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Abstract 

Objective: Monitoring emerging vascular-targeted photodynamic therapy (VTP) and understanding the 
time-dynamics of treatment effects remains challenging. We interrogated whether handheld multispectral 
optoacoustic tomography (MSOT) could noninvasively monitor the effect of VTP using WST11, a 
vascular-acting photosensitizer, on tumor tissues over time using a renal cell cancer mouse model. We 
also investigated whether MSOT illumination can induce VTP, to implement a single-modality theranostic 
approach. 
Materials and Methods: Eight BalB/c mice were subcutaneously implanted with murine renal 
adenocarcinoma cells (RENCA) on the flank. Three weeks later VTP was performed (10 min continuous 
illumination at 753 nm following intravenous infusion using WST11 or saline as control. Handheld MSOT 
images were collected prior to VTP administration and subsequently thereafter over the course of the 
first hour, at 24 and 48 h. Data collected were unmixed for blood oxygen saturation in tissue (SO2) based 
on the spectral signatures of deoxy- and oxygenated hemoglobin. Changes in oxygen saturation over 
time, relative to baseline, were examined by paired t-test for statistical significance (p < 0.05). In-vivo 
findings were corroborated by histological analyses of the tumor tissue.  
Results: MSOT is shown to prominently resolve changes in oxygen saturation in tumors within the first 20 
min post WST11-VTP treatment. Within the first hour post-treatment, SO2 decreased by more than 60% 
over baseline (p < 0.05), whereas it remained unchanged (p > 0.1) in the sham-treated group. Moreover, 
unlike in the control group, SO2 in treated tumors further decreased over the course of 24 to 48 h 
post-treatment, concomitant with the propagation of profound central tumor necrosis present in 
histological analysis. We further show that pulsed MSOT illumination can activate WST11 as efficiently as 
the continuous wave irradiation employed for treatment.  
Conclusion: Handheld MSOT non-invasively monitored WST11-VTP effects based on the SO2 signal and 
detected blood saturation changes within the first 20 min post-treatment. MSOT may potentially serve as 
a means for both VTP induction and real-time VTP monitoring in a theranostic approach. 

Key words: optoacoustic imaging, photoacoustic imaging, MSOT, photodynamic therapy, renal cell carcinoma, 
vascular targeted photodynamic therapy. 
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Introduction 
Photodynamic therapy (PDT) is considered a 

therapeutic approach in different neoplastic and 
non-neoplastic indications e.g., skin, oral and ocular 
lesions [1–3]. Illumination of systemic or topically 
administered PDT agents in the presence of oxygen 
leads to a reaction cascade that generates cytotoxic 
reactive species and, thus, induces cell death and 
tissue destruction. Tumor cell targeting with PDT 
agents that attain long blood circulation times and 
extravasate to surrounding tissues (e.g., skin) comes 
with a high degree of toxic side-effects. For this 
reason, photosensitizing drugs with short biological 
half-lives are preferred. A new class of PDT agents 
with fast clearance characteristics (hour-scale) 
operates by inducing tissue phototoxic effects while 
the photosensitizer is retained in the tumor 
vasculature until clearance, leading to tumor vessel 
destruction and death of the surrounding tumor cells, 
enabling the field of vascular targeted PDT (VTP) [4].  

WST11 (TOOKAD® Soluble) is a water-soluble 
derivative of palladium-bacteriopheophorbide [5, 6] 
that circulates as a non-covalent complex with serum 
albumin [7] until hepatic clearance, with a half-life of 
5-10 and 30-60 min in rodents and humans, 
respectively. Illumination of WST11 at 753 nm, the 
optical absorption maximum in the near infrared 
(NIR), leads to the intravascular generation of super 
oxide and hydroxyl radicals [7]. As a result, it induces 
a profound ischemic injury and subsequent apoptosis 
following complete vascular arrest of tumor-feeding 
arteries and draining veins [8–11]. Promising results 
in phase II and III clinical trials in prostate cancer have 
recently been reported [12–15]. 

The effectiveness of VTP treatment relies on the 
oxygen supply within the target vasculature during 
irradiation, the availability and potency of the applied 
photosensitizer as well as the light distribution. 
Monitoring the oxygen supply status of tumor tissue 
before, during and post PDT has been shown to 
correlate well with outcome in cell-targeted PDT, 
which relies on the continuous generation of singlet 
oxygen [16–18]. Various imaging modalities have 
been evaluated to monitor oxygenation 
non-invasively and invasively: Oxygen partial 
pressure (pO2) histography samples tissue volume 
adjacent to a microelectrode inserted in the tumor, but 
is invasive and only offers single point measurements 
[19, 20]. Moreover, tissue damage due to electrode 
insertion may alter the local tissue physiology. 
Reflectance optical spectroscopy or diffuse optical 
tomography methods have also been considered, but 
typically lack quantification accuracy due to photon 
scattering, leading to complications in accurately 

resolving oxy- and deoxygenated hemoglobin. Other 
technologies such as optical doppler tomography 
(ODT) typically resolve only superficial tissue 
activity. Blood-oxygen-level dependent magnetic 
resonance imaging (BOLD-MRI), was found to be 
useful to monitor tumor vascular occlusion by both 
WST09 and WST11 at high temporal resolution but 
not at vascular resolution [21, 22]. Moreover, 
disseminated use is impractical except in the case of 
brain tumors due to cost and required infrastructure 
[4, 23, 24]. Thus, noninvasive oxygenation monitoring 
remains challenging in the setting of most PDT 
indications, limiting the potential for in vivo real-time 
monitoring and improvement of VTP treatments. 

Multispectral optoacoustic tomography (MSOT) 
is an emerging optical imaging method that may fill in 
the diagnostic gap in blood and tissue oxygenation 
imaging. Implemented in real-time mode, MSOT 
provides non-invasive, high resolution tomographic 
imaging of absorbers like oxygenated and 
deoxygenated hemoglobin, lipids and melanin in the 
NIR within 2-3 cm of tissue depth [25–27]. Compared 
to simpler optoacoustic imaging approaches 
implemented using two or three wavelengths for 
monitoring SO2-related PDT effects [23, 28], MSOT 
utilizes a significantly larger number of wavelengths, 
based on fast tunable lasers [25, 29], which leads to 
improved accuracy and spectral detection sensitivity 
[30]. This ability is particularly relevant for 
characterizing vascular targeted PDT agents, which 
have a direct effect on oxygen-feeding tumor-related 
blood vessels. Therefore, we investigated whether 
MSOT, implemented in handheld mode for clinical 
relevance, could be employed for monitoring the 
treatment effect of VTP and characterizing the so-far 
unknown dynamics of tumor deoxygenation effects 
over time, using WST11-VTP in a renal cell cancer 
mouse model. Moreover, we interrogated whether in 
addition to imaging, MSOT illumination could be 
employed to activate the drug, thus implementing a 
theranostic approach.  

Methods 
Phantom experiments 

To test the efficiency of pulsed laser for 
activating the photosensitizer WST11 (see 
Supplemental figure S1 for absorbance spectrum) in 
comparison to commonly used continuous wave 
(CW) illumination, lyophilized 2.5 µM WST11 (Steba 
Biotech, Luxembourg) in D-phosphate buffered saline 
solution (PBSx10, pH 7.4) was continuously irradiated 
at equal light doses up to 24 J/cm2 by either CW (100 
mW, BWF1-750-300E, B&W Tek Inc., Newark, DE, 
USA) or pulsed laser (100 mW, 10 ns pulse duration, 
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10 Hz repetition rate, Phocus TM, Opotek Inc, 
Carlsbad, CA, USA) at single wavelength (750 nm) 
over the course of 4 min. The efficiency in activating 
WST11 by multispectral pulsed laser illumination 
instead, as used for MSOT, was analogously tested at 
three different laser powers adjusted by a Pockels cell 
delay (wavelength-tuned from 700 to 800 nm in steps 
of 10 nm, mean ~117, ~146 or ~199 mW/cm2 across 
wavelengths, Supplemental figure S2). The energy 
output of the lasers was measured using a power 
meter (Fieldmax II-TOP, Coherent, CA, USA). The 
addition of 0.2 µM aminophenyl fluorescence (APF, 
Sigma Aldrich, Saint Louis, MO, USA) served as 
indicator for the photochemical reaction and 
production of hydroxyl radicals, which are the highly 
reactive oxygen species (hROS) that mainly mediate 
the VTP effect by WST11 [31]. The fluorescence of APF 
(excitation at 470 nm, emission read out at 525 nm) 
relative to baseline as well as the absorbance of 
WST11 at 750 nm, indicative of hROS production and 
photodegradation, respectively, were measured using 
a multimode microplate reader (Infinite 200m, Tecan 
Group Ltd., Männedorf, Switzerland).  

All phantom experiments were carried out in 
triplicates in the dark in a black 96-well plate in 
solutions of 200 µL volume per well. Buffers were 
equilibrated to room air with dissolved oxygen levels 
of 250±5 µM (oxygen microsenser, Unisense A/S, 
Aarhus, Denmark). Neighboring wells were covered 
by black tape to inhibit unwanted light exposure.  

In vivo 

Animal model 
All animal procedures reported in this study 

were approved by the local Institutional Animal Care 
and use Committee (IACUC). Murine renal 
adenocarcinoma RENCA cells (ATCC, Mannassas, 
VA, USA) were cultured in RPMI 1640 supplemented 
with 10% Fetal Bovine Serum (FBS), 0.01 mM 
non-essential amino acids (NEAA), 1 mM sodium 
pyruvate, 2 mM l-glutamine and 10% penicillin/ 
streptomycin. 100 μL of the cells suspended in PBS 
(5x106 cells/mL) were subcutaneously (ectopically) 
implanted into the left hind flank of 7-8 week old male 
BalB/c mice (Charles River Laboratory, Kingston, NY, 
USA). Tumor growth was assessed by weekly caliper 
measurements and VTP performed 21 days after 
tumor inoculation when the tumors reached a size of 
approximately 125-750 mm3. Mice with tumors 
exceeding 15 mm in maximum caliper diameter were 
excluded from the study.  

WST11-VTP 
The mice were anesthetized by an 

intraperitoneal injection of a ketamine/xylazine 

cocktail (150 mg/kg ketamine, 10 mg/kg xylazine) 
prior to VTP and by inhalation of 1.5-2% isoflurane for 
maintenance thereafter. The mice were placed in the 
prone position on a heating pad to maintain body 
temperature at appropriate constant level. 
Lyophilized WST11 (Steba Biotech, France) was 
reconstituted with sterile 5% dextrose water under 
light-protected conditions and filtered through a 0.22 
μm disc filter (Sartorius Stedim Biotech, Germany). 
The flanks of the mice were shaved and remnant hair 
was removed using depilatory cream. The 
anesthetized mice were intravenously infused with 9 
mg/kg body weight WST11 (2 mg/mL) for 5 min 
followed by continuous wave irradiation of the tumor 
at 753 nm at a fluence rate of 150 mW/cm2 for 10 min 
using a diode laser (Modulight, Finland) with a 
frontal light distributor (MedLight S.A., Switzerland). 
The sham control group of mice received saline prior 
to laser irradiation. Carprofen was administered for 
post procedural pain control. 

MSOT image acquisition 
For the acquisition of the MSOT images the mice 

were anesthetized with 2% isoflurane and kept on a 
heating pad to prevent reduction in body 
temperature. The flanks of the mice were shaved and 
remnant hair was removed using depilatory cream. 
Handheld MSOT (iThera Medical, Munich, Germany) 
recently developed for clinical translation was 
employed in this study. The MSOT handheld system 
has been previously described and characterized in 
detail [18]. Briefly, the 2D handheld MSOT probe 
consists of 256 ultrasonic detector elements that are 
arranged along an arc on a spherical surface covering 
a tomographic angle of 135° with a center frequency 
of 4 MHz, providing a resolution of 200 μm around 
the center of rotation in the center of the field of view 
(FOV) (20 mm x 20 mm). The illumination beam 
generated by a wavelength-tunable optical parametric 
oscillator with pulse duration of <10 ns (10 Hz frame 
rate, 700-900 nm in 10 nm intervals, total of 21 
wavelengths, 5 frames per wavelength to be averaged, 
10.5 s per 2D image data set) was guided through 
laser fiber bundles and a diffusor (Luminit Co., 
Torrance, CA, USA) fixed next to the detector array to 
direct the evenly scattered beam into the center of the 
FOV. To achieve a large surface illumination covering 
an area of at least 20 mm x 3 mm a multi-mode fiber 
bundle with a rectangular head was used, providing a 
uniform illumination along a line on the surface of the 
scanned sample. Each photon pulse energy was ~50 
mJ, leading to a fluence rate of ~200 mW/cm2 at 10 Hz 
frame rate, well in accordance with the maximum 
permissible skin exposure set by the American 
National Standard for Safe Use of Lasers [32]. The 
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shell of the probe was filled with deionized and 
degassed water for optimal acoustic coupling and 
waterproofed by a thin transparent polyethylene 
membrane. Clear ultrasound gel was used to bridge 
the acoustic coupling onto the mouse skin.  

Postprocessing and image analysis 
Linear unmixing was used to extract the 

chromophore distribution in the tissue [33]. Briefly, 
the total absorption of each pixel in the optoacoustic 
distribution is a summation of the absorption of 
different chromophores:  

Hr ≈ μa = εoxyHb * CoxyHb + εdeoxyHb * CdeoxyHb   (1)  

Here, εchromophore is the molar absorption 
coefficient, Cchromophore refers to the concentration of 
each chromophore, and μa is the total reconstructed 
absorption spectrum of the pixel that is assumed to be 
approximately equal to the reconstructed initial 
acoustic pressure rise (Hr). The initial acoustic 
pressure rise (Hr ≈ μa) was used along with the molar 
absorption coefficient to estimate the concentration of 
each chromophore by the linear unmixing method. 
Note that we assumed the initial pressure rise to be 
approximately equal to the absorption coefficient in 
Equation 1 by assuming the changes in the 
Grueneisen parameter and light fluency to be 
negligible and constant in the entire region of interest. 

By defining the tumor area in the cross-sectional 
image as the region of interest (ROI), the mean value 
of the oxy- and deoxyhemoglobin concentration was 
calculated after unmixing. The blood oxygen 
saturation SO2 was used to monitor the tumor 
physiological response to the VTP. Hence, the oxygen 
saturation was computed using: 

SO2 = CoxyHb / (CdeoxyHb + CoxyHb)     (2) 

Here, CoxyHb and CdeoxyHb are the concentrations of 
oxy- and deoxyhemoglobin at each pixel computed by 
solving Equation 1. Finally, the variation of the 
oxygen saturation SO2 over time was calculated by 
Equation 2 and analyzed over time. The image 
resolution was set to a pixel resolution of 100 μm. The 
ROI covering ±1 mm perivascular space was defined 
by 10 consecutive pixels perpendicular to each pixel of 
the line of interest following the course of the most 
prominent tumor vessel in the reconstructed images. 
The postprocessing and ROI analyses were 
determined by an independent observer, blinded to 
the data acquisition. 

Histology 
After MSOT acquisition of the last assigned time 

point (1, 24 or 48 h post WST11-VTP treatment) the 
mice were sacrificed by carbon dioxide asphyxiation. 
The subcutaneous tumors were subsequently 

necropsied, including the skin layer on the surface 
marked along the imaging plane to ensure 
comparable orientation, and fixed in 10% neutral 
buffered formalin. They were cut and paraffin 
embedded keeping the original orientation and 
previous imaging plane. The sections were stained 
with hematoxylin-eosin (H&E), and for 
immunohistochemistry analysis the tumor samples 
were stained with anti-mouse CD31 antibody 
(Dianova, Hamburg, Germany) to assess tumor vessel 
density and terminal deoxynucleotidyl transferease 
dUTP nick-end labeling (TUNEL) for cell death. 

Statistical analyses 
Differences in SO2 values, relative fluorescence 

and absorbance were calculated separately by 
independent t tests and expressed as mean ± standard 
deviation (SD). Statistical significance was considered 
passing a threshold of p < 0.05 (Bonferroni-corrected 
for multiple comparisons if appropriate).  

Results  
Monitoring VTP effects by MSOT 

Baseline MSOT measurements of mouse flank 
tumors prior to WST11-VTP or sham treatment clearly 
identified the tumors and also visualized individual 
large vessels through the tumors, as seen in 
cross-sectional images (Figure 1A; tumor outlined by 
a blue solid line). SO2 mapping revealed an 
inhomogeneous distribution of oxygen saturation 
throughout the tumor tissue attaining the highest 
values in the perivascular space around the basal 
prominent tumor vessels (dotted circled ROIs, Figure 
1A). The images resolved how areas of high SO2 (red 
pseudo-coloring) around prominent vessels gradually 
became hypoxic away from the blood vessel supply, 
as indicated by green pseudo-coloring (Figure 1A; SO2 
maps). Those high SO2 valued areas (red 
pseudo-colored) at baseline served as ROIs to monitor 
the following changes in the early phase after 
treatment initiation:  

WST11-VTP was found to cause a gradual 
inhomogeneous deoxygenation within a few minutes 
post treatment. Prominent changes were in particular 
monitored for areas associated with a prominent 
oxygen supply from vessels at the tumor’s base or 
vessels crossing through the tumor. At 40 min 
post-treatment, virtually all areas in the tumor center 
became hypoxic. At 60 min post-treatment, virtually 
the entire tumor mass, including the tumor base, 
became hypoxic. SO2 maps at 60 min post WST11-VTP 
treatment revealed a 60% drop in the oxygen 
saturation in the tumor ROIs. i.e., 38±19% normalized 
to baseline (Figure 1A). When interrogating the SO2 
values within the first 1 mm-diameter space around 
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the tumor vessels, reductions in oxygen saturation 
could be observed as early as 20 min post WST11-VTP 
(Figure 2A).  

On the contrary, the control group of mice that 
received saline prior to laser irradiation did not show 
any decrease of the oxygen saturation within the 
perivascular tumor ROIs throughout the first 60 min. 
Mean SO2 values in the tumor perivascular ROIs 
showed a moderate increase over baseline to 
129±30%, possibly explained by a temperature 
increase and corresponding vasodilation effects. Their 
oxygen saturation was, thus, significantly higher than 
in the WST11-VTP treated mice (p < 0.05) (Figures 1A 
and 2B).  

In the subsequent histological examination, there 
were no signs of relevant necrosis, apoptosis or 
otherwise caused cell death present in the tumor 

samples stained by H&E and TUNEL in either one of 
the groups 60 min post VTP or sham treatment, 
respectively (Figures 1B and S3). The anatomical 
MSOT images before unmixing (at 800 nm shown 
here) also did not show any remarkable changes in 
MSOT signal to monitor the possible treatment effect 
in the early phase either (Figure 1A). However, a 
prominent vessel seen crossing the tumor 
pre-treatment, appeared morphologically damaged in 
its intratumoral course when observing the 40 and 60 
min images (arrows left panel). This impairment 
corroborated the histological sign of endothelial 
destruction induced by VTP observed as patches of 
reduced or lost CD31 expression in the group of 
WST11-VTP treated mice compared to the sham 
group at 60 min post treatment.  

 
 

 
Figure 1. First 60 min VTP effect monitoring by MSOT. A. The tumors could be depicted clearly by MSOT (800 nm single wavelength images shown here; blue outline) 
and did not markedly change over the course of the first hour after WST11-VTP or sham treatment. However, a prominent vessel that is seen to cross the tumor before 
treatment onset, appeared morphologically destructed in its intratumoral course over the course of 60 min (arrows left panel) while the crossing tumor vessel in the control 
mouse appeared morphologically unchanged (arrows right panel). On SO2 mapping, reduced oxygen saturation in the perivascular tumor ROI (dotted circles) was monitored by 
MSOT relative to baseline, while in comparison no reduction was observed after saline-VTP sham treatment as control. B. On histological examination 1 h after VTP there was 
no sign of tumor necrosis in either group, but reduction of CD31-positive endothelial cells was observed as the corresponding sign of vessel destruction (see Supplemental Figure 
S3 for enlarged images). 
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Figure 2. First 60 min SO2 data analyses. A. In particular, the oxygen saturation values furthest away from the tumor vessels (blue solid lines) in the surrounding 
perivascular space (± 1 mm, 1 value per pixel, border depicted by blue dotted lines) were shown to decrease already after 20 min when compared to baseline. After 60 min, a 
profound reduction in oxygen saturation throughout the perivascular space of WST11-VTP treated mice was observed independent of the distance to the vessel, while the 
perivascular space in the saline control remained unchanged. B. On average in group analysis, the SO2 values were found to be significantly lower in the WST11-VTP treated 
group than in the controls at 40 min and beyond (p < 0.05). 

 
In the group of WST11-VTP treated mice, the 

oxygenation saturation in the tumor ROIs was found 
to further deteriorate in the course of the following 24 
to 48 h down to a mean SO2 value of 27±3% at 48 h 
post treatment normalized to baseline (Figure 3A and 
4B). On histological examination, a profound degree 
of central tumor necrosis was present at least 24 h post 
treatment (Figure 3B). On cross-sectional analysis of 
SO2 values lined across the center of the tumor the 
loss of oxygen saturation corresponded well over time 
to the central necrotic mass that was evident on 
histological examination (grey shaded area, Figure 
4A). Those reduced SO2 values found in the 
WST11-VTP treated mice were significantly lower 
than the oxygen saturation in the tumor ROIs of the 
control mice (86±22%, n = 3, p < 0.05) at the 
corresponding time point (Figure 3A and 4B). In the 
control group of mice, evidence of necrosis on H&E 
and cell death on TUNEL stained slices was limited 
merely to a small basal area of the tumor (Figures 3B 
and S4). On cross-sectional analysis of SO2 values 
lined across the center of the tumor of the control mice 
the SO2 values were not found to be reduced over the 
course of 48 h (Figure 4A).  

Inducing VTP treatment effects by MSOT 

Efficiency of CW vs. pulsed laser illumination 
At light doses above 5 J/cm2 pulsed laser was 

found to efficiently activate WST11 and induce the 
production of hROS indicated by APF fluorescence 
similar to the commonly used CW laser illumination 
paradigm (each p > 0.05, Figure 5A). 
Correspondingly, after 4 min of continuous 
irradiation (equal to light doses of 24 J/cm2) there was 
no significant difference found in the degree of 
photodegradation of WST11 by either CW or pulsed 

laser as indicated by its loss of absorbance at 750 nm 
(p > 0.05). However, at light doses ≤12 J/cm2 CW 
illumination induced significantly more 
photodegradation than pulsed illumination (p < 0.001, 
Bonferroni corrected). Merely at very small light 
doses ≤3 J/cm2 corresponding to short (≤30 s) 
illumination time the applied CW was found to 
induce significantly more APF fluorescence than the 
pulsed laser at the same single wavelength (each p < 
0.05).  

Efficiency of multispectral pulsed laser illumination 
Multispectral pulsed laser illuminations 

powered at ~146 mW/cm2 and above across 
wavelengths were confirmed to more efficiently 
induce the activation of WST11 and production of 
hROS than the lower laser power (~117 mW/cm2), as 
indicated by APF fluorescence (p < 0.01, Figure 5B): In 
kinetics analysis, the plateau of maximum APF 
fluorescence was reached in half the time by the high 
laser power (~199 mW/cm2) than the medium laser 
power of ~146 mW/cm2. 

Theranostic approach in vivo 
A notable reduction in SO2 values of the tumor 

ROIs was found in the WST11 mouse that received 5 
min of MSOT illumination, instead of external CW 
illumination followed in all other mice (Figure 6A). 
The SO2 values observed were similar to the ones 
obtained when the standard VTP protocol using 
CW-illumination treatment was applied (Figure 6B). 
The MSOT illumination used identical parameters to 
the ones employed in the imaging sessions. However, 
each MSOT imaging session (slice) lasts ~10 s and did 
not exhibit treatment effects. The histological 
examination of the tumor sample confirmed the 



 Theranostics 2018, Vol. 8, Issue 3 
 

 
http://www.thno.org 

729 

presence of a large uninterrupted central tumor 
necrosis by H&E and corresponding cell death by 
TUNEL. The observed effect was comparable to the 
mice treated with continuous laser irradiation.  

Discussion 
Monitoring the dynamics and spatial extent of 

treatment effects has been a long-sought goal for 
effective PDT administration. The study herein 
demonstrates the feasibility of MSOT to monitor the 
effects of emerging VTP treatment by resolving the 
reduction of oxygen saturation in time and space. We 
assumed the reduction in oxygenation saturation 
assessed by MSOT in the tumor ROI as the imaging 
correlate of tumor hypoxia. The resulting hypoxia 
related well to the histologically evident tumor cell 
death over the course of 48 h caused by WST11-VTP 
induced tumor vessel destruction, in alignement with 
previous reports [8, 10, 11, 21, 22]. The results are 
corroborated by previous findings, using both 
non-invasive BOLD-MRI [21] and invasive 
intratumoral microelectrodes to determine the pO2 
[19, 20], further evincing that reduction in tumor 
oxygen saturation relative to baseline correlates well 
with treatment response to PDT [16–18] and VTP 
outcome. 

The study revealed several aspects of 
WST11-VTP performance in a murine renal 
adenocarcinoma model that nicely corroborate 
previous observations in other animal tumor models 
achieved by alternative approaches. Changes were 
found to occur within the first 20 min after treatment, 
although some of the mice or individual areas within 
tumors appeared to respond in less than 10 min post 
treatment (results not shown). Interestingly, using 
BOLD-MRI presented maximal tumor deoxygenation 
at only 3 min post illumination, similar to the red 
blood flow arrest observed by intravital fluorescence 
microscopy of melanoma tumors [21]. Overall, the 
MSOT technique presented SO2 changes occurring as 
spatial gradients with peripheral tumor areas 
deoxygenating later then areas around prominent 
blood vessels. This observation shown here for the 
first time is counterintuitive but goes well with the 
vascular mechanism of action. Namely, radical 
formation starting from the vessels and propagating 
into the tumor core being the cause of the observed 
hypoxia. Nevertheless, within the first hour, virtually 
the entire tumor appears entirely hypoxic (in 
agreement with the BOLD-MRI data [22]), an 
appearance that continued at the 24 h and 48 h time 
points.  

 

 
Figure 3. Treatment effect monitoring over 48 h by MSOT. A. MSOT was found to be able to monitor the oxygen saturation within tumor tissue as a critical parameter leading to 
tumor tissue destruction induced by WST11-VTP over the course of 48 h. In comparison, the control mice of saline-VTP sham treatment showed only very limited signs of reduced oxygen 
saturation within the tumor ROI. B. Histological examination confirmed the uninterrupted presence of large central tumor necrosis in the WST11-VTP compared to saline-VTP control 48 
h post treatment (see Supplemental Figure S4 for enlarged images).  
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Figure 4. Cross-sectional analysis through the tumor bases. A. The dynamic process of tumor tissue destruction emerging over the course of 48 h following 
the vascular collapse injury as previously reported [8] was confirmed by a cross-sectional analysis through the tumor bases (see Figure 3, dotted lines) showing a 
profound reduction in oxygen saturation values across the necrotic tumor area compared to baseline (grey shaded area). B. In group analysis, the tumor oxygen 
saturation was found to be significantly reduced in the WST11-VTP treated mice compared to the controls at 48 h post treatment (n = 3, p < 0.05). 

 
The MSOT method considered in the study was 

implemented in handheld mode, instead of a 
dedicated mouse scanner geometry [34], as it further 
investigated the potential for clinical translation [26]. 
We employed 21 wavelengths, a practice that has 
been shown to increase the spectral unmixing 
accuracy over systems using a small number of 
wavelengths [28, 30]. Even though there are only 2 
basic unknowns in the spectral un-mixing problem of 
oxygenated and deoxygenated hemoglobin, small 
measurement errors and noise bias the results 
obtained when using only 2 or 3 measurements. 
However, the solution is significantly stabilized with 
a larger number of wavelengths. A potential further 

step would be to increase the spectral window 
scanned and also unmix the water and fat 
contributions of tissue, possibly as additional 
theranostic parameters.  

Furthermore, the study revealed another 
unknown potential role of the optoacoustic method, 
i.e., its use in a theranostic approach in which the 
nano-second pulsed laser illumination serves not only 
as the inductor of diagnostic images and SO2 
monitoring but also as the inductor of the VTP by 
activating the photosensitizer instead of the 
commonly used CW irradiation at single wavelength. 
Our study confirmed the ability of the multispectral 
pulsed laser to activate the photosensitizer at similar 
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efficiency as the continuous wave applied laser when 
compensated by power. In such mode, MSOT could 
provide real-time monitoring of treatment effects and 
possibly lead to steering treatment parameters. In fact, 
preclinical studies have reported high peak pulsed 
laser illumination to even be superior to the 
continuous wave irradiation with regard to the 
resulting effect of the PDT [35, 36]. We found the CW 
illumination merely to be superior to the pulsed laser 
in the activation and degradation of the 
photosensitizer at very small light doses, surrogating 
the cumulative effect of the high peak power pulses 
on activation with increasing light dose. In vivo, we 

found the pulsed laser source of MSOT (~200 
mW/cm2 at 10 Hz frame rate for 5 min resulting in 60 
J/cm2 light dose in total) to induce a comparable 
treatment effect in half the time as continuous wave 
irradiation at single wavelength (150 mW/cm2 for 10 
min resulting in 90 J/cm2 light dose in total). Thus, as 
part of our preliminary results, the MSOT source 
multispectral pulsed laser illumination was found to 
be at least as efficient as CW in activating the 
photosensitizer and inducing VTP. With intrinsic 
abilities to also monitor temperature effects, the 
optoacoustic method could be important for further 
advancement of VTP. 

 

 
Figure 5. Efficiency of CW, pulsed at single wavelength and multispectral pulsed laser illumination. A. Light doses greater than 3 J/cm2 by single 
wavelength (750 nm) CW and pulsed laser illumination were similarly efficient in activating WST11 as indicated by APF fluorescence relative to baseline. Light dose 
greater than 12 J/cm2 led to a corresponding similar degree of photodegradation of WST11 as indicated by its loss in optical density (OD) at 750 nm. Merely at small 
doses of light the effect on the WST11 activation as well as its photodegradation were significantly more profound by the use of the CW illumination. B. Illumination 
by multispectral pulsed laser (tuned from 700 nm to 800 nm in 10 nm steps) powered ≥146 mW/cm2 across wavelengths could also efficiently activate WST11. Using 
even higher power allowed the time to reach the maximum APF fluorescence indicative of hROS production to be cut in half (ns = non significant; * = p < 0.01).  
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Figure 6. Theranostic approach by MSOT. A. MSOT illumination with the use of the diagnostic illumination parameters induced VTP after the injection of 
WST11 and led to a reduction in oxygen saturation comparable to the WST11-VTP group of mice treated with an external continuous wave laser illumination device 
at 753 nm. B. After the observation course of 24 h, histological examination confirmed destruction of a large uninterrupted region in the tumor center, also 
comparable in extent to the effect that was observed by continuous wave CW laser illumination. 

 
Our study had a number of limitations. As the 

study is based on the optoacoustic contrast of 
oxygenated and deoxygenated hemoglobin and 
calculation of the oxygenation saturation thereof, it is 
limited in providing reliable oxygenation saturation 
values in ROIs that do not contain hemoglobin, such 
as necrotic tissues. However, these areas can be 
identified by the lack of signal on the images, a 
practice that could become useful in clinical MSOT 
application. Moreover, due to fast-imaging, induction 
of necrosis can also be seen as a relative signal over 
baseline. Progress in the development of a 
spectroscopic pump-probe method to enable the 
optoacoustic determination of the oxygen content in 
avascular tumor tissue may also be useful in 
potentially overcoming this issue [37]. In addition, 
SO2 values were calculated herein as percent changes 
over baseline. It was recently shown that non-linear 
unmixing [27] may further improve the quantification 
accuracy and lead to absolute SO2 characterization. 
Another aspect that requires attention is the need to 
further investigate the theranostic potential of MSOT 
for PDT, exploiting different MSOT illumination 
paradigms than merely the one presented here in 
vivo, to determine the optimal and most efficient 

setting for activating the photosensitizer. In PDT 
approaches that are based on long half-life 
photosensitizing agents that slowly accumulate in the 
target tumor tissue, premature activation of the 
photosensitizer may cause side effects. However, in 
VTP with the intravascular content of the drug in 
tumor vessels being the target tissue as is the case in 
this study, those effects can be considered negligible. 
Lastly, while the findings were demonstrated as an 
investigative pilot study herein, clinical applications 
and a larger number of subjects can now be planned, 
following the demonstration of feasibility and proof 
of concept herein. Multispectral optoacoustic 
endoscopes are underway [38, 39] as a prerequisite to 
enable the clinical translation of theranostic 
approaches targeting organs exceeding the maximum 
penetration depth of transcutaneously applied MSOT. 
This may include the potential ablation of kidney, 
liver or pancreatic cancer and cancers in endoluminal 
cavities.  

Overall, handheld MSOT was shown to be 
appropriate for non-invasively monitoring the 
treatment effects of VTP without the need of 
additional contrast agents. By providing information 
of time-dynamics and spatial extent, the method can 
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be employed in understanding treatment effects, 
optimizing PDT-agent performance and illumination 
parameters and possibly serve as a means of 
achieving real-time monitoring and theranostic 
applications in the future.  
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ROI: region of interest; FOV: field of view; CW: 
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