even though the diversity of microorganisms is extensive,
they all have one characteristic in common. All microor-
ganisms are protected by cell walls, and the integrity of
the cell wall is essential for their reproduction. This fact
had led to the idea that biofilm growth could be prevented
by oxidative stress to the cell walls from outside of the
cells, using photodynamic drugs immobilized in surfaces.

2.1 Photoinactivation of Escherichia coli

To proof the concept of PDI without intracellular uptake of
the drug, a study was carried out with two different pho-
tosensitizers [12]. The two photosensitizers are cationic
5,10,15,20-tetrakis(N-methyl-4-pyridyl)-21H,23H-porphine
(TMPyP) and the non-charged chlorine e6. Both com-
pounds show a high singlet oxygen quantum yield; there-
fore they are high-potential photosensitizers. Escherichia
coli (SURE2), a multi-resistant gram negative strain, was
used as model organism for this study.

It could be shown by fluorescence lifetime imaging
that none of the two compounds was taken up into the
bacterial cells. Nevertheless, TMPyP shows a phototoxic
effect to E. coli. In contrast to the cationic TMPyP, the
none-charged chlorine e6 did not show any phototoxic-
ity to the bacteria. In this study we could show, that it
is possible to inactivate microorganisms by PDI without
intracellular uptake of the photosensitizer. The second
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outcome of these experiments was the observation that
none-charged photosensitizer molecules, even if they are
well-known photosensitizers for human cancer cells, have
no phototoxic effect to microorganisms.

2.2 Photoinactivation of mold fungi

Mold fungi are a very frequently part of sub-aerial bio-
films. They cause respiratory and skin diseases. Moreover,
they can cause allergies and produce toxins which are car-
cinogenic, teratogenic or otherwise toxic. Thus they are an
important focus of interest in our PDI research. Mold fungi
are survivalist because of their highly resistant conidia. In
another study [13], we could show the high potential of
PDI to inhibit the growth of the mold fungi mycelium and
fortunately even to inactivate the conidia. The investigated
photosensitizers were developed and synthesized by the
group of Zeev Gross at the Technion in Haifa, Israel. The
four different corroles are two cationic and two anionic
compounds. One cationic and one anionic corrole con-
tained antimony as the central atom. As a new and very
promising strategy, the other two corroles were modified
with phosphorus as a central atom.

First of all we could show that all four compounds,
the cationic and the anionic corroles were able to inhibit
the growth of three different mold fungi: Aspergillus
niger, Cladosporium cladosporoides, and Penicillium
purpurgenum. Especially noteworthy was the success as
PDI drugs of the cationic phosphor corroles. We could
show that the cationic corroles were able to inactivate
the mold fungi conidia. The inactivation of the conidia
alone was enough to prevent the recovery of mold fungi
after the PDI treatment. With this experiment we could
prove the concept of PDI on mold fungi and their conidia
and show cationic phosphor corroles to be a potential
none-dark toxic photodynamic fungicides. Especially
having phosphorus as a central atom is a powerful alter-
native to the toxic antimony for further application in the
environment.

2.3 Photodynamic treatment of native biofilms
Following our preliminary studies on bacteria, mold fungi
and green algae our final interest was the photodynamic
treatment of native biofilms. Our first step away from the
investigation of monocultures of lab grown organisms to
the complex system of native sub-aerial biofilms was the
harvest of outdoor biofilms and the cultivation of these
microorganisms under reproducible conditions.

Our approx. 10-year old building of the Department of
Physics is made of concrete, glass, steel and bamboo. All
of these materials located on the outer walls are covered
with biofilms (see Figure 1).
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Bamboo

Figure 1: Sub-aerial biofilms growing on different materials
on outdoor walls, images are taken after the harvest of
microorganisms at concrete, bamboo, glass (bottom lamps),
and steel.

These biofilms were the source of our collection of
environmentally relevant biofilm-forming microorganism
mixtures. Biofilms were scratched from the material using
a spatula and suspended in Bold’s basal medium (BBM)
containing 5% Tween80 to suspend even very hydropho-
bic conidia. After homogenization the suspension was
stored at -20°C for further investigation.

Cultivation of these microorganisms in different
culture media, such as lysogeny broth agar plates, malt
agar plates, and BBM agar plates showed very different
results in the composition of microorganisms, as well as
cultivation of microorganisms’ probes harvested from dif-
ferent materials or from the same location and material
but in different seasons in the same culture media. This
illustrated the difficulty of reproducible cultivation of the
native biofilm forming microorganisms. Nevertheless, we
are currently working on methods for reproducible culti-
vation and study of biofilms.

First experiments to investigate PDI as a weapon
against biofilm formation in surfaces were done in our
group using wall paints containing cationic photosen-
sitizers such as TMPyP and toluidine blue (TBO) (see
Figure 2).

These first experiments showed a huge reduction
in the growth of the microorganisms on the wall paints
containing photosensitizers compared to the reference
(wall paint without photosensitizer under illumination)
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Figure 2: Photo- and dark toxicity of toluidine blue (TBO) and
cationic 5,10,15,20-tetrakis(N-methyl-4-pyridyl)-21H,23H-porphine
(TMPyP) in wall paint on a mixture of biofilm forming microorgan-
isms. No PS: Reference without photosensitizer (PS), TBO: wall
paint with 0.1% TBO, TMPyP: wall paint with 0.1% TMPyP, TMPyP
dark: dark control with TMPyP but grown in darkness.

The wall paint was applied to a 1-mm thick filter paper which was
placed on 10% malt agar plates. 10 ul of the microorganism suspension
were placed on the wall paint und incubated for 3 weeks in 12-h illumi-
nation/darkness cycles. lllumination by day light bulb of ~5 mW/cm?2.

and to the dark control (wall paint with photosensitizers
incubated in darkness).

3 Conclusion

Our research results led to our optimistic conclusion
that PDI using immobilized cationic photosensitizers
is a promising strategy to prevent biofilm formation on
surfaces. We hope that further investigations will help to
realize the development of photoactive self-disinfectant
surfaces as an alternative to the polluting and the harmful
use of biocides.
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Abstract: Phototrophic microorganisms as primary colo-
nizers play a key role in formation of biofilms on outdoor
surfaces. The biodeterioration of said surfaces arising
from those biofilms motivates research for means of
biofilm inhibition without impact on surrounding eco-
systems. Photodynamic inactivation has a high potential
as an alternative antimicrobial agent, its light-induced
mechanism making it especially suited for inhibition
of phototrophic microorganisms. Recent advances in
this field — including the first successful applications
on green algae and mixed fresh water cultures — are
reported here.

Keywords: photodynamic inactivation; singlet oxygen;
green algae; biofilms; phototrophic microorganisms.

1 Introduction

Microorganisms growing and forming biofilms on
manmade surfaces play a significant role in distribu-
tion of infections and biodeterioration of said surfaces.
Amongst those microorganisms, the phototrophic ones
have a key role for formation of biofilms on outdoor
surfaces; since due to their autotrophic growth they are
primary colonizers, starting the formation of biofilms
and facilitating growth of other microorganisms. Since
it was shown in 2000 that biofilms have a devastatingly
stimulating effect on biodeterioration of construction
materials, numerous efforts are devoted to their removal

or the reduction of their growth. Well established means
as the mechanical removal or the use of biocides come
with side effects like high costs coupled with fast recur-
rence of the biofilms or the involved environmental risks
respectively [1-3].

At the same time, biofilms show higher resistances
towards every facet of change in environmental factors
such as humidity, nutritional factors or chemical com-
pounds such as antibiotics or biocides, thus making their
removal an even bigger challenge [3-5]. Photocatalytic or
other light-induced mechanisms are promising as means
against phototrophic microorganisms especially, because
those as well rely on light for their growth. Photoactive
surfaces comprised of semiconductors like TiO, which
are based on generation of hydrogen peroxide upon illu-
mination are already commercially available as coatings
of building materials [6, 7]. Unfortunately, with long time
weathering they revealed shortcomings [8, 9] and their
functional principle suggests these resulting from genera-
tion of NO_ species during degeneration of microorgan-
isms on these surfaces, which may then act as fertilizers
for successive microorganisms [10-12].

2 Photodynamic inactivation

Photodynamic inactivation, relying on the photodynamic
effect for generation of singlet oxygen, also has high
potential as countermeasure against phototrophic micro-
organisms. Especially the availabhility of light and oxygen
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on growth sites of phototrophic organisms makes it suit-
able for this purpose. The absence of reported resistances
against singlet oxygen — as opposed to hydrogen perox-
ide — gives this method another advantage. Most remark-
ably, until now only few efforts have been made to adopt
photodynamic inactivation for inhibition of phototrophic
organisms. This may partially be due to the presence of
molecules like carotenoids which act as quenchers for
singlet oxygen naturally produced during photosyn-
thesis. These then also pose the risk of diminishing the
effects of singlet oxygen intracellularly produced by
photosensitizers.

Despite this availability of intracellular quenchers, a
successful photodynamic inactivation of green algae was
reported recently. Using cationic metallocorroles, Pohl
et al. [13] demonstrated a significant photosensitization-
induced reduction of biomass in incubated samples after
4 days of discontinuous illumination in a 12 h:12 h rhythm.
The reduction of biomass continued over a time span of 18
days, resulting in bleaching of the algae and no recurrence
of cell growth. Moreover, those results were compared to
the ones obtained by incubation with similar anionic met-
allocorroles, which only resulted in small reduction of
growth rates in the green algae. This is in accordance to
the work previously published by Drabkova et al. [14], sug-
gesting cationic photosensitizers to be more suitable for
inactivation of phototrophic microorganisms.

Following this line of evidence, the effect of multi cat-
ionic porphyrins on green algae as well as a mixed photo-
trophic freshwater culture (sampled from a fish tank at the
Physics Department of Humboldt-Universitit zu Berlin)
was investigated using the protocol described in [13]. Sur-
prisingly, the course of the biomass in green algae samples
showed only meager reduction of the growth rate with
no reduction of biomass. However, administered to the
mixed freshwater culture, the same photosensitizers dem-
onstrated cytostatic properties [15]. This result suggests
mixed phototrophic cultures to be more sensitive towards
photodynamic inactivation. A possible explanation for
the effect observed lies in the symbiotic dependencies
often occurring in biofilms. Targeting of influential bottle-
neck organisms in microbial communities may thus be a
powerful strategy for inhibition of phototrophic cultures.
Though further investigations concerning the cause of the
results are necessary, clearly this also makes it impossible
to predict effects of photodynamic inactivation on mixed
cultures based on data obtained from monocultures.

3 Conclusion and outlook
Despite recent breakthroughs in the field of photody-
namic inactivation of phototrophic microorganisms,
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investigations are still at the beginning. The method
of photodynamic inactivation shows high potential as
an alternative treatment not only against phototrophic
microorganisms but also against all biofilms occurring
on outdoor surfaces. Therefore, this initial research
should be followed by further investigations towards the
means of photosensitization of phototrophic organisms,
the preparation of model cultures for mixed biofilms
as well as the effects arising from use of these mixed
cultures.
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Abstract: Staphylococcus aureus and Pseudomonas aer-
uginosa are typical Gram-positive and Gram-negative
bacteria, respectively. In the last two decades, they were
the most common multidrug-resistant bacteria both in
hospitals and community. One reason is attributed to the
abuse of antibiotics. The other one is the formation of
biolfilm. In this study, we investigated the effectiveness of
photodynamic inactivation (PDI) mediated by three Ru(II)
polypyridine complexes against four isolates of clinical
methicillin-resistant Staphylococcus aureus (MRSA) and
four isolates of Pseudomonas aeruginosa (one wild strain
and three clinical isolated strains).

Keywords: photodynamic inactivation (PDI); methicillin-
resistant Staphylococcus aureus (MRSA); Pseudomonas
aeruginosa; biolfilm.

1 Background

Photosensitizer-mediated antimicrobial photodynamic
therapy (PDT) appears to be a promising approach for
treating multidrug-resistant bacteria. Many studies had
shown that PDT presents selective toxicity to microbe over
eukaryocyte. In the past three years, we cooperated with
Prof. Wang Xuesong from the Chinese Academy of Sciences
to select potential antimicrobal photosensitizers. In this
report, we present our results with three Ru(II) complexes;
the surrounding ligands are showed in [1]. The three com-
plexes (1, 2, 3) has a high singlet oxygen quantum yield.
Photosensitizers with cationic and amphipathic proper-
ties are thought to be easy to bind with bacteria. The aim
of this study was to quantify the antimicrobial PDT effect
of Ru(Il) complexes against multidrug-resistant Staphylo-
coccus aureus (MRSA) and Pseudomonas aeruginosa, and
to observe the ultrastructure changes induced by PDT.

2 Methods and results
Firstly, the killing effect on planktonic cultures using the
dilution-plate method was examined. Then, the ultra-
structure changes induced by PDT were observed using
electron microscope. Finally, the eradication effect on
biofilm was explored.

MRSA is the most common multidrug resistant strain
among S. aureus. Four clinical isolates of MRSA (MRSA-
1, MRSA-2, MRSA-3 and MRSA-4) were used in this study.

They were all collected from sputum specimen of patients.
Their sensitivity to commonly used antibiotics was tested
using the paper disc diffusion method. The results are
shown in [1]. The sensitivity of four P. aeruginosa strains
(one wild strain — PAO1, and three clinical isolates) was
also tested. The results showed that they are all multidrug-
resistant strains.

According to the absorption spectra and molar extinc-
tion coefficients of these three complexes, 457 nm was
used for the excitation of complex 2 and complex 3, and
532 nm used for the excitation of complex 1. In the PDT
group, cell suspensions were incubated with photosensi-
tizer of different concentrations for 30 min in 48-well plate.
[Mlumination for 10 min was then performed with the plate
covered at a power density of 40 mW/cm?. Colony-forming
unit (CFU) assays were used to determine the viability of
bacteria. The results showed that no detectable reduc-
tion in cell viability was induced in control groups (P-L-).
This result of PDT groups showed that for complex 2 and
complex 3 (Figure 1), bacterial viability decreased with
photosensitizer concentrations increasing, while for
complex 1, when photosensitizer concentration increased
to 25 um and 50 pM, the bacterial viability did not increase.

The minimal bactericidal concentration (MBC) was
calculated to compare the killing effect of these three com-
plexes. MBC of complex 2 and complex 3 were similar. The
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Figure 1: The killing effect of Ru3 (complex 3) on planktonic MRSA-1
and planktonic PAO1, one wild strain of P. aeruginosa.
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killing effect of complex 2 and complex 3 is significantly
stronger than that of complex 1.

To analyze the reason, complex 3 has the highest
singlet oxygen quantum yield and molar extinction coef-
ficient among the three complexes. There is a dppn ligand
[1], which can insert unto the phospholipid biolayer of cell
membrane and stabilize the binding to bacteria. While
complex 1 has the lowest singlet oxygen quantum yield
and molar extinction coefficient, and less easily be bind
with bacteria.

To further determine the PDT efficacy for other
strains, MRSA-2, MRSA-3 and MRSA-4 were also tested.
The PDT activity of complex 3 was assessed and compared
with that of methylene blue (MB), which is the gold stand-
ard photosensitizer for antimicrobal PDT. The experimen-
tal conditions were the same as those described above.
After treatment, samples without dilution were spotted
(10 ul/spot) on Mueller-Hinton agar and grown overnight.
Colonies from the three strains can almost be completely
inactivated at 2.5 uMm. However, for MB, complete inactiva-
tion was not achieved even at 25 um.

The Kkilling effect result of complex 3 on planktonic
P. aeruginosa showed that the MBC of complex 3 for the
four P. aeruginosa isolates is 10 uM, which is higher than
the MBC of complex 3 for MRSA. This suggests that MRSA
is more sensitive than P. aeruginosa.

The transmission electron microscope picture of S.
aureus is also shown in [1]. The cell envelope is intact
and smooth in control group. Immediately after PDT, the
cell envelope became irregular, and vesicles were found
to protrude mainly from surface. About 30 min after PDT,
cell surfaces were even less well-defined, and leakage of
cellular content was observed.

For P. aeruginosa, the outer wall and inner plasma
membrane of control sample are intact and the elec-
tron density is evenly distributed. Immediately after
PDT, incontinuous cell envelope can be seen, both inner
membrane and outer wall were damaged. The damage
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of the inner membrane permits the leakage of the cyto-
plasm, which is seen as bubble formation on the surface
of outer membrane. For a severe damage, the cytoplasm
was released from the cell and the whole cell ended up
“burst”. These results are published in [2].

To further investigate the effect of PDT on the struc-
tures of biofilms, SEM studies were carried out. Ru3-PDT
can eradicate the biofilms of MRSA [1] and P. aeruginosa
[3]. The size of aggregates and the number of adherent
bacteria significantly reduced. According to the ultra-
structure changes observed in this study, we presume
that the membrane of cells was possibly the superior
target in PDT process. Reactive oxygen species disturb
the structural integrity, permeability, physiological func-
tion, etc.

3 Conclusion

Based on the present results, we concluded Ru(II) com-
plexes; especially Ru3 are potential candidates for the
effective photodynamic control of multidrug resistant S.
aureus and P. aeruginosa. PDT induces bacterial death by
damaging cell membrane.

Acknowledgments: The study was supported by Nature
Science Foundation of China (Grant numbers: ‘81171633’
and ‘21172228’) and Nature Science Foundation of Beijing
(Grant number: ‘4132079’).
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Abstract: Being a crucial component in photodynamic
therapy, photosensitizers have been studied exten-
sively with a view to enhancing their tumor selectivity
and photodynamic activity. As an innovative and prom-
ising approach, “smart” photosensitizers that can be
selectively activated by tumor-associated stimuli have
recently been reported. We have been inspired by this
strategy and extended our study of phthalocyanine-
based photosensitizers to incorporate a control unit for
their photophysical and photobiological properties. This
article highlights our recent endeavor in developing pH-
and thiol-responsive photosensitizers toward targeted
photodynamic therapy.

Keywords: photodynamic therapy;
phthalocyanines; singlet oxygen.

photosensitizers;

1 Introduction
Photodynamic therapy (PDT) has emerged as a treatment
modality for cancer and some other noncancerous con-
ditions [1]. It involves the combined action of three indi-
vidually nontoxic components, namely a photosensitizer,
light of appropriate wavelength, and oxygen to generate
cytotoxic reactive oxygen species (ROS). These species,
predominantly singlet oxygen, eradicate tumors by mul-
tiple mechanisms, including killing malignant cells by
apoptosis and/or necrosis, shutting down tumor vascula-
ture, and stimulating the host immune system [2]. To date,
only a few photosensitizers have been clinically approved
for oncologic indication and they still suffer from some
disadvantages such as weak absorptions in the body’s
therapeutic window (650—-800 nm), sustained skin photo-
sensitivity, and long drug-to-light intervals (48-96 h). As
a result, there has been considerable interest in exploring
various strategies to improve their therapeutic efficacy [3].
Inspired by the activatable fluorescent probes
for bioanalytes, “smart” photosensitizers that can be
selectively activated by tumor-associated stimuli have
received much current attention [4]. In these systems, the
photosensitizers are either self-quenched due to aggre-
gation or deactivated by the neighboring quenchers.

Upon interaction with the stimuli, such as the acidic
and reducing environment of tumors, cancer-related
proteases, or mRNAs that have high tumor specificity,
the photosensitizers are disaggregated or detached from
the quenchers, resulting in restoration of their fluores-
cence and photosensitizing properties. This approach
can therefore minimize the damage to normal tissues.
As part of our continuing interest in the development of
efficient phthalocyanine-based photosensitizers [5], we
have extended the study to their activatable analogues,
focusing on those which are responsive toward acids and
thiols, which can mimic the acidic and reducing environ-
ment of malignant tissues.

2 Methods and results
As the first series of these photosensitizers, silicon(IV)

phthalocyanines with two axial amine-containing substit-
uents were prepared, of which the electronic absorption,
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Figure 1: Chemical structures of pH-responsive photosensitizers 1-3.



DE GRUYTER

fluorescence, and photosensitizing properties could be
modulated by pH [6, 7]. Compounds 1 and 2 (Figure 1)
exhibited the most desirable changes in the pH range of
6.0-74, which can roughly differentiate the tumor and
normal tissue environments. Their intracellular fluo-
rescence intensity and efficiency in generating singlet
oxygen and superoxide radical were greatly enhanced at
lower pH, mainly due to protonation of the amino groups
which inhibited the intramolecular photoinduced elec-
tron transfer process. Compound 3 (Figure 1) is another
pH-responsive photosensitizer, which is composed of a
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self-quenched phthalocyanine dimer [8]. It can be acti-
vated in an acidic environment (pH=5.0-6.5) as a result of
cleavage of the ketal linker and separation of the phthalo-
cyanine units, resulting in enhanced fluorescence emis-
sion and ROS production, both in solution and in vitro.
By using ferrocenyl moieties as quenchers, we also
prepared the hydrazone-linked conjugate 4 (Figure 2)
[9]. Its fluorescence intensity increased by 6-fold when
the pH decreased from 7.4 to 4.5 in phosphate buffered
saline (PBS), and by 10-fold when the pH decreased from
7.4 to 5.0 inside MCF-7 human breast cancer cells, using

%N/ 5) NT—NEN/,“N’ z
5 SRS

9 0 0
v
o O
W éﬁ '
Fe e
-~ .--N -
.—-N‘- N Y/
N "Zn N
N7 TN—X 0
= "--.N -~ A\
" 1L
O,N NO,
7

Figure 2: Chemical structures of activatable photosensitizers 4-7.
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nigericin to temporary equilibrate the intracellular and
extracellular pH. The results indicated the occurrence
of hydrolytic cleavage of the hydrazone bonds under an
acidic condition and that the detachment of the ferro-
cenyl quenchers restored the fluorescence emission. By
using a disulfide instead of hydrazone linker, a related
conjugate 5 (Figure 2) was also prepared, which was
responsive toward dithiothreitol (DTT) [10]. Apart from
the enhancement in fluorescence emission and singlet
oxygen production, the in vitro photodynamic activity
of this compound was also promoted by DTT. The IC_
value, defined as the dye concentration required to kill
50% of the cells, against MCF-7 cells decreased from
124 nM to 50 nm when the cells were pre-incubated with
4 mMm of DTT.

As an extension of this work, a novel dual activat-
able analogue was also synthesized [9]. Having both an
acid-labile hydrazone linker and a DTT-cleavable disulfide
linker, compound 6 (Figure 2) functioned as a dual pH-
and redox-responsive photosensitizer. Its fluorescence
intensity, singlet oxygen generation efficiency, intracellu-
lar fluorescence, and in vitro photodynamic activity were
enhanced in a slightly acidic environment (pH=4.5-6.0)
or in the presence of DTT (in mMm range). The greatest
enhancement could be attained when both of these two
conditions occurred. The activation of this compound was
also demonstrated in tumor-bearing nude mice. The intra-
tumoral fluorescence of 6 was greatly increased within
10 h after injection, while that of a noncleavable control
was negligible, showing that the fluorescence of 6 could
also be restored inside the tumor. In addition, this com-
pound could also effectively inhibit the growth of tumor
upon illumination.

Recently, we have also reported another simple yet
very efficient activatable photosensitizer (compound 7,
Figure 2) [11]. This compound can be prepared readily by
treating 2-hydroxy zinc(II) phthalocyanine with 2,4-dini-
trobenzenesulfonyl chloride in the presence of trieth-
ylamine. Upon interaction with glutathione (GSH), the
2,4-dinitrobenzenesulfonyl quencher is detached from
the phthalocyanine. Its fluoresence emission and ROS
generation are greatly enhanced in PBS and inside MCF-7
cells. Similarly, the fluorescence activation has also been
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demonstrated in vivo. On the basis that the intracellular
GSH level is in the mM range and tumor tissues gener-
ally have an elevated GSH concentration compared with
normal tissues, this GSH-activated system serves as a
promising tumor-selective photosensitizer.

3 Conclusion

In summary, we have reported a number of activat-
able phthalocyanine-based photosensitizers and dem-
onstrated their pH- and thiol-responsive bahavior. The
results show that they are promising candidates which
could be modified further toward targeted PDT.

References
[1] Dolmans DE, Fukumura D, Jain RK. Photodynamic therapy for

cancer. Nat Rev Cancer 2003;3(5):380-7.

Castano AP, Mroz P, Hamblin MR. Photodynamic therapy and

anti-tumour immunity. Nat Rev Cancer 2006;6(7):535-45.

[3] Lim CK, HeoJ, Shin S, Jeong K, Seo YH, Jang WD, Park CR,

Park SY, Kim S, Kwon IC. Nanophotosensitizers toward

advanced photodynamic therapy of cancer. Cancer Lett

2013;334(2):176-87.

Lovell JF, Liu TW, Chen J, Zheng G. Activatable photosensitizers

for imaging and therapy. Chem Rev 2010;110(5):2839-57.

Ng DK. Phthalocyanine-based photosensitizers: more

efficient photodynamic therapy? Future Med Chem

2014;6(18):1991-3.

Jiang XJ, Lo PC, Tsang YM, Yeung SL, Fong WP, Ng DK. Phthalo-

cyanine-polyamine conjugates as pH-controlled photosen-

sitizers for photodynamic therapy. Chemistry 2010;16(16):

4777-83.

Jiang XJ, Lo PC, Yeung SL, Fong WP, Ng DK. A pH-responsive

fluorescence probe and photosensitiser based on a

tetraamino silicon(IV) phthalocyanine. Chem Commun (Camb)

2010;46(18):3188-90.

Ke MR, Ng DK, Lo PC. A pH-responsive fluorescent probe and

photosensitiser based on a self-quenched phthalocyanine

dimer. Chem Commun (Camb) 2012;48(72):9065-7.

Lau JT, Lo PC, Jiang XJ, Wang Q, Ng DK. A dual activatable

photosensitizer toward targeted photodynamic therapy. ) Med

Chem 2014;57(10):4088-97.

Lau JT, Jiang XJ, Ng DK, Lo PC. A disulfide-linked conjugate

of ferrocenyl chalcone and silicon(IV) phthalocyanine as

an activatable photosensitiser. Chem Commun (Camb)

2013;49(39):4274-6.

[11] HeH, Lo PC, Ng DK. A glutathione-activated phthalocyanine-
based photosensitizer for photodynamic therapy. Chemistry
2014;20(21):6241-5.

2

[4

[5

[6

[7

[8

[9

[10]



DE GRUYTER

Short reports from the First Sino-German Symposium, 23-28 March 2015, Fuzhou, China = 347

[5.02] Multifunctional nanoprobes for targeted imaging and photodynamic therapy of gastric cancer

Daxiang Cui”

Institute of Nano Biomedicine and Engineering, Key Laboratory for Thin Film and Microfabrication Technology of the
Ministry of Education, Department of Instrument Science and Engineering, National Center for Translational Medicine,
Shanghai Jiao Tong University, 800 Dongchuan Road, Shanghai 200240, China

*Corresponding author: Prof. Daxiang Cui, dxcui@sjtu.edu.cn

Abstract: Gastric cancer is the second most common
cancer in China, and is the second leading cause of cancer-
related death worldwide. Successful development of safe
and effective nanoprobes for targeted imaging and pho-
todynamic therapy (PDT) of gastric cancer has become a
hotspot [1]. Here, three types of gold nanoparticles such as
gold nanorods, gold nanoprisms, and gold nanoclusters
were prepared, and conjugated with chlorin e6 (Ce6) and
folic acid. The resulting folic acid-Ce6-conjugated gold
nanorods, folic acid-Ce6-conjugated gold nanoprisms and
folic acid-Ce6-conjugated gold nanoclusters were used for
in vitro and in vivo targeted imaging and PDT of gastric
cancer. Results showed that the prepared three types
of nanoprobes could bind with gastric cancer cell line
MGC803 specifically, and exhibited photodynamic thera-
peutic effects, inducing cell apoptosis, markedly inhib-
iting growth of gastric cancer cells. In-vivo experiment
results showed that the three types of gold nanoprobes

could target gastric cancer, and realized targeted fluo-
rescent imaging, photoacoustic imaging and PDT, espe-
cially gold nanoclusters can enhance Ce6 photodynamic
therapeutic efficacy, and could be excreted from kidney,
owns good biocompatibility. In conclusion, the prepared
three types of gold nanoprobes could be used for targeted
imaging and PDT of gastric cancer, and exhibit clinical
translation prospect.

Keywords: gold nanorods; gold nanoprisms; gold nano-
clusters; Ce6; fluorescent imaging; photodynamic therapy.
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Abstract: Recently, noble metal nanoparticles (NMPs)
have been demonstrated as a new kind of photosensitiz-
ers (PSs). However, in comparison with traditional PSs,
the exact photosensitization mechanism is still elusive. As
is known that plasmon-enhanced photocatalysis has been
observed from many different NMPs. It therefore raises an
interesting question of how to understand their activation
of molecular oxygen.

Keywords: photosensitizers; noble metal nanostructures;
plasmon; photocatalysts.

1 Introduction
Owing to the tailorable near-infrared (NIR) localized
surface plasmon resonance (LSPR) features of gold

nanostructures, such as nanorods (NRs), cages, gold
coated SiO, spheres, they have attracted significant atten-
tion in disease diagnosis and treatment, such as LSPR-
enhanced imaging and photothermal therapy.

In 2011, the research group led by Hwang [1] found that
upon excitation of LSPR, noble metal nanoparticles (gold,
Au; silver, Ag; platinum, Pt; and palladium, Pd) are able to
generate singlet oxygen (‘0,). The '0, generation has been
demonstrated directly by 'O, phosphorescence, or indi-
rectly by 'O, probes or 'O, specific reactions. Later, the same
group further reported that sensitization and formation of
singlet oxygen is strongly dependent on the shapes of gold
and silver nanostructures [2]. For instance, silver deca-
hedrons and triangular nanoplates exposed {111} facets
can generate '0, but not Ag nanocubes. In contrast, Au
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nanoparticles (NPs) show the opposite trend. These studies
indicate that activation of molecular oxygen is closely
related to the material composition and exposed facets.
Recently, the same researchers further demonstrated the
AuNRs photodynamic therapy (PDT) in destructing B16FO
melanoma tumor cells in mice. Apart from producing 'O,
(type II-like PS), noble metal nanoparticles (NMPs) are
reported to act as type I-like PS as they are observed to gen-
erate OH free radical upon LSPR excitation. Considering
the high tunability in size, shape, composition and struc-
ture, noble metal nanostructures may become a new kind
of highly attractive PS and find a place in the PDT.

2 Materials and methods

Using AuNRs as templates we have synthesized a series
of noble metal nanostructures with NIR plasmonic
responses, and investigated their catalytic activities in
dark [3, 4]. Using 9,10-anthracenediyl-bis(methylene)
dimalonic (ABD) as singlet oxygen probe, we observed
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its enhanced photo-oxidation in the presence of Au and
Pd, indicating the generation of 'O, [5]. Herein, we dem-
onstrated this “sensitization” process for Pt nanodots. In
order to have NIR plasmonic response, they were epitaxi-
ally deposited on the AuNR, denoted as Au@Pt nanodots
on rod (NDRs), see Figure 1A.

3 Results

The obtained nanostructure has an obvious longitudinal
surface plasmon resonance band around 790 nm. Upon
LSPR excitation, the temperature of the reaction solutions
increases due to photothermal effect (Figure 1B). Thermal
treatment leads to slight increase in ABD degradation
(Figure 1C); 3.2% at 44°C for 0.05 nM NDRs. In contrast,
plasmonic excitation produces much more ABD degrada-
tion. It causes 14.3% reduction from pure plasmonic effect
for the same NDRs concentration, indicating plasmon-
enhanced reactivity for Pt dots (Figure 1D). Additionally,
an obvious dose-effect relationship is observed (Figure 1E).
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Figure 1: SEM image of Au@Pt NDRs (A), temperature rising curves of the NDR at three different concentrations (B) and effect of the NDRs
on ABD (100 um) degradation: (C) 10 min thermal treatment, (D) 10 min irradiation with a continuous wave 808 nm laser, (E) effect of the
NDR concentration. For (D), the sample is kept at the temperature after 10 min irradiation obtained from temperature rising curves in order

to get pure plasmonic effect.
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4 Conclusion

Generally, the generation of reactive oxygen species
from plasmonic nanostructures upon LSPR excitation is
understood as follows: Noble metal nanostructures first
produce hot electrons upon light absorption. The hot
electrons are then rapidly injected into molecluar oxygen
and produce superoxide radical. At one hand, superoxide
radicals themselves can initiate redox reactions. On the
other hand, the hot holes of the excited nanostructures
may capture electrons from superoxide radicals and this
process can produce '0,. The latter process is similar to the
'0, generation from TiO, or ZnO particles upon irradiation.
However, using electron spin resonance (ESR) method, we
did not succeed in obtaining meaningful signals either for
OH free radical or for '0, by using their corresponding ESR
probes (BMPO for OH free radical and 4-oxo-TEMP for '0,).
Only a very weak signal is detected and shows no dose-
effect relationship. It thus makes the identification of 'O,
and OH free radical as active oxygen species ambiguous.
Based on the current research progress, we are sure about
the plasmon-enhanced reactivity from NMPs. The exact
active species from molecular oxygen activation cannot be
identified unambiguously at the moment. We feel that it is
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better to understand this phenomenon from the viewpoint
of plasmonic photocatalysis.
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Abstract: Near-infrared (NIR) plasmonic nanoparti-
cles demonstrate great potential in disease theranos-
tic applications. Herein a nanoplatform, composed of
mesoporous silica-coated gold nanorods (AuNRs), is
tailor-designed to optimize photodynamic therapy (PDT)
for tumor based on the plasmonic effect. The surface
plasmon resonance of AuNRs was fine-tuned to overlap
with the exciton absorption of indocyanine green (ICG),
a NIR photodynamic dye with poor photostability and
low quantum yield. Such overlap greatly increases the
singlet oxygen yield of incorporated ICG by maximiz-
ing the local field enhancement, and protecting the ICG
molecules against photodegradation by virtue of the

high absorption cross section of the AuNRs. The silica
shell strongly increased ICG payload with the additional
benefit of enhancing ICG photostability by facilitating
the formation of ICG aggregates. As-fabricated AuUNR@
Si0,-ICG nanoplatform enables trimodal imaging, NIR
fluorescence from ICG, and two-photon luminescence/
photoacoustic tomography from the AuNRs. The inte-
grated strategy significantly improved photodynamic
destruction of breast tumor cells and inhibited the
growth of orthotopic breast tumors in mice, with mild
laser irradiation, through a synergistic effect of PDT and
photothermal therapy. Our study highlights the effect
of local field enhancement in PDT and demonstrates
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the importance of systematic design of nanoplatform to
greatly enhancing the antitumor efficacy.

Keywords: gold nanorod; local field enhancement;
photosensitizer; photodynamic therapy; photothermal
therapy.

1 Objective

A novel plasmon-enhanced photodynamic therapy (PDT)
for breast tumor is successfully designed and validated by
fabricating a nanoplatform composed of mesoporous sil-
ica-coated gold nanorods (AuNRs) incorporating indocya-
nine green (ICG) [1], a near-infrared (NIR) photodynamic
dye with poor photostability and low quantum yield [2].
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2 Methods

The localized surface plasmon resonance (LSPR) peak
of the AuNR core has been regulated to overlap with the
exciton band of ICG, thus increasing the absorption coef-
ficient of incorporated ICG by virtue of the localized elec-
tric field effect [3]. Such overlap also helps to protect the
loaded ICG from photodegradation based on ~10° higher
absorbance cross section of the AuNR [4]. In addition, the
formation of ICG aggregate facilitated by SiO, enhances
photostability of incorporated ICG as well [5, 6] (Figure 1).

3 Results
The AuNR@SiO,-ICG formulation dramatically increases
singlet oxygen generation under laser excitation, relative

Enhanced ICG stability
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Figure 1: Design of enhanced photodynamic therapy by utilizing the surface plasmonic effect of the gold nanorods (AuNRs) to simultane-
ously increase the absorption coefficient and reduce photodegradation of the photodynamic dye indocyanine green (ICG). Mesoporous
silica provided the second photoprotection for ICG by facilitating the formation of ICG aggregates. The double photoprotection will signifi-
cantly enhance the stability of loaded-1CG in comparison with the single photoprotection of silica shell.
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to free ICG, and demonstrates enhanced photodynamic
destruction of human breast carcinoma cell MDA-MB-231.
In addition, cellular uptake and retaining of ICG in the
tumor regions is enhanced due to the stabilization and
delivery of ICG provided by AuNR@SiO, nanocarrier. This
was confirmed by three imaging modes (NIR fluorescence,
two-photon luminescence and photoacoustic tomogra-
phy) both in vitro and in vivo. Mild photothermal heating
at a low laser power density was sufficient to ensure that
AuNR@Si0,-ICG induced a clear inhibition of orthotopic
tumor growth through the synergistic effect of photother-
mal therapy and PDT.

4 Conclusion

Our study highlights a general design principle for
enhancing the effectiveness of photosensitizers based on
plasmon enhancement and protection, which holds great
promises for cancer therapy by further development.
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Session 6: Photodynamic therapy — General aspects
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Abstract: Photodynamic therapy (PDT) is a term encom-
passing a collection of both curative and palliative
modalities, traditionally described as treating precancer-
ous lesions and superficial tumors using light. The list of
medical fields in which PDT has managed to find a place as
an accepted option for specific problems includes gastro-
enterology, dermatology, gynecology, ophthalmology and
ENT. It is increasing importance underlined by a compari-
son with both traditional chemotherapy and radiother-
apy, which can often significantly compromise patients’
health. The therapeutic use of these well-established

therapies is accordingly limited by their toxicity. In con-
trast, PDT can not only show a distinct degree of tumor
specificity, but also can be repeatedly applied without
apparently damaging the health of the patient.

Keywords: photodynamic therapy; laser irradiation pro-
tocol; intraepithelial neoplasms; optical diagnostic.

1 Background
Historically, the traditional indication for photody-
namic therapy (PDT) are malignant tumors. But with
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more understanding of the processes the indications
for PDT increased and have changed their center of
interest.

The indication in treatment of solid tumors is mainly
under palliative aspects in surgical primarily not resect-
able tumors or local recurrences and metastasis without
any other therapeutic option such as chemotherapy
or radiotherapy [1]. The reason is that with a surgi-
cal RO-resection in nearly all tumor entities the best 5
year-life rates are obtainable. But in this tumor surgery
another indication of PDT comes more important. After
RO-resection, i.e. direct intraoperatively, a PDT is per-
formed to irradiate the tumor bed to increase the primary
radicalism without unnecessary defects. So the inten-
tion is similar to the intraoperative radiation. But one
problem is the photosensitivity of the tissue to the opera-
tion or endoscopic light source. This is the reason why
today only in neurosurgery the intraoperative ALA-PDT
is routine.

2 New therapeutic options

With an increasing number of patients with human papil-
loma virus (HPV)-induced dysplasias and early detection
before an invasion starts, PDT becomes a curative tool for
these diseases.

Here, in strong intraepithelial dysplasias without any
vascularization (IENIII/CIS) (Figure 1) topical substances
are the drug of choice. But with thicker lesions the pen-
etration of these topical substances is not safe enough
and with vascularization and stroma formation the indi-
cation changes to systemic photosensitizers [2]. Here we
have beside the more or less specific accumulation in

One drug — one wavelength — one irradiation

“conventional”

One drug — one wavelength — two/m irradiations
“recovery”

One drug — one wavelength — two/m irradiations
“fractionated”

One drug — one wavelength — two/m cycles
“boostering”

One drug — two wavelengths — one irradiation
“piggy-back”

Two drugs — one wavelength — one irradiation
“Sandwich”

Figure 2: Options for irradiation planning.
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the tumor cells the secondary effect of destruction of the
tumor vessels [3]. In all this cases besides the right choice
of the best photosenzitizer (e.g. topical/systemic, lipo-/
hydrophilic, long-acting/short acting) the irradiation pro-
tocol is more important. Here we have options as shown
in Figure 2.

But with photosensitizers which increasingly remain
in the vascular system more benign indications start. The
latest, but now the major indication, is at this time the
age-related macula degeneration. Due to the fact that
the used benzoporphyrin derivative has normally a good
penetration into tissue and a low intravascular-remain-
ing potential here a capsulation with liposomes are nec-
essary. Because this coupling is in the blood not stable,
within few minutes after application the laser activation
is necessary to avoid damage of the retinal epithelium.
Longer experiments started in the treatment of congeni-
tal vascular tumors like infantile hemangioma and in vas-
cular malformation esp. port-wine stains. But even after
more than 20 years research we are at this field before a
broad application. The same is in the treatment of inflam-
matory skin diseases. The psoriasis was one of the oldest
applications for PDT in non-malignant diseases but could
not come to routine. At this time the most interest is now
the treatment of severe acne. But comparative studies did
show either severe skin photosensitivity which strained
the patients more than the disease. In combination with
pulsed dye laser the additional effect to laser alone is
minor; so at this time it is not clear if PDT will have a real
success for this indication. In treatment of warts and con-
dylomatas without dysplasias the PDT for virus eradica-
tion could not show any success. This is easy to explain:
the metabolism and proliferation in warts and non-dys-
plastic condylomas is better than in the surrounding
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Figure 3: Indications of photodynamic therapy (PDT). Even in
high-grade intraepithelial dysplasias (IEN) a PDT can be indi-
cated. But in case of invasive cancer only surgical resection
can be curative. The aim of PDT in recurrences or metastases is
palliative.
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tissue; so no specific effect can happen. But has the cell
itself change to dysplasia the PDT again is the tool of
choice (Figure 3).
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Abstract: Novel optical coherence tomography (OCT)
systems with ultralong depth range, ultrawide lateral
field, and ultrahigh axial resolution are developed, which
envision new medical applications. Typical applications
of structural and functional OCT are presented. As a
depth-resolved optical imaging modality with the merits
of non-destruction, high-resolution, and high-speed, OCT
is promising for the online monitoring of response to pho-
todynamic therapy (PDT) and the assessment of therapeu-
tic outcome.

Keywords: optical coherence tomography; vasculature
imaging; photodynamic therapy; therapeutic outcome.

1 Background

Imaging in photodynamic therapy (PDT) has multiple
points of significance including diagnostics, therapy
guidance, monitoring, treatment assessment, and mech-
anistic studies [1]. The combination of imaging and PDT
will provide improved research and therapeutic strate-
gies, such as optimization and dosimetry, monitoring
of response, assessment of outcome, and monitoring of
oxygen. The electronic excitation of a photosensitizer
(PS) can result not only in a cytotoxic effect but also in an
emission of fluorescence due to relaxation of the excited
singlet state PS back to the ground state. Hence, in addi-
tion to being therapeutic agents for PDT, PSs can readily
serve as imaging agents that fluoresce in the visible region
upon excitation with the appropriate wavelength. Such
an approach based on PSs to generate fluorescence con-
trast is termed as photosensitizer fluorescence detection
(PFD) [1]. PFD is highly successful at delineating disease
margins for flat lesions, but for lesions with considerable
subsurface, a more detailed picture of the underlying
structure is desirable.

A variety of technologies such as X-ray computed
tomography, magnetic resonance imaging, and ultra-
sound imaging have been developed and applied in PDT
applications. However, none of them provides depth-
resolved resolution at micrometer scale. Currently, there
are several optical methods capable of seeing the underly-
ing structure with high resolution, those include confocal
microscopy (penetration depth ~300 um), multi-photon
microscopy (penetration depth ~600-700 um), and OCT
(penetration depth ~1-3 mm).

2 Advantages of OCT

Three factors (speed, depth, and resolution) have made
OCT an ideal imaging partner for following the detailed
three-dimensional (3D) structural response to PDT in
living systems. Depth range of OCT is comparable to the
depth of necrosis observed in tissue. The axial resolu-
tion (~1-10 um) is decoupled from the lateral resolution,
allowing for sub-cellular, micron-resolution imaging deep
in a sample. Volumetric imaging offered by OCT provides
almost an order of magnitude faster than even video-rate
microscopy. OCT is a non-perturbative imaging platform
for PDT as the adopted light ranging from 850 nm to
1350 nm is far less energetic than those required to carry
out PDT. OCT can be used to visualize a sample before,
during, and after PDT without activating the PSs. OCT
has been used in the conjunction with PDT as a natural
partner for detecting structural alterations resulting from
treatment response as well as targeting the vasculatures
for on-line monitoring of vascular responses.

3 Further developments

Most recently, our group has made a further step forward
in OCT instrumentations. The depth range is extended to
be over 200 mm, the lateral field of view is increased to
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be 35 mm, and the axial resolution is improved to be 0.9
um. Novel OCT systems with these enhanced parameters
definitely will open new OCT applications including PDT.

The depth ranges of typical implementations of
Fourier domain OCT (FDOCT), including spectral domain
OCT (SDOCT) and swept source OCT (SSOCT), are limited
to several millimeters. To extend the depth range of
current OCT systems, two novel systems with ultralong
depth range have been developed. One is the orthogonal
dispersive SDOCT (OD-SDOCT) [2, 3], and the other is the
recirculated swept source (R-SS) OCT [4]. The developed
OD-SDOCT system realizes the longest depth range (over
200 mm) ever achieved by SDOCT. The developed R-SS
OCT achieves submicron precision within a depth range
of 30 mm, holding potential in real-time contact-free
on-axis metrology of complex optical systems. To ensure
high-precision in determination of reflecting interfaces,
the averaged spectral phase algorithm [5] is adopted. The
measurement range is readily extendable if axial move-
ment of the sample and range cascading are involved.

Aim to enhance the speed for real-time inspection,
an ultrawide-field parallel SDOCT system capable of vis-
ualizing cross-sectional images of internal structures by
a single shot of a two-dimensional (2D) CMOS camera is
developed [6]. To achieve ultrawide-field parallel detec-
tion, one meniscus lens with negative diopter is intro-
duced as an additional relay lens and imaging optics
including sample arm, relay lenses and spectrometer
are optimized as a whole for desirable imaging quality.
The field of view along parallel direction is extended to
35 mm, which is to our knowledge the largest one ever
reported for parallel OCT systems. The system is applied
to obtain 3D volume images of a set of glass-samples,
from which defects such as solid inclusion, micro-
deformation and bubbles are identified either on the
surfaces or inside of the samples. This newly developed
ultrawide-field parallel SDOCT is promising for real-time
monitoring of PDT.

Utrahigh-resolution of OCT is required in applica-
tions. To this end, we are developing an ultrahigh-reso-
lution SDOCT system using supercontinuum sources (SC).
The spectra with a full width at half maximum of 230 nm
centered at 665 nm are filtered from the SC and used as the
broadband source for SDOCT. An axial resolution of 0.9
um and a lateral resolution of 3.9 um are achieved in the
newly developed SDOCT system. Images of polystyrene
spheres in solution with an average diameter of 5 um and
industrial abrasive papers of different types are captured
by the system, demonstrating the greatly enhanced reso-
lution as compared with conventional SDOCT systems.
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This developed ultrahigh-resolution SDOCT is feasible for
ultrahigh-resolution non-destructive inspection both for
industrial and biomedical applications.

With custom-built novel OCT systems, two presented
examples of structural OCT in ophthalmology are the
morphometric measurement of Schlemm’s canal [7, 8]
and response monitoring of dehydration stress. Our
results show that Schlemm’s canal can be non-invasively
imaged and measured in human eye, and the full-eye
response to osmotic challenge can be characterized
in vivo in mouse model, demonstrating that OCT is a
potential tool in non-invasive visualization of therapeu-
tic outcome. On the other hand, vasculature imaging is
crucial to PDT because one of the key mechanisms of
PDT-induced damage in the treatment of cancer is the
impairment and destruction of tumor vasculature. To
obtain motion contrast pertaining to blood flow in vivo,
Doppler OCT [9-11] and angio-OCT [12] are developed for
vasculature mapping. Typical examples of functional
OCT including cerebral blood flow monitoring in rat, and
complex-correlation based angiography of mouse brain
are presented, confirming the feasibility of functional
OCT for monitoring of PDT.

4 Conclusion

In short, OCT is ready for detecting structural and vas-
cular alterations resulting from PDT treatment and will
be a promising imaging modality complemented to the
existing PFD.
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Abstract: Vascular-targeted photodynamic therapy (V-PDT)
is a promising treatment technique developed in the recent
20 years. It is characterized by highly targeting and precise
selective destruction of the lesion vessels. V-PDT had first
been successfully applied in the treatment of port wine
stains (PWS) in 1991 by our team. In this article, our early
basic researches and clinical studies were reviewed, and our
recent progress of photosensitizer, laser equipment, moni-
toring techniques and clinical indications were introduced.

Keywords: vascular-targeted photodynamic therapy
(V-PDT); mechanism; photobleaching; port wine stains
(PWS); vascular lesions in mucosa.

1 Mechanism

The vascular targeting effect of vascular-targeted pho-
todynamic therapy (V-PDT) for port wine stains (PWS) is
based on the selective distribution of the photosensitizer
in blood vessels and the precise distribution of laser in the
upper layer of PWS skin [1, 2]. As illustrated in Figure 1,
intravenous injection of photosensitizer leads to a high
concentration difference between blood vessel and sur-
rounding tissue. Immediately after photosensitizer injec-
tion, laser irradiation (blue to green wavelength) is carried

Port wine stains lesion

Epidermis: no vessel

Only laser

Papillary layer: Dilated vessel

Photosensitizer + Laser

Reticular layer: Nutrient vessel

Only photosensitizer

Figure 1: The mechanism of V-PDT for port wine stains.

out. Because hemoglobin has high absorption at the blue
to green wavelength, laser at these wavelengths can only
penetrate into the papillary layer in PWS. Photosensi-
tizer and light coexist only in the dilated vessels in pap-
illary layer. So PDT reaction can only take place in this
layer. While in the epidermis and reticular layer, there is
not enough photosensitizer or laser light to generate PDT
effect. In addition, the small amount of photosensitizer in
the epidermis and surrounding normal dermis which is
diffused from the papillary vessels can be photobleached
during laser irradiation. This photobleaching effect can
further increase the selective destruction to dilated vessels.

2 Basic researches

From 1990, series of experiments at cells and animal level
had been carried out by our team. Photosensitizers used were
domestic hematoporphyrin derivative (HpD) and hemato
porphyrin mono-methyl ether (HMME). Results showed that
human vascular endothelial cells (EC) can quickly uptake
the two photosensitizers, and photosensitizers’ contents in
EC are positively related to their incubating concentration.
This indicated that EC can be the target of PDT.

In vivo study was performed in chicken comb which
has abundant dilated microvasculature in the upper
dermis with an overlying epidermis same to the archi-
tecture of PWS. Results demonstrated that the red combs
faded completely without damaging of the overlying skin.
The EC of capillary net was phototoxic damaged, walls of
the capillary net were destroyed and the microvasculature
was decreased dramatically. The degree of this selective
photosensitive destruction was positively related to doses
of photosensitizers and laser irradiations. The target
damage effects of HMME-PDT and HpD-PDT were similar.
Not any non-selective damage to the epidermis and other
layers of skin was found in HMME-PDT group, but local
damage of epidermis and connective tissue and vessels in
dermis were seen in few HpD-PDT group.

3 Clinical study
The first case of clinical trial was carried out in January
1991. Results revealed that both HMME-PDT and HpD-PDT
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were able to treat all types of PWS and yielded similar
color-faded therapeutic effects. The follow-up including
1632 lesions was made from 2 months to 9 years following
treatment. No recurrence was found. Patients need avoid-
ing strong light exposure for 30-90 days after using HpD
and only 7-14 days by using HMME, respectively [3].

The impact of V-PDT on blood perfusion of PWS
during and after HMME-PDT was quantitatively deter-
mined by laser Doppler flowmetry in 56 PWS patients.
Results showed that the relative volume of skin blood per-
fusion in all treated PWS areas were obviously lower than
that of them before treatment. Very close absolute values
of decreased perfusion were found in all different clinical
efficiency, which declared that clinical color-faded effects
after HMME-PDT mainly depended on the degree of lesion
and the differences of blood perfusion between normal
skin and treated areas.

4 New photosensitizer

HMME (Hemoporfin) is a novel porphyrin-related second-
generation photosensitizer developed in China. It was first
synthesized by De-Yu Xu of the Second Military Medical
University (Shanghai) in the 1980s. Preclinical studies
demonstrate that HMME can be absorbed by EC more
rapidly and easily than HpD, HMME-mediated V-PDT has
fewer acute reactions, a faster healing and shorter skin
photosensitivity compared with HpD [4]. After a multi-
center and open-labeled phase-1Ia study, our hospital and
Fudan-Zhangjiang Bio-Pharmaceutical Co Ltd got the new
drug certificate from our government. In 2012, China Food
and Drug Administration (CFDA) had permitted its use in
PWS.

5 New laser equipment

Diode-pumped solid state laser equipment for V-PDT
was developed under the support of National High-Tech
Research and Development Program (863 Program) with
the advantage of high and stable output, uniform laser
spot and long working time. This equipment has been
permitted by CFDA.

6 Monitoring technique

To make optimized and individual clinical PDT protocol,
the sensitivity of different vessels to V-PDT was studied
using an animal experiment system comprised of struc-
ture imaging, function (blood flow perfusion) imaging
and singlet oxygen imaging techniques. A clinical moni-
toring platform was also established comprised of laser
Doppler imaging, laser speckle imaging, photoacoustic
imaging, optical coherence tomography, and fluorescence
detection. During V-PDT, blood vessels structure, blood
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perfusion, and photosensitizer content can be non-inva-
sively monitored on PWS patients [5].

7 Clinical application

Besides PWS, we also use V-PDT to treat vascular lesions
in mucosa, such as radiation proctitis and gastric antral
vascular ectasias (GAVE). We found that V-PDT is even
easier to get better results in dilated vessels in mucosa
than PWS [6], because there is less limit of light pen-
etration in mucosa. Compared with the available endo-
scopic therapy (Nd:YAG laser photocoagulation therapy,
bipolar electrocoagulation, heat probe and argon plasma
coagulation), V-PDT has the advantage of high selectiv-
ity, structure and function maintaining. Since 2005, we
have treated several dozen cases. The preliminary clinical
results showed that V-PDT has good hemostatic effect. Its
role is moderate and has a good tolerance for patients.
With no thermal or mechanical damage, it can be used
repeatedly and safely [7].
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Abstract: Nonlinear interactions of light in the near-
infrared (NIR) region open a new avenue for transfor-
mational advances in photodynamic therapy (PDT)
applications. NIR light excitation would provide deep
tissue penetration to enable treatment of remote or thick
tumors. Visible light emission could match well with the
efficient absorption bands of the widely used commer-
cially available photosensitizers, with efficient singlet
oxygen generation leading to PDT. Two typical methods
for PDT by nonlinear upconversion will be discussed in
the paper, i.e. PDT by in situ nonlinear photon conversion,
and PDT by upconversion nanoparticles.

Keywords: photodynamic therapy; nonlinear upconver-
sion; near-infrared; upconversion nanoparticles.

1 Introduction

Compared with other treatments, photodynamic therapy
(PDT) has specific advantages including high preci-
sion, minimal invasiveness, and good reproducibility.
The greatest barrier to expanding current PDT methods
towards large-scale clinical trials in new areas is the
limited penetration depth of the exciting laser. Conse-
quently, many efforts are currently underway to develop
new PDT methods that can use near-infrared (NIR) light
as the excitation source, to achieve deeper tissue penetra-
tion with little or no damage to normal cells or tissues [1].
Development of NIR absorbing photosensitizers is a major
area of current PDT research. However, designing and syn-
thesizing an effective photosensitizer with strong absorp-
tion in the NIR region is quite challenging [2].

Nonlinear upconversion is a promising alternative
approach for NIR-PDT, where NIR excitation contributes
to deep tissue penetration, and upconverted emission
matches well with the maximal absorption of commer-
cial photosensitizers. Two-photon PDT has already been
demonstrated in vivo, and its practicality has already been
established [3]. However, because known photosensitizers
typically have low two-photon absorption (TPA) cross-sec-
tions, modification of their structures to produce stronger
TPA or coupling them with other strongly multiphoton
absorbing species has been required for multiphoton PDT
to be successful. Unfortunately, modification of chemical

structure or combination (conjugation or co-encapsula-
tion) with a TPA unit to enhance the efficiency of nonlin-
ear excitation of the PDT agent can significantly affect the
excitation and energy dissipation pathway, with a pro-
found deleterious effect on singlet oxygen generation.

2 Nonlinear optical mechanisms for PDT

Recently, we proposed and demonstrated an entirely
different method to activate PDT using the strong one
photon absorption of an existing photosensitizer [4]. This
approach relies on nonlinear optical effects in the indig-
enous components of the biological system. As shown
in Figure 1, three types of nonlinear effects were utilized
in the work: TPA, second-harmonic generation (SHG),
and four-wave mixing (FWM). Among them, SHG dem-
onstrated the best efficacy of NIR-PDT. Moreover, SHG is
active in collagen which is typically abundant in tumors,
while coherent anti-Stokes Raman scattering (CARS), one
type of FWM, is more readily generated in lipids, proteins,
and nucleic acids. Our experiments indicated that the
threshold of nonreversible photonic injury based on the
SHG/TPA effect was ~1.5 times lower than that based on
the CARS/FWM/TPA effect. Using the same dose of NIR
illumination (~4500 J/cm?), we found that CARS/FWM/
TPA excitation just reached the phototoxic threshold,
while SHG/TPA excitation had killed or ablated ~70% of
pathological cells. If we can combine the proposed nonlin-
ear excitation techniques with the relatively mature TPA-
PDT, we will enable a more promising and competitive
platform for PDT clinical applications, with high selectiv-
ity, large penetration depth, low illumination dose, and
enhanced efficacy.

We have obtained preliminary results on CARS
imaging of cells during the course of PDT. These results
demonstrate the ability to monitor biomolecular organiza-
tion of irradiated single cells in real time. In conjunction
with our earlier results by using two-photon fluorescence
lifetime imaging [5] and dynamic fluorescence lifetime
imaging based on acousto-optic deflectors [6], these data
support the feasibility of establishing qualitative markers
of efficient PDT photoactivation (for instance, the change
in protein distribution patterns during apoptosis devel-
opment, or difference in proteins signal ratio before and
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Figure 1: Nonlinear optical mechanisms for photodynamic therapy. Excitation with (A) two-photon absorption, (B) coherent anti-Stokes
Raman scattering/four-wave mixing, and (C) second-harmonic generation.
NIR, near-infrared; ISC, intersystem crossing; IC, internal conversion; ET, energy transfer.

after treatment) in situ, i.e. using CARS signal simultane-
ously as an excitation source as well as for monitoring of
PDT efficiency.

3 Upconversion nanoparticles

Upconversion nanoparticles (UCNPs) are another tech-
nology which has been paid close attention to improve
light harvesting for PDT applications in the NIR region.
This approach, which employs UCNPs to generate the
required visible light for photosensitizer activation in situ,
has been actively pursued for NIR-PDT [7]. Figure 2A illus-
trates our idea to achieve highly effective PDT treatment
of deep-seated tumors using mesoporous-silica-coated
UCNPs by encapsulating photosensitizers. The nanosys-
tem can efficiently upconvert 800 nm excitation light to
red emission light. The local minimal absorption of water
is at ~800 nm, which has been considered to be our exci-
tation wavelength to minimize the influence on biological
tissues. In addition, the overlap between the spectrum of
the upconverted red light and the maximum absorption
wavelengths of the photosensitizers enables efficient gen-
eration of singlet oxygen within tissues. Coupling with
UCNPs in this way can significantly enhance the thera-
peutic efficacy of PDT. Recently, we have synthesized the
core-shell UCNP style with both 800 nm excitation and

red emission [8]. By using NaYF,:Yb** @ NaYF,:Nd**, Ho**
core-shell structure (see Figure 2B), we can obtain a ratio
between red and green emission of ~11, whereas the whole
emission intensity only decreases ~20%. In our prelimi-
nary experiments, ~30% Nd*>* doped concentration can
contribute to a maximal luminous intensity (see Figure
2C). The present UCNPs are certainly attractive for the
treatment of remote or thick tumors for long-time treat-
ments due to low thermal effect at 800 nm excitation.

4 Conclusion

In conclusion, we developed two radically new biopho-
tonic concepts of photoactivation. One utilizes in situ
generation of light by nonlinear optical interaction of inci-
dent NIR laser radiation with components in the natural
biological medium. Although the efficacy is limited by
low nonlinear coefficients in biomolecules, it is espe-
cially suitable for clinical applications because this new
approach does not require any chemical modification of
the photosensitizer (as is usually the case for two photon
excitation). The other makes full use of their ladder-shape
energy levels of UCNPs to achieve an efficient upconvert-
ing emission, furthermore high curative effect. However,
UCNPs’ nanotoxicity is an important issue before clinical
applications.
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Abstract: A pointsource photodynamic therapy (PDT)
technique has been developed to deliver sensitizer, light
and oxygen that are precursors to singlet oxygen (a cyto-
toxic excited state of 0,) in a highly localized and control-
lable fashion. The characterization of cell killing radius in
vitro provides insight into the release kinetics and diffu-
sion of the sensitizer. This opens the door to an instrument
that brings all components for PDT to a device tip and may
provide long-sought improvements in blood-rich or turbid
media and in dosimetry.

Keywords: rectilinear photodynamic therapy; teflon tips;
singlet oxygen halo; sensitizer drift.

1 Objective

The discovery of high-precision techniques to eradi-
cate tumors would be of tremendous use for surgeons.
Removal of tumors that are directly adjacent to vital tissue
is a daunting challenge. Radiation and chemotherapy
have been in the limelight for years in non-surgical treat-
ments, but the field needs further advances in high-preci-
sion treatment delivery.

2 Method

One solution to this problem is a pointsource photody-
namic therapy (PSPDT) device that channels O, and red
diode laser light through a probe tip to the tumor site
(Figure 1) [1]. The probe tip discharges sensitizer mol-
ecules that serve as precursors to singlet oxygen ('0,), a
key cytotoxic species, placing all components necessary
for PDT at the tumor and nowhere else in the body.

3 Results and discussion

Our device has demonstrated photokilling activity and
precision in glioma U-87 cells in vitro by creating a halo
of singlet oxygen (Figure 2) [2]. The photokilling was ana-
lyzed by a live/dead assay, with a circle of killing around
the probe tip. The probe tip design seemed reasonable.
When placed 0.25 mm above U-87 cells spread into a
monolayer on a microwell plate, the cell killing radios
proceeded from 0.1 to 2.9 mm with increased treatment
times.

hv

Figure 1: A pointsource device capable of delivering the compo-
nents necessary for photodynamic therapy in a localized fashion.
The device runs on 0, and diode laser light, fed through the hollow
fiber. Sensitizer drug release 3 occurs after scission of dioxetane
1that arose from a [2+2] addition of singlet oxygen to the ethene
bond. Singlet oxygen is produced in the vicinity of the sensitizer
which diffuses away from the probe tip.

There is intuition and rationale in the probe tip design.
The thinking was that a means for sensitizer release to allow
for its excitation while in the tissue was needed due to the
short diffusion distance of 'O, delivered extra-cellularly to
tissue. Once in use, the device kills cancer cells in regions
where the sensitizer diffuses, i.e. beyond the tip’s point of
application. This combination of sensitizer release and 'O,
generation provides a resolution for the '0, paradox. Nature
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Figure 2: The tip was found to kill U-87 glioma cell monolayers as a function of time. The radius of the probe tip is 2.5 mm (white dashes),
where killing extended beyond where the tip actually touched. Viable cells were stained with calcein AM (green), whereas the non-viable

cells detached. Magnification 10x.

has provided us laws that govern singlet oxygen’s exist-
ence, namely its short lifetime and diffusion distance. The
released sensitizer effectively lengthens singlet oxygen’s
diffusion distance in the guise of photocompanion cataly-
sis (synchonizing sensitizer location to 'O, generation).
Figure 2 shows there is no requirement for the tip to touch
each margin in order to kill cells; notice the killing occurred
beyond the dashed white line where the probehead actu-
ally touched. Furthermore, these doses do not result in
increased heat, and the amount of time required to point
the device tip at each cell margin is tunable, as is seen next.

Data from U-87 and OVCAR-5 cells suggested that
nonlinear sensitizer release depends on fluorination
of the tip [2, 3], which led to curved Eyring plots of In k
(autocatalytic fitting) vs 1/T. A mechanism was proposed
for the sigmoidal photorelease process [4]. In Figure 3
shown in green, with the native silica, there is sensitizer
photorelease with non-sigmoidal kinetics. Shown in red,
with the fluorinated silica, the rapid photorelease is fore-
stalled until higher concentrations of released sensitizer
become available. Shown in blue, immediate accelera-
tion is the result when cleaved sensitizer is added as a
dopant at t=0 min. When cleaved sensitizer is spiked into

solution, the induction step is eliminated. That the induc-
tion period can be bypassed is quite informative. The
steepest sigmoid was seen at 20 °C. As the temperature T
increased from 20 to 100 °C, k decreased by 30%. This can
be understood in terms of an entropy-controlled reaction
with lower product formation at higher temperature from
lower reactivity of singlet oxygen with the ethene, and the
negative activation energy rises by a tenth of a kJ/mol.
Design and synthesis of sensitizer compounds affect
the delivery system characteristics. The extent of sensitizer
PEGylation [5], for example, can regulate the time required
for the tumor cells to uptake the sensitizer prior to light and
O, delivery to increase applicability in a clinical setting.
Sensitizers bind into membranes at different rates based on
PEGylation and other factors. Sensitizer in-diffusion arrival
provides the relative position of 'O, that will form. Thus far,
we know the phototoxic impact of our device tip can be tuned
by sensitizer type and conditioning, such as fluorination.
Probe tip fluorination is found to improve repellent
and other properties [6]. In addition to non-fluorinated
and fluorinated glass tips, we have also examined poly-
vinyl alcohol (PVA) and teflon/PVA nanocomposites [7].
Fluorinated media lead to a reduction in the adsorbtive
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Figure 3: Modes of photorelease of the sensitizer bound (sensB) to
the silica surfaces. Silica samples were irradiated with 669 nm light
and the turnout of sensitizer unbound (sensU) in n-butanol solution:
(A) slow 1st order release from native silica, (B) sigmoidal release
for the fluorinated silica sensitizer with a 20-min induction period,
followed by an acceleration, and then deceleration and saturation at
50 min signifying that the glass was depleted of sensitizer, and (C)
rapid acceleration results with sensitizer spiked in.

affinity of the departing sensitizer with improved release
to cellular or liquid surroundings. The advantages of the
fluorinated over non-fluorinated surface go beyond the
self-cleaning properties, there is a small O, solubility
enhancement caused by the fluorinated surface and also
an enhanced percent cleaving efficiency. The fluorinated
surfaces also protect 'O, from strong surface physical
quenching compared to native silica or PVA allowing it to
escape beyond the probe tip. The replacement of the O-H
groups for the C-H and C-F groups enhanced the 'O, life-
time at the tip interface due to less efficient electronic-to-
vibronic energy transfer and 'O, quenching.

In turning out sensitizer from the tip, control is desired,
a reasonable platform for continuous or paced delivery is
needed for good dosing. Flooded, acute or abrupt turnout
leads to aggregation of the sensitizer and low 'O, photo-
production efficiency. Aggregated sensitizers are inter-
lopers in a sense, e.g. they hinder good photophysics by
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causing shorter excited-state lifetimes. A counterpart, a
probe tip that flows 'O, too rapidly (like throwing fuel on
a fire) would also not be the way to go. Thus, our fluori-
nated probe tips can be suited to pace sensitizer release.
Our data show that the fluorinated silica surface becomes
privy to autocatalytic-assisted release kinetics, which
has significant potential to direct local phototoxicity via
singlet oxygen. Autocatalysis (or even oscillating kinet-
ics) provides a mix of good advantages in the operation
of the instrument. Control of spatial distance between
the sensitizer molecules is also desired so as not to fret
when >15 A distances exist for maximal photocleavage;
otherwise, self-quenching by neighboring sensitizer mol-
ecules occurs by FRET (pun intended). Optimal sensitizer
photorelease has been examined for the probe tip, where
crowding of the sensitizer molecules and self-quenching
were kept to a minimum [1].

4 Conclusion

We feel the time is ripe for pointsource PDT to be tested in
an intraoperative setting in treating residual disease. What
needs to be scrutinized is a look beyond pilot feasibility
data to a tumor model to see if the technique will be useful
in vivo. Treatment of head and neck cancers seem prom-
ising. With proper controls, future studies can test this
device and that if it will work efficiently or better that any
currently available treatment. Questions about the device
tip’s efficacy in assorted geometric shapes or by silicone
deposition or three-dimensional printing for rectilinear
singlet oxygen delivery also need to be answered [8].
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Abstract: Photofrin-based photosensitizer is the first U.S.
Food and Drug Administration (FDA)-approved photo-
sensitizer for clinical application. However, the long-term
skin toxicity and low tumor-selectivity limit the clinical
application. Various nanocarriers have been developed
for the delivery of photosensitizers to improve the poor
aqueous solubility and tumor accumulation of photo-
sensitizers. In this study, sinoporphyrin sodium loaded
PEGylated graphene oxide (GO-PEG-DVDMS) was pre-
pared to investigate the antitumor effect on human liver
cancer cells. HepG2 cells with GO-PEG-DVDMS showed
obviously lower cell viability under laser irradiation com-
pared to control experiments without laser irradiation,
suggesting the great potential of GO-PEG-DVDMS for liver
cancer therapy.

Keywords: graphene oxide; sinoporphyrin sodium; PTT;
PDT; liver cancer.

1 Introduction
Phototherapy, represented by photodynamic therapy
(PDT) and photothermal therapy (PTT) have aroused wide
interest in anticancer therapy due to unique advantages
such as remote controllability, improved selectivity, and
low systemic toxicity. PDT is an U.S. Food and Drug Admin-
istration (FDA)-approved treatment modality, in which
a systemically or locally administered photosensitizer is
activated locally by irradiating the lesion site with light of
a suitable wavelength and power [1]. Furthermore, it has
been proved that PDT is an effective treatment method in
several cancers. But the long-term skin toxicity and low
tumor-selectivity and photobleaching have limited the
further clinical application [2, 3].

PTT is a non-invasive therapeutic technique which
has unique advantages such as remote controllability,

improved selectivity, and low systemic toxicity. Among
various nanomaterials, graphene oxide (GO) has been
intensely studied by different groups and functionalized
GO, which shows strong near-infrared (NIR) absorbance
and high drug-loading capacities, for effective photother-
mal ablation of tumors as well as cancer combination
therapy in animal experiments. More recently, GO has also
been widely explored as promising drug delivery systems
for improved cancer treatment.

Hepatocellular carcinoma (HCC) is a common disease
worldwide. The prognosis of HCC is generally poor. Partial
hepatectomy remains the best hope for a cure but is suit-
able for only 9-27% of patients. The presence of signifi-
cant background cirrhosis often precludes liver resection
in patients with HCC [4]. Herein, we loaded an active com-
pound from Photofrin II, named as sinoporphyrin sodium
(DVDMS), onto the PEGylated GO with large specific
surface area for the non-invasive therapy of HCC [5]. The
new synergistic PTT/PDT platform based on the DVDMS-
loaded PEGylated GO is an effective approach on cell pro-
liferation inhibition of liver cancer cells.

2 Materials and methods

2.1 Chemicals and reagents

Graphite powder was purchased from Aladdin Reagent Co.,
Ltd.; mPEG-NH2 (Mw 3500) was purchased from Sigma.
Ethylenediamine (EDA), 1-ethyl-3(3-dimethylaminopro-
pyl) carbodiimide (EDC), n-hydroxysuccinimide (NHS)
and indocyanine green (ICG) were obtained from J&K
Company (Beijing, China), MTT assay kit and 4,6-diami-
dino-2- phenylindole (DAPI) were purchased form Bioen-
gineering Co., Ltd. (Shanghai, China). Other reagents were
purchased from China National Medicine Corporation and
used as received. All solutions were freshly prepared using
ultrapure water from a Millipore Milli-Q® system.
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2.2 Synthesis of GO-PEG-DVDMS

GO nanosheets were prepared from natural graphite by
the improved Hummers’ method and modified with PEG
following established methods [6]. To obtain GO-PEG-
DVDMS, DVDMS (4 mg/ml) in phosphate buffered saline
(PBS) were slowly added into GO-PEG (1 mg/ml) solution
and stirred overnight. Unabsorbed free DVDMS was then
removed by filtration through a filter (MW cut off 100 KD)
and washed with distilled water for 6-8 times.

2.3 Detection of singlet oxygen

The generation of singlet oxygen was detected following
a reported method [7]. Briefly, GO-PEG-DVDMS and ICG at
different concentrations were dispersed in PBS solutions
containing 32.0 mg/ml 1,3-diphenylisobenzofuran (DBPF)
(1.0 ml), and were further irradiated for 5 min (630 nm,
400 mW) for singlet oxygen measurement. The fluores-
cence intensity at 485 nm was recorded.

2.4 Cell uptake assay

In cellular uptake assay, HepG2 cells were seeded in
Lab Tek II 6-well chamber slides with a density of
1x10* cells/ml. When cells grew to 60-80% confluency,
cells were incubated in the dark with GO-PEG-DVDMS at
DVDMS concentration of 4 pg/ml for 12 h. Then cells were
washed with PBS for three times. After being mounted
with a mounting solution containing DAPI for nuclear
staining, the cells were observed through an IX81 epifluo-
rescence microscope (Olympus, Japan).

2.5 Cytotoxicity assay and cellular PDT/PTT

HepG2 cells were seeded in 96-well plates at 1x10*/well for
24 h and then treated with GO-PEG-DVDMS, free DVDMS,
or GO-PEG at a series of concentrations up to 20 um. For
cytotoxicity study, cells were washed with PBS three times
and 20 pul of MTT solution (5.0 mg/ml) was added to each
well. After the 4 h incubation with the MTT, the media
were removed and 100 pl of dimethyl sulfoxide (DMSO)
was added.

For PTT and PDT study, the wells were then washed
with PBS three times. Then 100 pl of fresh medium was
added into each well, which were immediately irradiated
by laser. The plates were kept in the incubator overnight
for further cultivation. Cell viability was estimated by the
standard MTT assay as described above.

3 Results and discussion

GO nanosheets were prepared from natural graphite by the
improved Hummers’ method. Amine-terminated PEG was
conjugated with GO sheets to improve their aqueous dis-
persibility, stability, and biocompatibility [6]. DVDMS was
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Figure 1: (A) Transmission electron microscopy (TEM) and (B) atom
force microscopy (AFM) images of the GO-PEG-DVDMS nano-
particles. Insert: The size graph of GO-PEG-DVDMS nanoparticles
from AFM image.

then loaded onto the surface of PEGylated GO nanosheets
via 1 stacking [1]. Transmission electron microscopy
(TEM) and atom force microscopy (AFM) were used to
characterize the prepared GO-PEG-DVDMS nanoparticles
(Figure 1A and B). The size of resulting GO-PEG-DVDMS
nanoparticles was about 100 nm and the thickness was
about 3 nm (Figure 1B).

GO-PEG-DVDMS with different concentrations were
tested under 808 nm laser irradiation for 10 min to study
the in-vitro photothermal property of GO-PEG-DVDMS. As
shown in Figure 2A, all the GO-PEG-DVDMS solutions at
different concentrations showed obvious temperature-
rising phenomenon under the irradiation of 808 nm laser
(0.5 W/cm?), demonstrating the potential of GO-PEG-
DVDMS in photo-ablating tumor. The generation of singlet
oxygen ('0,) of GO-PEG-DVDMS and ICG were compared
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Figure 2: (A) The photothermal heating curves of GO-PEG-DVDMS
solutions with different concentrations (under 808-nm laser irradia-
tion at a power density of 0.5 W/cm?). (B) Normalized fluorescence
intensity of 1,3-diphenylisobenzofuran (DBPF) after trapping singlet
oxygen from DVDMS and ICG at various concentrations under

630 nm, 400 mW, 5 min photoirradiation.

as established methods. As shown in Figure 2B, GO-PEG-
DVDMS behaved better than ICG in the generation of 'O,.

The GO-PEG nanoparticles partly quenched the fluo-
rescence of loaded DVDMS (Figure 3A). To demonstrate
whether GO-PEG-DVDMS can be internalized by cancer
cells, we examined the cellular uptake on HepG2 cells.
Cells treated with GO-PEG-DVDMS clearly showed red flu-
orescence in the cytoplasm, demonstrating the excellent
cellular uptake of GO-PEG-DVDMS (Figure 3B).

We further evaluated the darkly cytotoxicity and anti-
cancer efficacy of GO-PEG-DVDMS by MTT assay. HepG2
cells were incubated with GO-PEG-DVDMS at equivalent
of 4 ug/ml DVDMS (GO-PEG, 2 ug/ml) for 12 h. As shown in
Figure 4, HepG2 cells with GO-PEG-DVDMS showed obvi-
ously lower cell viability under laser irradiation compared
to control experiments without laser irradiation. Without
laser irradiation, the cell viabilities of GO-PEG-DVDMS
treated group were almost 100%. However, HepG2 cells
incubated with GO-PEG-DVDMS exhibited about 40% cell
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image of HepG2 cells incubated with GO-PEG-DVDMS (DVDMS,

10 pug/ml) after 12 h.

1.2

1.0 4
> 08
3
[]
>
3 0.6 4
o
(]
2
T 0.4 4
[0
o

- l

0
e"”@b 0(\@ qoé% \'beé
0('\\’\ x@rb ) <‘gx
& & »
< < ©
N 1 Q
‘(b & (OO'
o <
N e

Figure 4: Relative viability of HepG2 cells incubated with GO-PEG-
DVDMS after irradiation by 808-nm and 630-nm laser.
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viability after NIR laser irradiation (808 nm and 630 nm
laser illumination). These results demonstrate that the GO-
PEG-DVDMS can act as PTT/PDT reagents for non-invasive
therapy of cancer cells in vitro and has great potential for
PTT/PDT therapy of liver cancer in vivo.

4 Conclusion

In this work, we successfully loaded the DVDMS onto the
surface of the PEGylated GO nanosheets and the obtained
GO-PEG-DVDMS was developed as PTT/PDT synergistic
therapy platform for liver cancer therapy. With its easy
synthetic accessibility and improved fluorescence prop-
erty, GO-PEG-DVDMS provides a powerful possibility
for exploring new material for imaging guided PTT/PDT
cancer therapy.
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Session 8: Optical techniques in photodynamic therapy applications
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Abstract: In this study haematoporphyrin monome-
thyl ether (HMME) was conjugated onto the surface of
P25 TiO, to pursue a higher efficiency of photodynamic
therapy (PDT). TEM images confirmed HMME were loaded
onto TiO, and a thin layer of HMME was observed on the
surface. The interaction between HMME and TiO, led to a
red shift in absorption spectrum of HMME. FTIR spectra
confirmed HMME were loaded TiO, through the interac-
tion between carboxyl groups and TiO,. Fluorescence
microscope images demonstrated HMME-loaded TiO,
mainly distributed in the cell membrane and cytoplasm
of squamous-cell carcinoma (SCC) cells. After treated with
HMME-loaded TiO, mediated PDT the viability of SCC cells
was much lower.

Keywords: photodynamic therapy; HMME-loaded TiO,;
SCC cells.

1 Introduction

As a derivative of porphyrin the second-generation
photosensitizer haematoporphyrin monomethyl ether
(HMME), which possesses a stable structure, high singlet
oxygen yield, stronger photodynamic efficiency, low tox-
icity and fast clearance, has received considerable atten-
tion and been approved for the clinical treatment of port
wine stains in China. Due to its low solubility in aqueous
solution and deficiency of poor targeting — although
the second-generation photosensitizer possesses many
advantages - it is still far from an ideal photosensitizer.
Many researchers focused on the development of alterna-
tive new-generation photosensitizers, but developing an
ideal photosensitizer with better selectivity, higher water
solubility and low toxicity is still a challenge. The devel-
opment of nanotechnology, i.e. the application of nano-
materials in the field of biomedical sciences, has become
a hot scientific topic.

2 Research approach
TiO, can generate singlet oxygen under light irradiation,
which indicates its potential application in photodynamic

therapy (PDT). However, the wide band gap (3.0-3.2 eV,
only absorbing ultraviolet light of 1<387 nm) of TiO,
confines its biomedical applications. Researchers have
studied the catalytic and photocatalytic applications of
porphyrin-sensitized TiO,. However, the photodynamic
effect of HMME-sensitized TiO, on squamous-cell carci-
noma (SCC) cells has not been involved. In present work
HMME-loaded TiO, was prepared through interaction
between carboxylic acid anchoring groups in HMME and
TiO, nanopatrticles. The prepared HMME-loaded TiO, was
characterized and its photodynamic effect on SCC cells
was investigated under visible light irradiation.

3 Results

TEM images showed that the shape of HMME-loaded TiO,
nanocomposites was nearly sphere with a size range from
20 to 28 nm. There is a very thin layer on the surface of
pure TiO, while the layer becomes much thicker after
HMME were loaded.

The interaction between HMME and TiO, led to about
8-nm red shift in absorption spectrum of HMME and the B
bands of HMME-loaded TiO, are much broader than that of
HMME, which is considered due to the adsorption of por-
phyrin on TiO, nanoparticles. Zeta potential of TiO, colloid
is 27.6 eV, while after HMME was applied to the surface of
TiO, the Zeta potential becomes -36.8 eV.

FTIR spectra confirmed that HMME was loaded onto
TiO, through the interaction between carboxyl groups of
HMME and the hydroxyl groups on the surface of TiO,.
Fluorescence microscope results demonstrated that
after 6 h incubation HMME-loaded TiO, nanocomposites
mainly distributed in the cell membrane and cytoplasm of
SCC cells. After treated with HMME-loaded TiO, plus light
irradiation (1.8 J/cm?, 635 nm), the viability of SCC cells
turned to 32.96% which was much lower than that treated
with HMME or TiO, plus light irradiation.

The combination of TiO, with HMME can effectively
enhance the PDT efficiency and promote the potential
application of TiO, nanoparticles in biomedical treat-
ment. There are two possible reasons for this: first,
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when loaded to the surface of TiO, the aqueous solubil-
ity of HMME is improved, which leads to the increase of
its accumulation in SCC cells. Second, HMME serve as a
sensitizer which extended the absorption of TiO, to the
visible light region in turn to generate reactive oxygen
species. The coordination of HMME and TiO, results
in the improvement of PDT efficiency. Moreover, dark
toxicity of HMME-loaded TiO, is no higher than that of
HMME [1].
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Jiadai He? and Dan Zhu'"

'Britton Chance Center for Biomedical Photonics, Wuhan National Laboratory for Optoelectronics, Huazhong University of

Science and Technology, Wuhan, China

2Department of Clinical Medicine, School of Medicine, Wuhan University of Science and Technology, Wuhan, China
*Corresponding author: Prof. Dan Zhu, dawnzh@mail.hust.edu.cn

Abstract: Advanced optical imaging techniques have
provided powerful tools for investigations of photody-
namic therapy (PDT), but suffer from the high scattering
of tisssue. In this presentation, the principle of tissue
optical clearing is introduced. Furthermore, our progress
on in vivo skin and skull optical clearing methods, and
those induced improvement on various optical imaging
performance on blood is demonstrated. It indicates that
in vivo tissue optical clearing will be a potential technique
for exploring the mechanisms of PDT, optimizing PDT
method, or evaluating the treatment effect of PDT.

Keywords: tissue optical clearing; optical imaging; pho-
todynamic therapy.

1 Introduction

Photodynamic therapy (PDT) consists of a chemical reaction
activated by light energy that is used to selectively destroy
cells or vascularture. Advanced optical imaging techniques
have provided powerful tools for the investigations of PDT,
from the basic research to clinical applications. In order
to explore the mechanisms of PDT, to optimize the PDT
method, or to evaluate the treatment effect of PDT, intravital
confocal microscopy, fluorenscence imaging, laser speckle
contrast imaging (LSCI), optical coherence tommography
etc. were used [1-4]. However, these imaging techniques
suffer from the limited penetration depth of light in tissue
because of the high scattering, which seriously reduces the
imaging depth and contrast. Thus, researchers had to apply
dorsal skin fold chambers through surgical procedures to
perform in-vivo imaging [1-4].

During the past years, researchers have been devel-
oping various advanced imaging techniques or con-
trast agents to resolve this problem. Actually, the tissue
optical clearing technique should be an available way to
reduce the scattering and make the tissue transparent.
It is well known that tissue is packed with various types
of substances, such as vessels, cell structures, fibers and
interstitial fluid. Each component has different refractive
index. The interstitial fluid has lower refractive index,
while the fiber’s refractive index is much higher. The
scattering of tissue is just from the mismatch of refrac-
tive indices among various components. If some agents
with high refractive index are used to replace the inter-
stitial fluid, the match of refractive indices between the
fibers and interstitial fluid will be increased, and then
the scattering of tissue will be reduced [5]. Recently, some
innovative optical clearing methods were developed, and
provided powerful tools for obtaining microstructure of
tissue with high resolution by using various microscopies
[6]. However, the current in-vitro optical clearing methods
cannot move to in-vivo animal because the procedure is
too time-consuming, especially, the agents used in vitro
are serious toxic. In vivo optical clearing methods should
be efficient; the process procedure should be enough
quick; more imortantly, the optical clearing agents (OCAs)
should be safe.

2 Own research

During the past years, we have been focusing on devel-
oping in vivo optical clearing methods, including skin/
skull optical clearing. Based on the mechanisms of tisssue
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optical clearing [7-10], in vivo optical clearing agents
were screened [11, 12]. Further more, physical and chemi-
cal methods were applied to enhance the penetration of
OCA into tissue [13-15], and then the efficacy for in-vivo
applications were demonstrated [16-21]. In addition, the
biocompatibility of tissue optical clearing methods was
investigated.

After having topically treated dorsal skin with OCAs,
the skin can become transparent within several minutes.
And saline treatment can make the skin turn to turbid. The
same experiments can be repeated in the following days.
So the skin optical clearing method provides a switch-
able window, which is not only simple and rapid, but also
reversible and repeatable [16]. Besides the dorsal skin, the
ear skin and footpad skin optical clearing were developed
[17]. Considering the complex components and structure
of skull, a skull optical clearing method was invented [18].
After treatment of skull optical clearing treatment, the
skull could also become transparent within 30 min, and
the cortical blood vessels can be visible with naked eye.
Based on the in vivo optical clearing window, the various
imaging performance were improved notably.

Vascular responses to PDT may influence the avail-
ability. After topical application of OCAs, the cutaneous
blood vessels can be visible clearly with naked eye, and
the image contrast of LSCI for cutaneous blood flow could
be increased by 10 times; while it is difficult to detect cuta-
neous blood flow using LSCI [11, 12, 16, 17, 19]. Through
intact skull, the cortical blood vessel is invisible, and LSCI
can only extract some information of blood flow of larger
vessels, and the contrast is very low. Through the cleared
skull, it is easy to get the information even for small
vessels, and the resolution is very close to that of removed
skull. The image contrast increased by 3 or 4 times for the
clear skull and removed skull, respectively [18, 19].

Combination of tissue optical clearing window &
LSCI can be used for accessing arteriovenous separation,
which is completely impossible for the turbid skin. After
skin became transparent, saline injection hardly changes
the blood flow and diameter of arteriovenous, while injec-
tion of noradrenaline can lead to vasoconstriction, and
increase in blood flow immediately. Within 20 min, the
changes in arteries recover to the original state. By con-
trast, the response of veins is slower than that of arteries;
it takes longer time to recover for veins. For different veins,
there is difference in change values. The cortical response
of arteries and veins to noradrenaline was similar to cuta-
neous response. However, the change of the former is
more rapidly and more severious than that of latter [20].
For intact skull, it is impossible for LSCI to access any
response to noradrenaline injection.
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The in-vivo flow cytometry (IVFC) is a promising tech-
nique for detecting circulating tumor cells quantitatively
in the bloodstream. After ear skin was treated by optical
clearing agents, the labeled red blood cells can be detected
by the IVFC with higher signal quality and greater detec-
tion depth [21]. The results demonstrated that the optical
clearing method is very helpful for potential tumor metas-
tasis studies or evaluation of PDT by IVFC in deep tissues.

In addtion, in vivo tissue optical clearing is effi-
cent for enhancing the performance of other imaging
techniques, such as, hyperspectral imaging for oxygen
saturation, photoacoustic microscopy for vascular-
ture and fluorescence imaging for cells. The oxygen
content is a significant parameter of PDT. Hyperspec-
tral imaging (HSI) as an emerging imaging modality
can provide oxygen saturation map by analyzing the
spectral information in each pixel. Unfortunately, the
HSI also faced the same limitation due to high scatter
of tissue. After treatment of OCAs for 5 min on skin or
30 min on skull, the skin or skull will became transpar-
ent, and the cutaneous or cortical oxygen saturation
maps with high resolution and contrast can be also
accessed. The photoacoustic imaging (PAM) technique
converts diffuse light into clear propagating ultrasound
through the photoacoustic effect. It evidently enhance
the imaging depth because the ultrasonic scattering is
much less than the optical scattering, which would be a
promising technique for deeper monitoring of PDT. We
used the acoustic-resolution PAM (AR-PAM) and optical-
resolution PAM (OR-PAM) to image the cerebral vasu-
larture, respectively. The results showed that the signal
intensity for both PAM methods could be increased and
more vessels from deeper layers could be obtained. For
OR-PAM, the resolution can be enhanced evidently.
Moreover, in-vital confocal microscopy can be applied
to image labelled tumor cells, which is useful for tumor
localization and evaluation of PDT. A footpad optical
clearing method was developed. Through the cleared
skin, not only stronger fluorescence intensity, but also
more cells in deeper tissue could be observed.

3 Conclusion

In summary, in vivo skin/skull optical clearing could
enhance performance of various optical imaging tech-
niques, such as the imaging contrast, resolution and sen-
sitivity of LSCI for blood flow and HIS oxygen saturation;
the signal intensity and depth or resolution of PAM for
blood vessels and fluorescence imaging for cells. For the
future, in vivo tissue optical clearing will be applied to the
investigation of PDT, including investigating mechanisms
of PDT, optimal PDT and evaluating PDT.
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Abstract: This contribution focuses on 5-ALA induced
PpIX-mediated photodynamic therapy (PDT) and on
dosimetry aspects of light application systems. Terms
such as tissue selectivity, transient selectivity and bleach-
ing effects must be recognized to improve the selective
tissue reactions. Light dosimetry completely differs when
comparing solely surface illumination or irradiation of
hollow organs with irregular shape. Backscattering effects
must be taken into account. The basic light dosimetric
quantities are introduced. Equivalent primary irradia-
tion can lead to a wide range of therapeutic effects when
the irradiation geometry of the target tissue may change.
When monitoring fluorescence of the photosensitizer the
detection of the photobleaching may serve for identifica-
tion of its consumption. As a necessary task in clinical
PDT the documentation of the presence of the photosen-
sitizer fluorescence prior to irradiation is recommended.

Keywords:
fluorescence.

PDT; light dosimetry; backscattering;

1 Introduction

As the concept of photodynamic therapy (PDT) consists
of the interaction of light-excited photosensitizer and
oxygen, the research fields expand from photosensitizer
(PS) development and light application systems up to
the induction of several types of tissue reactions. This
summary focuses on 5-ALA induced PpIX-mediated PDT
and on dosimetry aspects of light application systems,
keeping in mind when changing the photosensitizer other
dosimetry factors must be reconsidered to receive clini-
cal responses. PDT is well known as a selective treatment
opportunity for tumors. Stressing the term “selectivity”
one has to recognize whether there is a selective accumu-
lation of the PS, either in the target tissue on the cellular
level or in the tissue supporting vessel structure. Further-
more one has to consider whether the PS showed real
selective accumulation or if there is a transient selectivity
due to a high contrast between tumor tissue and surround-
ing normal tissue; in this case the PS-specific drug-light
interval should be recognized. Bleaching effects of the PS
may also occur while illumination and may improve the
selectivity of the tissue reaction due to PDT.

2 Light dosimetry
In case the PS is not that selective or the contrast of PS
content within the target compared the surrounding
tissue is low the localized and specific light application
may support a selective PDT tissue reaction. With regard
to light application it should be kept in mind that light
dosimetry will be completely different when comparing
solely surface illumination or irradiation of hollow organs
with irregular shape. In case of hollow organs often iso-
tropic emitters are used and the resulting light distribu-
tion is strongly determined by backscattering from the
organ wall, thus the hollow organ is working comparable
to an integrating sphere.

For clarification, first the basic light dosimetric quanti-
ties should be introduced, which are sketched in Figure 1.
The power per treated area, measured in mW/cm?, multi-
plied with the treatment duration result in the energy per
area, the irradiation. This term is often called power density
and energy density. Unfortunately the value of these sizes
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Figure 1: Dosimetric quantities for photodynamic therapy.

depends on the angle of incidence of the radiation. If this
light beam comes from the side a certain amount of the
light passes the target area compared to perpendicular
irradiation, thus reducing the power or the energy hitting
this area.

A living cell on the tissue surface does not care
about the direction of the incoming light. The thera-
peutic effect does not depend on the angle of incidence.
Therefore other dosimetric quantities have been defined,
for instance the power hitting a small fictive sphere
divided by its cross section, the so called space irradi-
ance or fluence rate, and multiplied with the treatment
time results in the space irradiation also called fluence.
Note that they are measured in the same units like power
density and energy density which makes it sometimes
difficult to distinguish.

Irradiance and irradiation of the incident light are
easy to measure and therefore cited in most papers.
But the fluence rate and the fluence are responsible for
the therapeutic effect and usually depend on the depth
inside tissue. The ratio between these two pairs of sizes
depends on the irradiation situation and this makes it
necessary to care about. To show the challenge in taking
this into account, an example should be discussed which
is sketched in Figure 2. A target, tissue or cell, should be
irradiated with a light dose of 100 J/cm?. In case of an irra-
diation of a cell culture this number equals to the applied
fluence. In case of a tissue a certain part of the light is
backscattered and passes the surface again, which can
be assumed to be 50%, which is a typical value for most
cases. Than a cell on tissue surface obtains an additional
light dose. Due to the diffuse angular distribution of the
light its contribution to the fluence is higher. A detailed
analysis based on the difference between irradiance and
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Figure 2: Comparison of illuminating a target (from left to right:
cell plate, free tissue surface, hollow organ tissue surface) with the
same irradiance (e.g. 0.1 W/cm?) for 1000 s resulting in an irradia-
tion of 100 J/cm? (cell plate) but due to internal tissue scattering in
different space irradiances (fluences) as indicated.

space irradiance leads to an additional factor of 2 for this
effects which results instead of 50 J/cm? in additional
100 J/cm? for the total fluence in case of a skin treatment.
In case of the integral irradiation of a hollow organ it can
be calculated that the fluence is 5 times more than for
the cell culture for the same irradiation condition. Thus
it can be concluded that the same primary irradiation
can lead to a wide range of therapeutic effect. This has
to be taken into account if one try to compare light doses
for different irradiation situations. One way to over-
come this problem of tissue backscattering is to use light
application systems consisting of backscattering layers
which are in contact to the target tissue surface, because
photons escaping the tissue are immediately redirected
into the tissue.

3 Conclusion

Light dosimetry for PDT is a complex topic and should be
reconsidered for each specific application. It should be
kept in mind that the same primary irradiation can lead
to a wide range of therapeutic effects when the irradia-
tion geometry of the target tissue may change and needs
to be taken into account if one try to compare light doses
for different irradiation situations. Light may also serve
for on-monitoring possibilities, especially when moni-
toring fluorescence of the PS one can either resume that
there is enough PS available for PDT or the irradiation
dependent photobleaching may serve for PS consump-
tion. Furthermore, ongoing investigation about monitor-
ing of the transmission or remission of the excitation light
show potential for signals which may indicate treatment
progress. A very simple but necessary task in clinical PDT
should be to clearly identify and document the presence
of the PS by its fluorescence.
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Abstract: Port wine stain (PWS) birthmarks are congeni-
tal vascular malformations of the skin that affect 0.3%
of newborns. The majority of PWS lesions appears on
the face and neck area and require medical intervention.
Pulsed dye laser (PDL)-mediated photothermolysis is the
current standard treatment. Vascular-targeted photody-
namic therapy (PDT) might be an alternative for the treat-
ment of PWS. This contribution will provide an overview
on our clinical studies on the comparison of PDL and PDT
in the treatment of PWS. Current clinical status will be dis-
cussed with a focus on developing new light sources for
improving the PDT efficacy of large PWS lesion.

Keywords: port wine stain birthmarks; photodynamic
therapy; laser; LED.

1 PWS and PDL

Port wine stain (PWS) birthmarks are congenital vascular
malformations of the skin that affect 0.3% of newborns.
PWS lesions are characterized by ectatic capillaries that
are often accompanied with various degrees of hypertro-
phy of overlying soft tissue. The color of PWS lesions can
range from pale pink to red to purple color. PWS lesions
can become thick and dark with age. Facial PWS can cause
serious emotional and physical impact to patients and
their parents. PWS lesions should be treated at younger
age to minimize such bad impact.

Pulsed dye laser (PDL)-mediated selective photother-
molysis is the current standard treatment for PWS. Good
blanching responses might be achieved by the complete
photocoagulation of PWS vessels by PDL mediated by
yellow light (e.g. 585 nm or 595 nm). But only a small portion
of patients can obtain complete blanching of their PWS
after PDL treatment. There is a need to develop effective
and safe modality for the management of PWS birthmarks.

2 Role of PDT

Vascular acting photodynamic therapy (PDT) is a two-
step modality in which a photosensitizer is intravenously
administered and activated by the coherent or non-
coherent light source of appropriate wavelength(s) at the
lesion site while sensitizers are still circulating in blood

vessels. Subsequently, light induced oxygen-derived free
radicals (e.g. singlet oxygen) can selectively damage the
vessel wall and cause vessel closure but sparing surround-
ing tissue. This modality has been successfully used for
treating leaky vessel occurred in the wet form age-related
macular degeneration (AMD). Although this modality
has been proposed for treating PWS vessels by Euro-
pean and American dermatologists in the later 1980s, it
has never got into the clinical use in the Western World,
partly because of widely available PDLs and bias on PDT’s
potentials in PWS treatment.

Anecdotally, vascular acting PDT has been used for
the treatment of PWS in China since the early 1990s. So
far, several thousands patients have been treated. Similar
to PDT of wet form AMD, the selective photodynamic
damage to the PWS vessel wall can ultimately close PWS
vessels and result in variuos degrees of blanching without
the destruction of surrounding skin tissues [1]. The data
accumulated from clinical studies in China have demon-
strated that PDT is safe and effective in the treatment of
childhood and adult PWS [2, 3]. Due to historical reasons,
various hepatoporphyrin derivative (HpD)-based sensitiz-
ers and laser light sources have been used in China [4].
Currently, the combination of haematoporphyrin mono-
methyl ether (HMME) and 532 nm laser is undergoing
formal clinical trials in China.

3 PDT versus PDL

Fortunately, we have the capacity to do both PDT and
PDL treatment in our practice. Our retrospective study
of children (PDL=112 and PDT=98) and adults (PDL=163
and PDT=208) suggested that vascular-targeting PDT is as
effective as PDL for treating pink PWS and more effective
than PDL for purple PWS if not superior [5]. Recently, for
the first time, we carried out an inter- and intra-patient
side-by-side comparison of the therapeutic responses of
PDL and PDT treatment in a small series of patients (n=15).
In this prospective study, two adjacent flat areas of PWS
lesions were selected from each patient and randomly
assigned to either single-session PDL or PDT treatment.
PDL treatment was delivered using a 585-nm pulsed laser.
PDT was carried out with a combination of HMME and a
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low-power copper vapour laser (510.6 nm and 578.2 nm).
Clinical outcomes were evaluated colorimetrically and
visually during follow-up. This prospective side-by-side
comparison demonstrated that PDT is at least as effective
as PDL and, in some cases, even superior [6].

Our clinical experience also suggest that PDT might be
useful for the management of PDL-resistant PWS lesions.
On the other hand, for patients who have large and mul-
tiple lesions some residual spots could be present after
PDT and in such cases PDL can be used to eliminate those
small lesions [7]. Nevertheless, Chinese data support the
use of PDT for the management of PWS although the true
value of PDT still deserves further investigation.

Vascular-targeted PDT is well tolerated and most cases
can be treated on an outpatient basis. Common and rare
adverse effects are generally caused by the phototoxicity
associated with the mechanisms of action of PDT. In our
experience, overtreatment and human error are common
risk factors [1, 8]. It should not be overlooked that every
safeguard precaution and proper post-PDT treatment care
must be routinely and strictly applied by both clinician
and patient or parents of pediatric patients in order to
prevent and minimize possible adverse effects.

4 Laser versus LED

The light irradiation in vascular-targeted PDT is delivered
to PWS lesions while the photosensitizer remains inside
the blood vessels, which offers a unique vascular selectiv-
ity. However, one major concern or limitation of vascular-
targeted PDT is its short drug-to-light interval (DLI), which
only offers a very short light treatment window (<1 h) and
therefore poses a great technical challenge in light deliv-
ery, particularly for patients with large lesions.

Typically, laser light irradiation is carried out at
fluence levels of 80-100 mW/cm? immediately after drug
injection and the course of light irradiation cannot last
longer than 45 min because of (1) the limitation of laser
power output, and (2) the concern of drug uptake by the
normal skin tissue and possible skin damage. For the
typical optic fiber-coupled laser light sources available in
our clinic, the maximal diameter of the light spot on the
skin surfaceis set at 7-10 cm and the duration of irradiation
is 20-25 min/spot to maintain the fluence levels of 80-100
mW/cm?in order to achieve desired clinical outcomes. The
area that can be treated by the laser light source during
one single session is therefore highly limited.

Light-emitting diodes (LEDs) have been widely used
in topical PDT in the treatment of various skin conditions.
In light of rapid recent development in LED technology,
it is not unaccepted that to replace the laser with less
expensive high power LEDs of suitable wavelength(s) for

DE GRUYTER

fiber-free superficial irradiation of PWS lesions. In terms
of providing an even light field for treating large surface
in a single session, in addition to adequate power and
large emitting surface, the LED panel which consists of
carefully designed and arranged arrays of individual LEDs
should be able to generate uniform light.

Currently, we are testing several prototypes of LED
devices emitting 532 nm light. Preliminary results suggest
that the fiber-free LED panel can generate an uniform light
field that covers at least twice size of the laser at the same
fluence and comparable clinical outcomes to PDL (unpub-
lished data). This demonstrates that with a good assur-
ance of uniform light distribution and adequate power
LEDs might offer an ultimate solution for treating larger
lesions.

5 Summary

Vascular-targeted PDT combining HpD and laser has been
widely used in the treatment of PWS birthmarks in China
but not outside China. Chinese data strongly support the
use of PDT for the management of PWS but the true value
of PDT still deserves further investigation. In the light of
recent developments in LED technology, it is not unaccep-
table to replace the laser with less expensive high power
LED to treat large PWS lesions. To test the usefulness of
intense pulsed light and PDL as PDT light source is also
intriguing.
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Abstract: Incidence of non-melanoma skin cancer
(NMSC) lesions is increasing in Europe, Australia and
the United States. Topical photodynamic therapy (PDT)
employing protoporphyrin IX is established for thinner
lesions as superficial basal cell carcinoma, actinic kera-
tosis and Bowens disease. Larger or ulcerated lesions with
a substantial volume may be treated with systemic PDT.
Therapeutic decision of the type of PDT and control after
treatment is eased by optical coherence tomography.

Keywords: NMSC; BCC; topical PDT; systemic PDT; skin
imaging.

1 Introduction
Skin is the largest organ of the human body. Usually it is
easy accessible for topical application of drugs, and light
dosimetry is easy due to the rather flat appearance in a
first approximation. On the other hand a larger number
of skin diseases cover a larger area or show multifocal
appearance, which favors regional or large field therapies
and impedes surgical interventions. As scar formation is
another and today highly unwanted result of surgery, the
widespread use of photodynamic therapy (PDT) in derma-
tology is a necessary consequence [1].

Since the introduction of 5-aminolevulinic acid (ALA)
as precursor drug topical PDT with protoporphyrin IX
(PpIX) has been developed into a reliable and effective
tool for the treatment of superficial basal cell carcinoma
(BCC) or Bowen’s disease (BD) and actinic keratosis. This
is even more important as the incidence of those lesions
shows a significant increase during the last decade and
an even stronger increase has to be expected in the future.
The typical fluorescence of PpIX may also be used for fluo-
rescence diagnostic and control of therapy and is another
advantage. Overtreatment is unlikely, as PpIX shows a
“bleaching” with subsequent decay of reactive oxygen
species generation during the light exposure.

2 PDT requirements

Nevertheless, topical PDT is only effective in some tumor
types and thickness of the tumors is crucial as penetration
of the drug (ALA or its derivatives) and conversion into PpIX
is the limiting factor. In larger volumes and other tumor
entities systemic PDT with intravenously applied photosen-
sitizers (PS) offer advantages. As photosenzitation of skin in

general is one of the typical features that come along with
systemic PS, a differentiated light dosimetry becomes much
more important. Shielding of non-diseased sites, interval
between PS administration and light application, light dose
and way of application (surface application or interstitial),
single or repeated exposures are examples for the numer-
ous variables in light application that may be applied.

3 OCT imaging

Optical coherence tomography (OCT), established in oph-
thalmology, may becomes a routine option for imaging of
dermal and mucosal structures in dermatology and ENT
also. OCT can produce images of the layers of skin and
mucosa and their dysplastic changes (leukoplakia, actinic
keratosis) as well as dermal and epithelial tumors, such
as BCC and BD, and display their vertical and horizontal
dimensions proportionally. The imaging depth is slightly
variable and depends on the optical density, scattering
and absorption parameters of the tissues and may be
distorted by hair, hyperkeratosis or else on the surface.
However, below 1 mm the imaging quality decreases sig-
nificantly with currently available systems.

Images obtained by OCT remind of ultrasound
images, but with a much higher resolution and from a
much smaller volume. The method is “in situ” and “real
time”, which gives the investigator the chance to depict
and delineate suspicious tissues prior to surgery or PDT. It
may allow non invasive follow up of treated sites and early
detection in case of tumor recurrence also.

While BCC may be displayed in OCT with very high
significance and the control of therapy results is eased by
OCT, imaging of actinic keratosis and especially its con-
version into BD or squamous cell carcinoma (SCC) is less
significant and improved techniques with the ability to
disclose dysplastic areas from healthy tissues are required.
As today we investigate OCT clinically for noninvasive
delineation and control of skin lesions prior and after PDT
with a high correlation to histological findings [2].
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Abstract: Photodynamic therapy (PDT) is a modern
therapy modality in dermatology. PDT has been estab-
lished in the treatment of non-melanoma skin cancers
as actinic keratoses, Bowen disease and superficial basal
cell carcinoma. The advantages are the excellent cosmetic
results, especially in the treatment of extensive field can-
cerization, the good controllability by the physician and
the good efficacy in the immunosuppressed patients. The
associated pain and the low tissue penetration are the
most frequent limiting factors of PDT. The talk reviews the
recent developments in dermatological PDT. Key oncologi-
cal and non-oncological indications are presented as well.

Keywords: PDT; 5-ALA; daylight-PDT; intensified PDT;
pain.

1 Introduction

In Egypt, China and India skin lesions were treated by
cumarin containing plant extracts and sun light more
than 1000 years B.C. The concept of topical photody-
namic therapy (PDT) was resumed at the beginning of
the 20th century and increasingly used since 1990. Today
PDT is a modern therapy modality mainly employed to
treat patients with superficial non-melanoma skin cancer
and dysplasia. It allows treatment of large areas with
high response rate and excellent cosmetic outcome. In
Europe the prodrugs 5-aminolevulinic acid (5-ALA) and
ALA-methylester are approved for topical application.
Systemical applications in dermatology with 5-ALA (oral
application), indocyan green, methylen blue or verte-
porphin are still experimental. Because of higher optical
penetration depth in the red spectrum and a small peak
in the absorption spectrum of protoporphyrin IX (PpIX),
irradiation is performed by lasers or light emitting diode
(LED) light sources emitting wavelength of 635 nm or by
broad spectrum lamps (550-700 nm). For conventional
PDT incubation time of the sensitizer averages 3—4 h.

2 Medical indications

2.1 Oncological indications

The main oncological indications in dermatology are
actinic keratosis (AK), especially field cancerization, initial

squamous cell carcinoma (SCC), Bowen’s disease and
superficial basal cell carcinoma (BCC). PDT is unsuitable
for tumors >2 mm in histological thickness and for mor-
pheic or pigmented BCC, likely due the limited availability
of photosensitizer and light in deep or pigmented lesions.

Besides conventional PDT, individualized therapy
options are created as simplified PDT with daylight irradia-
tion and intensified PDT. Indications for simplified PDT are
grade I or II AKs, field cancerosis and older patients. The
idea of daylight irradiation is continuous photoactivation
with blue and red light at Pp IX low levels. Side effects like
edema and crusting occur, but the treatment with daylight
results in a significant decrease in pain score compared with
conventional PDT. Intensified PDT is indicated for the treat-
ment of thicker lesions as initial BCC or initial SCC. Chemical
or physical pretreatments like topical retinoids or ablative
fractional laser treatments before topical sensitizer incuba-
tion achieve deeper penetration of sensitizer and light. Tem-
perature elevation during sensitizer incubation (heat pad
38-40°C for 1 h), iontopheresis or iron-chelating substances
which interact with heme biosynthetic pathway results in
higher concentration of PpIX. But intensified therapy leads
to intensified reactions and higher risks of side effects.

Immunosupressed organ transplant recipients have
a significantly increased risk of skin cancer due to the
long-term immunosuppressive therapy especially for SCC.
Most of these carcinomas develop from precancerous AKs.
Periodical preventive PDT treatments are recommended
in chronically sun-damaged skin with areas with field-
cancerization to prevent SCC.

2.2 Non-oncological indications
Besides precancerous lesions and non-melanoma skin
cancers, PDT is also used in non-oncological indications.
With modification of the therapy protocols immunmodu-
latory mechanisms of PDT become active. Especially
inflammatory skin diseases such as acne, viral warts,
morphea and even cutaneous leishmaniasis profits from
this mechanism. Even in skin rejuvenation the beneficial
combination of ALA and intense pulsed light is reported.
Topical PDT is effective, safe and allows treatment
of large areas. However, the main drawback of PDT is
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the pain during irradiation. Besides premedication with
oral analgesic drugs, local or regional anaesthesia (intra
cutaneous, sub cutaneous or nerve blockade, no effect
of topical anesthetics!), various strategies for control-
ling pain during PDT have been studied. Most utilized is
cooling by pre-cooled air stream and/or water spray. Fur-
thermore pausing irradiation, pulsed-dye laser (PDL, 595
nm)-mediated PDT, low dose irradiation or daylight irra-
diation and even pre-irradiation with small doses of blue
light before irradiation with red are reported to be helpful.

[10.02] Recent progress of ALA-PDT in China
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3 Conclusion

In conclusion, topical PDT is a safe and effective method
of treatment for initial non-melanoma skin cancer. It is
commonly used for the therapy of AK especially for large
areas of photodamaged skin. Cosmetic results are excel-
lent in comparison to curettage, cryosurgery or excisional
surgery. The individualized therapy shows a good control-
lability by the physician. Periodical preventive PDT treat-
ments demonstrate good efficacy in immunosupressed
organ transplant recipients.
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Abstract: Our research group started to utilize
5-aminolevulinic acid (ALA)-mediated photodynamic
therapy (ALA-PDT) as a possible treatment of skin cancers
in 1995. Nowadays, ALA-PDT has become one of the most
popular modalities in dermatology and venereology in
China. In particular, the pioneering work done by our
group in ALA-PDT of urethral condylomata acminata
helped Shanghai Fudan Zhangjiang Bio-Pharmaceutical
Co., Ltd. to obtain the regulatory approval from the China
Food and Drug Administration (CFDA) for ALA to be used
in the topical PDT of Condyloma acuminatum in 2007. Since
then, ALA and dermatological PDT have been rapidly
developed in China. To date, ALA-PDT has been carried
out routinely in over 600 clinics across China. Approved
and off-label indications include condylomata acminata,
acne, flat warts, photoaging, actinic kerotosis, folliculi-
tis, extramammary Paget’s disease, lichen sclerosus, and
superficial skin cancers. Meanwhile, numerous research
teams have been actively engaged in basic researches of
ALA-PDT. This presentation will provide an overview on
clinical and basic researches carried out by our group and
other groups in China.

Keywords: ALA-PDT; Condyloma acuminatum; acne; skin
cancet.

1 Backgound

Our research group started to utilize 5-aminolevulinic
acid (ALA) photodynamic therapy (PDT) as a possible
treatment of skin cancers in 1995. Nowadays, ALA-PDT
has become one of the most popular modalities in der-
matology and venereology in China. In particular,
the pioneering work done by our group in ALA-PDT of

urethral Condyloma acminatum helped Shanghai Fudan-
Zhangjiang Bio-Pharmaceutical Co., Ltd. to obtain the
regulatory approval from the China Food and Drug
Administration (CFDA) for ALA to be used in the topical
PDT of condylomata acuminata in 2007. Compared with
conventional therapies, topical ALA-PDT is a simple,
effective, safe and well-tolerated treatment for urethral
condylomata acuminata that is associated with a low
recurrence rate. The mechanism might be the triggering
of both apoptosis and necrosis by ALA-PDT in human
papillomavirus-infected keratinocytes. Since then, ALA
and dermatological PDT have been rapidly developed
in China. To date, ALA-PDT has been carried out rou-
tinely in over 600 clinics across China. Approved and
off-label indications include condylomata acuminata,
acne, flat warts, photoaging, actinic kerotosis, folliculi-
tis, extramammary Paget’s disease, lichen sclerosus, and
superficial skin cancers. Meanwhile, numerous research
teams have been actively engaged in basic and clinical
researches of ALA-PDT.

2 Medical indications

2.1 Condyloma acuminatum

The indication of ALA-PDT in China is Condyloma acumi-
natum. In 2004, our group firstly reported that topical
ALA-PDT was used to treat urethral condylomata acumi-
nata with a low recurrence rate. Compared with conven-
tional treatment, such as repeated local drug application
and laser ablation, ALA-PDT is a simple, effective, safe
and well-tolerated treatment for urethral condylomata
acuminata. Meanwhile, we detected protoporphyrin IX
(PpIX) pharmacokinetics after topical application of ALA
in urethral condylomata acuminata. The results suggest
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that the topical application of 5-10% ALA solution for
3-5 h is the optimal condition for the PDT of urethral
condylomata acuminata. The selective damage of the
condylomata acuminata lesions in the epidermis without
damaging the dermis ensures a better control of recur-
rence and side effects such as ulceration or scarring. In
2007, Prof. H. Gu and Prof. K. Chen investigated the effi-
cacy and safety of topical application of ALA-PDT for con-
dylomata acuminata in China [1]. They found that topical
application of ALA-PDT is a simpler, more effective and
safer therapy with a lower recurrence for treatment of
condylomata acuminata compared with conventional CO,
laser therapy. This work proved the efficacy of ALA-PDT
for condylomata acuminata via a randomized clinical
trial. In 2008, our group [2] found ALA-assisted photody-
namic diagnosis could be employed for the detection of
the lesion, subclinical lesion of genital warts, even latent
human papillomavirus (HPV) infection. It explained why
ALA-PDT could reduce the recurrence rate of condylo-
mata acuminata. In further clinical studies we found
ALA-PDT combined with imiquimod had a good effect
on the treatment of genital Bowenoid papulosis with
low recurrence and less side effect [3]. There are also a
few studies showing ALA-PDT is effective for flat warts,
common warts and plantar wart [4].

2.2 Acne

Acneisan off-labelindication of ALA-PDT in China. In 2010,
our group found ALA-PDT was a simple, safe and effective
therapeutic option for the treatment of severe acne [5].
In total, 22% of patients showed excellent improvement
after one-course ALA-PDT, another 34% showed excel-
lent improvement after two-course ALA-PDT, and the rest
(44%) required three-course treatment to further reduce
the number and size of residual lesions. Adverse effects
were minimal. The symptoms and signs in recurrent cases
(14%) were much milder and responded well to conven-
tional topical medication. After that, dermatologist in
China began to treat severe acne with ALA-PDT widely. In
2013, a self-controlled multicenter clinical trial carried out
in 15 centers throughout China was reported [6]. In total,
397 acne patients of grade II-IV in 15 centers received
ALA-PDT treatment. The results showed that a low-dose
topical ALA-PDT regimen using 5% ALA, 1 h incubation
and a red light source of 3 treatment sessions was sug-
gested as optimal scheme for the treatment of different
severity of acne vulgaris in Chinese patients. Superior effi-
cacy was found in severe cystic acne of grade IV with mild
side effects. In addition, ALA-PDT could not only clear the
acne but also have cosmetic results. Our studies showed
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that after ALA-PDT the appearance of photoaging lesions
improved, the stratum corneum hydration increased and
the transepidermal water loss decreased.

2.3 Skin cancers

Actinic keratosis and basal cell carcinoma are the
indications of ALA-PDT in USA or Europe. But our
group started to use ALA-PDT to treat skin cancers in
China as early as in 1995. In recent 20 years, we have
made progress in ALA-PDT for skin cancer. So far, we
have treated 100 cases of skin cancer and pre-cancer
using topical ALA-PDT. They included squamous cell
carcinoma, basal cell carcinoma, Bowen’s disease,
mammary and extramammary Paget disease, actinic
keratosis and erythroplasia of Queyrat. Especially, we
used PDT-combined surgery group to treat extramam-
mary Paget’s disease and found multiple ALA-PDT
could be applied to reduce the severity of extramam-
mary Paget’s disease lesions and improve the success
of surgery [7]. Our study shows that ALA-PDT treated
tumor cells can stimulate the maturations of dendritic
cells (DCs), including morphology maturation, pheno-
typic maturation, and functional maturation [8]. Most
interestingly, PDT-induced apoptotic tumor cells are
more capable of potentiating maturation of DCs than
PDT-treated or freeze/thaw-treated necrotic tumor cells.
ALA-PDT-DC vaccine based on apoptotic tumor cells
can activate the adaptive immune system more effec-
tively, providing protection against skin squamous cell
carcinoma in mice, far stronger than that of freeze-thaw
DC vaccine. Our results indicated that immunogenic
apoptotic cells induced by ALA-PDT can enhance DC
vaccine for squamous cell carcinoma.

3 Conclusion

In conclusion, this presentation will provide an overview
on clinical and basic researches carried out by our group
and other groups in China.
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Abstract: Photodynamic therapy (PDT) is known for over
100 years in medicine and has shown considerable power
in the antimicrobial treatment of various infectious diseases
involving bacteria, viruses, parasites, and fungi. In the era
of worldwide emerging multi-resistance, novel treatment
options are strongly warranted and PDT may be a suitable
alternative to antibiotics against multidrug-resistant patho-
gens. We were able to show excellent PDT (with toluidine
blue as sensitizer) in vitro results against clinically highly
relevant species like Methicillin-resistant Staphylococcus
aureus (MRSA) and multidrug-resistant Proteus mirabilis
and Klebsiella pneumonia (extended beta-lactamase build-
ner, ESBL) not being inferior in comparison to another
novel treatment, cold atmospheric plasma (CAP).

Keywords: photodynamic therapy; infectious disease;
bacteria; wIRA; toluidine blue; cold atmospheric plasma.

1 Materials and methods

1.1 Experiments

We conducted an in vitro trial to test the antimicrobial
power of a photodynamic therapy (PDT) with toluidin blue
(TBO) as photosensitizer in comparison with 2 sources of
cold atmospheric plasma (CAP).

As multidrug-resistant (MDR) pathogens we tested
Proteus mirabilis (PME894.2) and Klebsiella pneumo-
nia (KPNESBL) both extended beta-lactamase buildner
(ESBL) and hospital (h) as well as community (c) associ-
ated Methicillin-resistant Staphylococcus aureus (MRSA)
collected from wounds of dermatologic patients in our
clinic. As not multiresistant strains we investigated

clinical strains of Staphylococcus epidermidis (Ederm
and ATCC12228), Micrococcus luteus (EMLderm), Kleb-
siella pneumonia (non ESBL E688.1), Candida albicans
(CA54/05 and ATCC10231), Enterococcus faecalis (EFderm
and ATCC1657), Methicillin susceptible S. aureus (MSSA
ATCC 1924; American Type Culture Collection Manassas,
VA, USA), Streptococcus pyogenes (ATCC19615), Pseu-
domonas aeruginosa (ATCC 15442), M. luteus (ATCC1030)
and Escherichia coli (ATCC11229).

All strains were grown overnight on Columbia agar
and grown colonies thereafter diluted in sterile saline
to obtain concentrations between 10E8 and 10E9 colony
forming units (CFU) per milliliter. After dilution, TBO
(Sigma Aldrich, Germany) was added to a final concentra-
tion of 0.02 mg/ml to the suspension. 400 pl of the sus-
pension of each isolate were irradiated in 6-well plates
(Sarstedt, Niimbrecht, Germany) by water-filtered infra-
red-A (WIRA) using the Hydrosun-radiator system emitter
(Hydrosun-System; Hydrosin-750 Strahler, Hydrosun
Medizintechnik GmbH, Miillheim, Germany) at a distance
of 25 cm to the wIRA bulb over 20 min; the applied energy
in the form of wIRA is between 200 and 225 mW/cm?
(75% wIRA, 25% visible light). During treatment the plates
were cooled by ice blocks manually added into a water
bath surrounding the plates. The reduction factor (RF)
was calculated for each isolate by the difference between
the decadic logarithm of CFU of the control assay (non-
irradiated suspensions) and those grown after irradiation
after visual enumeration of the grown CFU on Columbia
agar overnight at 36°C aerobically (200 ul of the respective
suspension were plated onto the agar).
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In a second trial, the same suspensions as described
above for PDT treatment were used for investigating the
susceptibility against CAP. For this purpose the wells were
irradiated over 3 min with either a dielectric barrier dis-
charge plasma (DBD) (Tefra®; Tefra, Berlin Germany) or
an atmospheric pressure plasma jet (APPJ). Both plasma
sources were manually positioned in order to allow con-
stant contact of the discharge plume with the fluid surface
(keeping the tip in continuous meandric movements). RF
was calculated in the same way.

1.2 Plasma sources

The APPJ device used was a KINPen 09® (Neoplas Tools
Greifswald e.V., Greifswald, Germany) jet plasma genera-
tor. The argon flow through the capillary as the feed gas
is adjusted to 6 1/min) and the radio frequency voltage of
1-5 kV, 1.5 MHz is coupled to the central electrode. The
temperature at the tip of the beam did not exceed 37°C.
For detailed characterization of the APPJ, the reader is
referred to Weltmann et al. [1]. The Tefra® plasma works
via a pencil-shaped evacuated gas electrode with a tip of
around 1.5 cm?.

2 Results

The in vitro PDT treatment over 20 min was followed by a
significant reduction of the bacterial growth in all cases
showing some interspecies differences ranking between
3.4 (S. epidermidis, Ederm) and 8.4 found treating E. faec-
alis (EFderm) (Figure 1). The MDR species MRSA (both
hMRSA and c¢cMRSA) and P. mirabilis (PME894.2) and
K. pneumoniae (KPNESBL) did not show lower RF com-
pared with the non-MDRspecies. The typical skin habitat
species S. epidermidis (ATCC 12228 and the clinical strain
Ederm) and M. luteus (ATCC 1030) with RF of 3.7, 3.4 and
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Figure 1: Mean reduction factors (RF) obtained after 20 min in vitro
irradiation with wiRA-PDT with toluidine blue as photosensitizer
against normo- and multi-resistant bacteria.
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6.2 respectively were not more susceptible or resistant to
PDT compared with the typical wound pathogens MRSA
(hMRSA RF 5.6, cMRSA 5.7), E. coli (RF 7.5), K. pneumoniae
(non ESBL, RF 4.4), P. aeruginosa (RF 6.4), and S. pyogenes
(RF 6.1). After 3 min of CAP treatment of the suspensions
no growth was recorded 48 h after incubation of enumer-
ating plates in any case of a treated suspension indicat-
ing a RF of >8 for every tested species and each of the
used plasma sources (data not shown) indicating a much
stronger effect against most species by CAP.

3 Discussion

Our data demonstrate a powerful TBO-PDT efficacy against
the most important multiresistant skin and wound patho-
gens in vitro. These results together with the good toler-
ability of TBO (concentrations <1%) support a potential
use of this treatment in the clinic against skin and wound
pathogens including MDR strains like MRSA, vancomy-
cin-resistant enterococci (VRE) and multidrug-resistant
gramnegative rods (MRGN). Antimicrobial PDT has been
referenced since decades focusing nearly any kind of bacte-
rial, fungal, parasitic or viral infection [2-8] but the global
spread of multi-resp. extreme resistant pathogens opens
new horizons in the anti-infective philosophy because
now potent alternatives to antibiotic drugs are urgently
warranted. Recently Tseng et al. [9] faced this challenge
comparing TBO-PDT susceptibility of cMRSA and hMRSA
in vitro and found a significant inhibition of both patho-
gens with cMRSA being less susceptible to the treatment
than hMRSA. They hypothesized the background of this
effect in different sequencing types and staphylococcal
cassette chromosome mec (SCCmec) types. The authors
also found a distinct damaging of genetic structures thus
allowing finally putting the pathogens in check by down
modulating their virulence factors even when the killing
effects are less pronounced. This is of crucial importance
because it implicates the opportunity to benefit from the
surviving pathogens which one times defused now are
valuable candidates to colonize the susceptible tissue
thus protecting it against recontamination with new path-
ogens, a phenomenon which turns non-desired effects
(weak killing power) into a positive one. Finally antimicro-
bial PDT can cause classical photodamage of cells propa-
gating direct lethal effects disrupting plasma membranes
as well as chromosomal and plasmid DNA [10] and also
indirect cell death provoked by DNA misreplication and
fragmentation via deoxyguanosin derivates [11], addition-
ally it was shown to cause chromosomal DNA fragmen-
tation and plasmid DNA degradation in MRSA [9]. Other
studies support the virulence modulating effect of PDT
in E.coli and P. aeruginosa [12, 13]. Additionally it could
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be shown that sublethal TBO concentrations are able to
inhibit the activities of virulence proteins of MRSA like
bacterial protease, lipase, hemolysin, and enterotoxin
type B [9]. The suitability of TBO-PDT against MRSA was
further described by Wainwright et al. [14] and in the light
of these results clinical trials to evaluate the clinical suit-
ability of PDT in infection prevention of these pathogens
now seem reasonable.

Since especially chronic recalcitrant wounds (lower
leg ulcer wounds in most cases) are not typical indications
for PDT treatment, these wounds (often harbouring MDR
pathogens) should yet be focused at first for clinical PDT
treatment. We recommend such an in vivo trial as support-
ive treatment in parallel to conventional methods.

In comparison with CAP showing RF>8 after 3 min
treatment the PDT which took 20 min of irradiation was
less effective. To further investigate whether less expo-
sure time is required for bacterial killing we treated
MSSA and MRSA over 0.5, 1, 2, 3, 4 and 5 min and found
the first significant RF increase starting after 3 min of
irradiation (data not shown). However we cannot rec-
ommend less exposure time using wWIRA-PDT because
20 min was the most often referenced treatment time
found to support wound healing. Second, we do not rec-
ommend stronger RF than those found with PDT because
the obtained RF easily fulfil the RF recommendations for
skin disinfection.

In contrast to CAP wiIRA therapy mainly relies on
thermic energy released into tissue thus promoting
healing and only indirectly reinforcing antimicrobial
treatment via i.e. restoring phagocytic activity by neu-
trophils and providing oxygen supply [15]. This healing
promoting property by wIRA is widely referenced and
meanwhile this therapy constitutes an effective healing
supporting therapy in patients with acute and chronic
wounds [16] with recommended treatment time of 20 min
for one treatment session. However, in combination with
TBO-PDT we cannot exclude pain during (and after) PDT
provoked by the effect of TBO in wounded tissue what has
to be investigated in clinical trials before implementing a
combined treatment study.

In opposite to PDT the antimicrobial CAP treat-
ment is based upon a bundle of biophysical effects
with membrane oxidation by reactive oxidative species
like hydroxyl radicals and peroxides being of particular
importance [1, 17], however, the antimicrobial scenario
of CAP used vyet is not fully understood [18]. Like wIRA,
CAP has shown important wound healing effects which
in sum besides antimicrobial activity support cell dif-
ferentiation and repair [17]. Up to now CAP in contrast to
WIRA is not part of established wound therapy because
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double-blinded randomized controlled multi-centered
studies are lacking.

CAP was shown to exhibit broad and potent antimi-
crobial efficacy against all clinically relevant skin and
wound pathogens, including multiresistant species like
MRSA, VRE and MRGN in vitro [19-22]. This potency was
clinically evaluated in clinical trials demonstrating potent
reduction of the colonization flora of chronic wounds [23,
24]. Other applications are chronic wounds in cardiac
surgery showing good results in the treatment of infected
transdermal driveline catheter wounds [25]. An important
step in chronic wound therapy regarding both treatment
tools will be the involvement of large biofilms. Albeit PDT
with TBO [26] and CAP were shown to have potent anti-
biofilm activity in vitro [27, 28], in case of larger biofilm
involvement in wounds we recommend a prior surgical
debridement in order to improve access of reactive species
to living tissue or to use a special CAP system which in
contrast to wIRA and conventional CAP is able to debride
in parallel to its antimicrobial activity, however this is
requiring local anaesthesia in most cases. This kind of
plasma, i.e. the KLS Argon beam® (KLS Martin, Tuttlingen,
Germany) treatment is more versatile compared with non-
debriding systems and was recently referenced as suited
treatment in the therapy of chronic ulcer wounds in der-
matology by our group [29].

Finally, the antimicrobial reduction of bacterial
bioburden is a cornerstone in the treatment of acute
infected wounds and is an important step in the treatment
of recalcitrant wounds when bacterial burden is involved
in healing deterioration. Accordingly, PDT using TBO like
CAP treatment are promising candidates in the treatment
and prevention of MDR pathogens and may serve as alter-
native to antimicrobial chemotherapy and conventional
surface disinfection in hospital hygiene. Up to now albeit
some referenced and also significant differences in sus-
ceptibility in some species like hMRSA and cMRSA the
principle susceptibility of all up to now worldwide dis-
tributed notorious resistant pathogens against CAP and
also PDT seems given and in sum, the obtained RF of both
treatments are high enough to suppose good clinical effec-
tiveness, since colonizations like infections are not known
to significantly exceed these bacterial concentrations.

4 Conclusion

In conclusion, TBO-PDT as a new treatment tool and alter-
native to less effective antimicrobial drugs seems suited to
defeat colonization with MDR bacteria like MRSA, ESBL
and MRGN. This therapy could establish a new era in hos-
pital infection prevention breaking the fatal circle of drug
overuse and selection of resistant clones leading to the
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now predominating excessive global multidrug-resistance
problem with the reality of complete lack of therapeutic
options for many patients. However, evidence must be
driven from clinical trials in order to prove reliable and
also well-tolerated treatment. This is of crucial impor-
tance since i.e. sanitization of heavily colonized patients
warrants whole-body treatment which has not been suc-
cessfully demonstrated up to now. For this purpose it has
to be demonstrated that TBO is well tolerated after appli-
cation also to the around 2 m? of body surface in the adult
patient. Another goal will be the topical wound treatment
where TBO meets wounded tissue not covered by protect-
ing epidermis and as mentioned above it has to be inves-
tigated whether the TBO-PDT is tolerated or whether pain
relief is mandatory.

Nevertheless in the light of dramatic lack of new drug
development as alternative we recommend TBO-PDT as
potential option in infection therapy as well as infection
prevention.
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