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ABSTRACT

The development of tumor-targeted probes that can efficiently reach cancerous
tissue is an important focus of preclinical research. Photothermal cancer therapy (PTT)
relies on light-absorbing molecules, which are directed towards tumor tissue and
irradiated with an external source of light. This light is transformed into heat, causing
localized hyperthermia and tumor death. The fluorescent probe indocyanine green
(ICG) is already used as an imaging agent both preclinically and in clinical settings,
but its use for PTT is yet to be fully exploited due to its short retention time and
non-specific tumor targeting. Therefore, increasing ICG tumor uptake is necessary to
improve treatment outcome. The urokinase-type plasminogen activator receptor, uPAR,
is overexpressed in multiple tumor types. ICG-Glu-Glu-AE105, consisting of the uPAR-
targeting peptide AE105 conjugated to ICG, has shown great potential for fluorescence-
guided surgery. In this study, ICG-Glu-Glu-AE105 was evaluated as photothermal
agent in a subcutaneous mouse model of human glioblastoma. We observed that the
photothermal abilities of ICG-Glu-Glu-AE105 triggered high temperatures in the tumor
during PTT, leading to tumor death and prolonged survival. This confirms the potential
of ICG-Glu-Glu-AE105 as photothermal agent and indicates that it could be used as an
add-on to the application of the probe for fluorescence-guided surgery.

INTRODUCTION

The development of new and more efficient ways to
induce localized tumor death without damaging healthy
tissue is still a need in cancer treatment and management.
For this, photothermal cancer therapy (PTT) holds great
potential; this therapy relies on photoabsorbing molecules,
which are directed towards tumor tissue, and are able to
transform the near-infrared (NIR) light they are irradiated
with into heat, causing highly localized tumor death
through hyperthermia [1, 2]. At present, the most efficient
photothermal agents are metallic nanoparticles, which
present the disadvantage that they are non-biodegradable,
and therefore remain in the body for long periods of time
[3]. Currently, other molecules with photothermal abilities
are being investigated. This includes indocyanine green
(ICG), a fluorophore that is FDA approved for determining

cardiac output, liver blood flow and hepatic function as
well as ophthalmic angiography [4, 5]. Additionally, it is
currently also being tested in clinical trials as a probe for
fluorescence-guided surgery [6]. The properties of ICG
have been studied preclinically, but a short circulation
and retention time in tumor tissue are considerable
limitations to the use of ICG as a photothermal agent
[7-9]. As a higher degree of tumor retention of ICG would
improve treatment outcome, some studies have focused
on achieving a more specific tumor accumulation of ICG
by using an ICG-loaded nanocarrier or by linking the
fluorophore to a molecule targeting tumor components
[10-12].

Many tumors express high levels of the urokinase-
type plasminogen activator receptor (uPAR). When uPA
binds to uPAR, a proteolytic cascade is initiated and leads
to the destruction of extracellular matrix components.
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Apart from regulating proteolysis of uPA, uPAR has been
studied as a promising therapeutic target in cancer due
to its ability to activate multiple intracellular signaling
pathways leading to cell adhesion, proliferation and
migration. uPAR also plays a role in regulating cancer
cell dormancy and angiogenesis [13, 14]. Importantly,
overexpression of uPAR is associated with a more invasive
and aggressive cancer progression [15].

In this study, we investigated the potential of ICG-
Glu-Glu-AE105 for image-guided photothermal cancer
therapy in a subcutaneous xenograft mouse model of
human glioblastoma. AE105 is a small peptide that acts
as a UPAR agonist, and together with ICG, constitutes
a fluorescent probe that targets uPAR-expressing tumor
cells and at the same time can be followed throughout the
body with fluorescence imaging techniques. The imaging
properties of ICG-Glu-Glu-AE105 have already been
described in preclinical studies, and have also shown
potential for intra-operative optical imaging [16]. Mice
bearing human glioblastoma U-87 MG tumors have
previously shown tumor accumulation of AE105 [16-18].
Thus, we hypothesized that ICG-Glu-Glu-AE105 could
potentially be an effective photothermal agent, and ICG-
Glu-Glu-AE105-based PTT could therefore be used as an
adjunct to image-guided surgery with the same compound.

RESULTS

Photothermal abilities of ICG-Glu-Glu-AE105 in
vitro

In order to test the ability of ICG-Glu-Glu-
AE105 (Figure 1A) to heat under NIR light, different
concentrations of the compound in a 1-mL solution
were placed in a plastic cuvette under a laser beam, at an
intensity of 2 W/cm? (Figure 1B). The samples were then
irradiated for five minutes and the maximum temperatures
recorded with a FLIR (forward-looking infrared) camera
(Figure 1C and 1D).

Additionally, the same molar concentrations of ICG
in its non-conjugated form were also irradiated in solution
(i.e., equal number of ICG moles for both ICG-Glu-Glu-
AE105 and unconjugated ICG, Figure 1E), in order to
confirm that the conjugation process did not hinder the heat
generation abilities of ICG. As it can be observed in Figures
1D and 1E, ICG-Glu-Glu-AE105 and ICG alone followed
similar heating patterns, and a temperature of around 80°C
was reached for the highest concentration tested (228
nmol). However, it was observed that the heat was mainly
localized at the top of the sample and not evenly distributed
throughout the solution (Figure 1C). This phenomenon has
previously been described by Hogan et al., who showed that
when the solution is too dense, photons cannot penetrate
deeper into the solution and the light interacts mainly at
the surface of the sample [19]. As for a concentration of 46
nmol, heat generation followed a slower pace but maximum

temperatures of up to 60°C were reached for both conjugated
and unconjugated forms, and the heat distribution was more
homogeneous. Finally, lower concentrations of ICG such as
23 and 12 nmol showed earlier peaks and lower maximum
temperatures (just below 50°C for 23 nmol and around
38°C for 12 nmol). An important detail observed was the
temperature decrease after reaching a certain peak, most
likely due to the irreversible degradation of ICG, which
impedes heat generation [20].

uPAR expression in U-87 MG.luc2 cells and
ICG-Glu-Glu-AE105 accumulation in vivo

After confirming the ability of ICG-Glu-Glu-AE105
to heat in vitro, we proceeded to test the accumulation
of the compound in a subcutaneous xenograft mouse
model of glioblastoma, using U-87 MG.luc2 cells. First,
the expression of uPAR in the U-87 MG.luc2 cells was
confirmed by flow cytometry. As shown in Figure 2C,
there was a clear shift in fluorescence between the isotype
control and the uPAR-stained sample, which underlines
that U-87 MG.luc2 cells express uPAR (81% of the cells
in the analysis were positive for uPAR).

Next, mice bearing 300 or 600 mm? U-87MG.luc2
tumors were divided into groups (7 = 3—5 per group) and
injected with either 46 or 23 nmol of ICG-Glu-Glu-AE105
in 0.2 mL intravenously. To quantify the accumulation
of the ICG-linked agent in the tumor at different time
points, the animals were scanned with the Fluobeam®800
NIR-camera. In Figure 2A, it is possible to observe that
the accumulation of ICG-Glu-Glu-AE105 was highly
localized in the tumor, and it reached a peak at around
four hours after injection (Figure 2B). As expected, a
higher concentration of ICG-Glu-Glu-AE105 resulted in
higher levels of accumulation. Interestingly, there were
no size-dependent differences in ICG-Glu-Glu-AE105
accumulation for the two tumor volumes included in the
study. For future reference, 300 mm® was the tumor size
chosen for the subsequent in vivo studies.

In order to confirm the tumor specific uptake of
ICG-Glu-Glu-AE105, unconjugated ICG (46 nmol) was
also studied in the tumors at different timepoints. In this
group of mice, no significant tumor uptake was observed.
Overall, this confirmed that the AE105 peptide allows for
a specific accumulation of the probe in the tumor and that
much higher concentrations of unconjugated ICG would
be needed to obtain a significant uptake.

Testing the ability of ICG-Glu-Glu-AE105 to
ablate tumors in vivo

After deciding on dose (46 nmol) and treatment
timepoint (four hours after injection of the probe),
different groups of mice were set up in order to test the
feasibility of ICG-Glu-Glu-AE105 as a photothermal
agent, capable of specifically ablating tumors in vivo.
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For this, mice were inoculated subcutaneously (s.c.)
with U-87 MG.luc2 cells. The bioluminescent signal,
detected when the reactive luciferin was injected and
oxidized by the enzyme luciferase, served as a way to
determine treatment effect and follow tumor growth. When
tumors reached ~300 mm?, five groups were set up; ICG-
Glu-Glu-AE105 + PTT group (n = 6, ICG-Glu-Glu-AE105
injection and laser treatment), ICG + PTT group (n = 4,
unconjugated ICG injection and laser treatment), saline +
PTT group (n = 4, saline injection and laser treatment),
ICG-Glu-Glu-AE105 group (n = 5, ICG-Glu-Glu-AE105
injection but no laser treatment) and a control group

HO

(n =4, no treatment). The timeline for the experiments is
shown in Figure 3A. First, all mice underwent a baseline
bioluminescence scan (day -1), and the following day (day
0) they were injected with either ICG-Glu-Glu-AE105,
ICG alone or saline. Approximately four hours later,
animals receiving PTT were irradiated for five minutes
with NIR light at 2 W/cm?, and the temperatures on
tumor surface were measured with a FLIR camera. Non-
irradiated mice (ICG-Glu-Glu-AE105 and control groups)
were placed on the treatment platform for five minutes
with the laser turned off. Animals injected with ICG-
Glu-Glu-AE105 were imaged with the Fluobeam®800
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Figure 1: In vitro heating of ICG-Glu-Glu-AE105 and unconjugated ICG solutions. (A) ICG-Glu-Glu-AE105 structure. (B)
Graphic representation of the NIR laser pointing towards the cuvette containing the solution. The NIR camera takes pictures from the front
of the cuvette. (C) Representative images from the FLIR camera showing the distribution of heat in the cuvette at different concentrations of
ICG in an ICG-Glu-Glu-AE105 solution. (D) Temperature increase during irradiation in the ICG-Glu-Glu-AE105 solution. (E) Temperature
increase of the ICG solution. Laser intensity of 2 W/cm? for five minutes and n = 3. Data shown is mean + SEM. (standard error of the mean).
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NIR-camera before and after PTT or sham treatment.
Additionally, all mice underwent bioluminescence
imaging post-treatment, followed by a scan every other
day after treatment until the tumors reached 1,000 mm?®
(humane endpoint).

When tumors from the ICG-Glu-Glu-AE105 + PTT
group were irradiated, surface temperatures increased at a
quick pace and after five minutes the highest temperature
reached was around 52°C, compared to around 45°C for
ICG + PTT and saline + PTT groups, which most likely
reflects unspecific heating caused by the laser per se (Figure
3B and 3C). The significantly higher temperatures reached
by the ICG-Glu-Glu-AE105 + PTT group compared to the
unconjugated ICG + PTT group are an effect of the high

specificity of ICG-Glu-Glu-AE105 in the tumor, resulting
in significant tumor death through localized heating. As
expected, non-treated ICG-Glu-Glu-AE105 and control
tumors did not show any change in temperature over time.

The high temperatures reached by the ICG-Glu-
Glu-AE105 + PTT group correlate with the delay in tumor
growth that the group presented when compared to all the
other groups (Figure 4A—4E). Accordingly, survival was
improved, and one mouse even experienced complete
tumor disappearance three weeks after therapy with no
recurrence up until day 60 after PTT, when the study
was terminated (Figure 4F). No significant differences
in tumor growth or survival were detected between the
different control groups. The median survival was 13.5
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Figure 2: Accumulation of ICG-Glu-Glu-AE105 and unconjugated ICG in subcutaneous U-87 MG.luc2 tumors and
uPAR expression in vitro. (A) Representative images obtained with the Fluobeam®800 NIR-camera of ICG-Glu-Glu-AE105 (in
300 mm® tumors) and ICG (in 600 mm?® tumors) accumulation at different time points. ICG-Glu-Glu-AE105 uptake in 600m*® tumors
followed the same pattern as in 300 mm?® tumors. (B) Fluorescence signal emitted by the ICG molecules in either ICG-Glu-Glu-AE105 or
unconjugated ICG throughout time, at different concentrations and tumor sizes. Data shown is mean + SEM. (C) uPAR expression in vitro
in U-87 MG.luc2 cells studied by flow cytometry. [sotype control is represented in gray, and the sample stained with PE anti-uPAR antibody
in blue. 81% of the stained cells were positive for uPAR.
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days for ICG-Glu-Glu-AE105 group and 10 days for the
ICG group, and the hazard ratio (HR) of ICG-Glu-Glu-
AEI105 vs. ICG group was 0.28 (95% CI=0.051-1.5; p =
0.0115). As for all the other groups, median survival was 6
days for the saline group (HR for ICG-Glu-Glu-AE105 vs.
saline group of 0.22, 95% CI = 0.035-1.37; p = 0.0013),
8 days for the sham group (HR for ICG-Glu-Glu-AE105
vs. sham group of 0.32, 95% CI = 0.075-1.36; p = 0.0265)
and 9 days for the control group (HR for ICG-Glu-Glu-
AE105 vs. control group of 0.26, 95% CI = 0.046-1.47,;
p=0.0097).

In line with these results, the bioluminescence
imaging after treatment showed a reduced signal for
the ICG-Glu-Glu-AE105 + PTT group due to tumor
death caused by PTT (Figure 5SA). This low signal was
maintained throughout the study and stayed significantly
lower than in all the other groups (Figure 5B).

Fluorescence scans were performed to confirm the
ICG degradation in the ICG-Glu-Glu-AE105 molecules
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in vitro. As expected, the fluorescence signal in the
tumor for the ICG-Glu-Glu-AE105 + PTT group was
reduced significantly after PTT, which did not happen
for non-irradiated ICG-Glu-Glu-AE105-bearing tumors
(Figure 5C).

Finally, tumors from mice receiving the different
treatments (n = 2) were resected at day 2 (after PTT) and
H&E stained to confirm changes in tumor morphology
due to treatment ex vivo (Figure 5D). As expected, ICG-
Glu-Glu-AE105 + PTT mice showed a high degree of
cell death when compared to all the other groups, which
presented completely viable tissue throughout the entire
tumor, thereby not showing any treatment effect.

DISCUSSION

Indocyanine green (ICG), an FDA approved
fluorophore that has been widely used for NIR imaging,
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Figure 3: ICG-Glu-Glu-AE105 as photothermal agent in vivo. (A) Depicts the study timeline. Animals underwent a
bioluminescence baseline scan one day before PTT, when tumors reached around 300 mm?®, and were divided into groups. On day 0,
animals were injected with ICG-Glu-Glu-AE105, ICG, or saline four hours before PTT. Animals bearing ICG-Glu-Glu-AE105 were also
fluorescence-scanned before and after PTT. Afterwards, animals were scanned for bioluminescence every other day until tumors reached
~1000 mm®. (B) Representative FLIR images from the different groups (ICG-Glu-Glu-AE105 + PTT; n = 6, ICG + PTT, n = 4, Saline +
PTT; n = 4, ICG-Glu-Glu-AE105; n = 5 and Control; n = 4) during laser irradiation at 2 W/cm?. (C) Temperatures reached on the tumor
surface at different timepoints for the different groups during PTT. Data shown is mean + SEM.
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could potentially also be applied as a photothermal agent.
However, the use of ICG for PTT has been limited due to
its rapid clearance from the body and non-specific tumor
targeting [12, 21]. To overcome these limitations, new
strategies based on novel ICG-conjugated nanoparticles
have been developed in order to increase the ICG
concentration in the tumor. For instance, ICG-loaded
self-assembled hyaluronic acid nanoparticles were able to
enhance intraoperative contrast and increase the number
of complete breast tumor resections [22, 23]. Additionally,
liposomal formulations of ICG were able to maximize
its photothermal effect, and allowed for photothermal
treatment monitored by NIR fluorescence-based imaging
[24]. However, many of these platforms rely on passive
accumulation, e.g., through enhanced permeability and
retention (EPR), to reach the tumor, and many inorganic
nanoparticle-based systems can have long retention

>
w

1500+

times and limited body clearance of potentially toxic
nanoparticle components [25, 26].

uPAR is a receptor known to be overexpressed in
multiple tumor types and is therefore a promising target
for anti-cancer therapy [13, 16, 27]. AE105 is a small
peptide that binds to uPAR and has previously been
used for imaging and targeted therapy [18, 28, 29]. The
strong uPAR expression at the invasive tumor front and
surrounding stroma makes it highly interesting for guided
tumor resection, and more recently the fluorescent probe
composed of ICG and AE105, ICG-Glu-Glu-AE105, has
been applied for fluorescence-guided surgery [30, 31].
In studies using mice bearing xenograft tumors, a high
tumor-to-background ratio of ICG-Glu-Glu-AE105 was
observed, and the fluorescent probe showed its potential
to improve surgical outcome [16, 31, 32]. Based on these
findings, a first-in-humans clinical trial using ICG-Glu-
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Figure 4: Tumor growth and survival after ICG-Glu-Glu-AE105-based PTT. (A-E) Growth curves from the ICG-Glu-Glu-
AE105 + PTT (n = 6), ICG + PTT (n = 4), Saline + PTT (n = 4), ICG-Glu-Glu-AE105 (n = 5) and Control (n = 4) groups respectively.
Curves stopped on day 29 as only one ICG-Glu-Glu-AE105 +PTT mouse was left. (F) Survival curves for the different groups. When
comparing survival curves between the ICG-Glu-Glu-AE105 + PTT group and the different control groups, "denotes p value < 0.05 and

“denotes p value < 0.01.
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Glu-AE105 for image-guided surgery in brain cancer
patients was recently initiated (EudraCT: 2020-003089-
38). In addition to guiding surgery, this tumor-delineating
expression profile also makes uPAR interesting for
targeted ablation. Therefore, we wanted to test the ability
of ICG-Glu-Glu-AE105 as a photothermal agent. We
found a high increase in tumor temperature when ICG-
Glu-Glu-AE105-based PTT was performed in a uPAR-
expressing mouse tumor model, which also resulted in
a delay in tumor growth. One mouse even experienced
complete tumor disappearance, sustained until day 60
when the study was terminated. In addition, this effect
was achieved by treating animals as early as four hours
after injection of the probe, and the ICG-Glu-Glu-AE105
uptake remained stable in the tumor for a longer period of
time than when injecting unconjugated ICG. Much higher
doses of the unconjugated form would be needed in order
get a comparable outcome [33]. The effect of the treatment
on the group receiving ICG-Glu-Glu-AE105-based PTT
also resulted in a decrease in bioluminescent signal due
to the laser-induced cell death, and a significant degree
of tissue damage was observed through H&E staining. In
contrast, we found no effect on tumor growth in any of
the control groups. This also applied for the group of mice
treated with unconjugated ICG and PTT, and indicates a
potential advantage of applying the targeted approach for
ICG delivery to the tumor.

For proof-of-concept, the experiments were
performed in subcutaneous tumors with a volume of
around 300 mm?®. The results presented here show the
feasibility of ICG-Glu-Glu-AE105 as a probe for PTT, a
potential add-on to its applicability as a promising imaging
agent for fluorescence-guided surgery. Further studies are
needed to validate the probe for this application, but it is
our hope that ICG-Glu-Glu-AE105-based PTT could serve
as an adjuvant method applied during fluorescence-guided
surgery to improve clinical outcome.

MATERIALS AND METHODS

Materials

The peptide AE105 was conjugated to ICG by ABX
(Radeberg, Germany) [16, 34].

In vitro experiments

The ability of ICG to generate high temperatures
when irradiated with NIR light was measured in vitro.
Different concentrations (228, 46, 23 and 12 nmol) of
unconjugated ICG and ICG-Glu-Glu-AE105 in solution
(2-hydroxypropyl)-B-cyclodextrin, HBC, in water and 2%
DMSO) were placed in a plastic cuvette under an 807-nm
laser beam (beam diameter of ~1 cm). The samples were
irradiated for five minutes at 2 W/cm? and the temperature

was monitored real-time with a thermal camera (FLIR
T-440 camera), taking images every 30 seconds. The
images were analyzed using the FLIR tools software.

Cell line and animal model

The animal experiments were performed under a
protocol approved by the Danish Animal Welfare Council,
Ministry of Justice (2016-15-0201-00920). For the in vivo
studies, U-87 MG.luc2 cells were cultured in Dulbecco’s
modified eagle medium supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin (Thermo
Fisher Scientific) at 37°C and in 5% CO,. When cells
reached ~70% confluence, they were harvested and 2—-3
x 109 cells in 100 pl of PBS were inoculated into the left
flank of NMRI nude female mice (Janvier Labs, France).
Animals were left to grow tumors until they reached ~300
mm?®. From then on, tumors were measured every other
day with the use of a caliper, and tumor volume calculated
through the formula: (length x width?) x 0.5. When tumors
reached ~1,000 mm?, animals were euthanized.

Flow cytometry

Flow cytometry was performed to confirm uPAR
expression in U-87 MG.luc2 cells. When cells reached
~70% confluence, they were harvested with non-
enzymatic cell dissociation buffer (Thermo Scientific)
and washed in PBS buffer. Afterwards, cells were stained
with Viability Dye (eBioscience, California, USA) and
incubated with FC block in flow cytometry staining buffer
(0.5% BSA, 0.1% Sodiumazide and 2 mM EDTA in PBS)
to decrease non-specific binding. Then, they were stained
with either a PE anti-human CD87 (uPAR) antibody
(#555768, BD Biosciences, California, USA) or a PE
IgG1 isotype control (#555749, BD Biosciences) for 30
min at 4°C. The samples were run in a BD LSRFortessa™
cell analyzer (BD Biosciences) and the results analyzed
within the FlowJo software v.10.6.

ICG-Glu-Glu-AE105 accumulation in vivo

Animals were injected intravenously with either
ICG-Glu-Glu-AE105 (23 or 46 nmol; 0.25 mg/mL
and 0.5 mg/mL respectively) or ICG alone (46 nmol;
0.18 mg/mL) in 200 pl of 0.2 g/mL HBC in water and
2% DMSO. The mice (n = 3—5 per group) were then
imaged with the Fluobeam®800 NIR-camera (Fluoptics,
Grenoble, France) at different time points (1, 2, 3, 4, 6,
8, 15 and 24 h). For this, they were placed below the
optical beam while kept under anesthesia by breathing
4% sevoflurane. Images were analyzed within the ImageJ
software, where regions of interest (ROIs) were manually
drawn on the tumors and extracted as fluorescence signal
(arbitrary units).
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In vivo PTT

When tumors reached 300 mm?, mice were divided
into 5 groups: ICG-Glu-Glu-AE105 + PTT group (mice
injected with 46 nmol ICG-Glu-Glu-AE105 four hours
before PTT, n = 6); ICG + PTT group (mice injected with
46 nmol of unconjugated ICG four hours before PTT,
n=4); Saline + PTT group (mice injected with saline four
hours before PTT, n = 4); ICG-Glu-Glu-AE105 group
(mice injected with 46 nmol ICG-Glu-Glu-AE105 and no
PTT, n = 5) and a control group (no injection, no PTT,
n = 4). Animals were given analgesia (buprenorphine,
0.3 mg/ml) right before the laser treatment and every
6 to 8 hours until deemed necessary. For PTT, animals
were anesthetized by breathing 4% sevoflurane, placed on
the treatment platform and had the tumors irradiated for
five minutes at a laser intensity of 2 W/cm?. The tumors
were swabbed with glycerol, an index-matching agent,
prior to the laser treatment to facilitate light penetration
[35-38]. The temperatures reached on the tumor surface
were recorded with a thermal camera, as described for the
in vitro experiments. Animals that did not undergo PTT
(control and sham groups) were placed on the treatment
platform to mimic the process.

Bioluminescence and fluorescence imaging

Animals were scanned for bioluminescence
using the IVIS Lumina XR (Caliper life Sciences,
Hopkinton, CA, USA) a day before PTT (day -1), on
PTT day (day 0) and afterwards every other day until
endpoints were reached. For this, mice were injected
with luciferin intraperitoneally (5 pul/mg of body weight,
at a concentration of 150 mg/mL) ten minutes before the
scan. Animals were then anesthetized and placed in the
prone position. The bioluminescent signal was quantified
within the acquisition software Living Image (Caliper Life
Sciences, Hopkinton, CA, USA) by drawing ROIs on the
tumors and obtaining the photon flux (photons/s/cm?).

The fluorescence scans were performed to detect
ICG signal before and after PTT using the Fluobeam®800
NIR-camera as described for the accumulation study.

Histological analysis

Tumors were resected from n = 2 mice per group
two days after PTT. Tumors were fixated in formaldehyde
overnight, and afterwards conserved in ethanol for their later
embedding in paraffin. To perform the histology experiments,
tumors were cut into 4 pum slices in a microtome (Thermo
Scientific Rotary Microtome Microm HM355S). The tissue
slides were left to dry for at least 1.5 hours, and then heated
first at 40 and afterwards at 60°C. Following, slides were
submerged in HistoClear solution to achieve deparaffinization
and rehydrated in a series of ethanol to water. For H&E
staining, the tissue slides were stained in hematoxylin for

five minutes, rinsed and stained with eosin for three minutes.
Sections were scanned on Zeiss Axio Scan.Z1.

Statistics and data analysis

The Kaplan-Meier method was used to create the
survival curves, and they were compared through the
log-rank test. The fluorescence emitted by ICG before
and after PTT was compared using a paired #-test. The
data was plotted in Prism7 and shown as mean + SEM
(standard error of the mean).

Author contributions

M.S., J.T.J., K.J. and A.K. designed the experiments.
M.S. performed the experiments and analyzed the data.
M.S. and J.T.J. drafted the first version of the manuscript.
AK. supervised the research. All authors critically
reviewed, edited and approved the final version of the
manuscript.

ACKNOWLEDGMENTS

We acknowledge the Core Facility for Integrated
Microscopy, Faculty of Health and Medical Sciences,
University of Copenhagen.

CONFLICTS OF INTEREST

K.J. is an industrial postdoc employed by FluoGuide
that seeks to commercialize the ICG-Glu-Glu-AE105
technology. A.K. is an inventor on a patent covering ICG-
Glu-Glu-AE105 and a co-founder of FluoGuide.

FUNDING

This project received funding from the European
Union’s Horizon 2020 research and innovation
programme under grant agreements no. 670261 (ERC
Advanced Grant) and 668532 (Click-It), the Lundbeck
Foundation, the Novo Nordisk Foundation, the Innovation
Fund Denmark, the Danish Cancer Society, Arvid
Nilsson Foundation, the Neye Foundation, the Research
Foundation of Rigshospitalet, the Danish National
Research Foundation (grant 126), the Research Council
of the Capital Region of Denmark, the Danish Health
Authority, the John and Birthe Meyer Foundation and
Research Council for Independent Research. Andreas
Kjaer is a Lundbeck Foundation Professor.

REFERENCES

1. Chatterjee DK, Diagaradjane P, Krishnan S. Nanoparticle-
mediated hyperthermia in cancer therapy. Ther Deliv. 2011;
2:1001-14. https://doi.org/10.4155/tde.11.72. [PubMed]

www.oncotarget.com

1374

Oncotarget


https://doi.org/10.4155/tde.11.72
https://pubmed.ncbi.nlm.nih.gov/22506095

10.

11.

12.

13.

Riley RS, Day ES. Gold
photothermal therapy: applications and opportunities

nanoparticle-mediated

for multimodal cancer treatment. Wiley Interdiscip Rev
Nanomed Nanobiotechnol. 2017; 9:e1449. https://doi.
org/10.1002/wnan.1449. [PubMed]

Jaque D, Martinez Maestro L, del Rosal B, Haro-Gonzalez
P, Benayas A, Plaza JL, Martin Rodriguez E, Garcia Solé J.
Nanoparticles for photothermal therapies. Nanoscale. 2014;
6:9494-530. https://doi.org/10.1039/c4nr00708e. [PubMed]
Staurenghi G, Bottoni F, Giani A. Chapter 2 - Clinical
Applications of Diagnostic Indocyanine Green Angiography.
Retina (Fifth Edition). 2013; 1:51-81. https:/doi.
org/10.1016/B978-1-4557-0737-9.00002-3.

Zhou J, Yang F, Jiang G, Wang J. Applications of

indocyanine green based near-infrared fluorescence imaging
in thoracic surgery. J Thorac Dis. 2016; 8:S738-43. https:/
doi.org/10.21037/jtd.2016.09.49. [PubMed]

Barth CW, Gibbs SL. Fluorescence Image-Guided Surgery
- a Perspective on Contrast Agent Development. Proc
SPIE Int Soc Opt Eng. 2020; 11222:112220J. https://doi.
org/10.1117/12.2545292. [PubMed]

Yaseen MA, Yu J, Jung B, Wong MS, Anvari B.
Biodistribution of encapsulated indocyanine green in
healthy mice. Mol Pharm. 2009; 6:1321-32. https://doi.
org/10.1021/mp800270t. [PubMed]

. Zheng X, Zhou F, Wu B, Chen WR, Xing D. Enhanced

tumor treatment using biofunctional indocyanine green-
containing nanostructure by intratumoral or intravenous
injection. Mol Pharm. 2012; 9:514-22. https://doi.
org/10.1021/mp200526m. [PubMed]

Olson MT, Ly QP, Mohs AM. Fluorescence Guidance
in Surgical Oncology: Challenges, Opportunities, and
Translation. Mol Imaging Biol. 2019; 21:200-18. https://
doi.org/10.1007/s11307-018-1239-2. [PubMed]

Wang Y, Xie Y, Li J, Peng ZH, Sheinin Y, Zhou J, Oupicky
Enhanced
Anticancer Activity of Combined Photodynamic and
Hypoxia-Activated Therapy. ACS Nano. 2017; 11:2227-38.
https://doi.org/10.1021/acsnano.6b08731. [PubMed]

Zhu L, Li P, Gao D, Liu J, Liu Y, Sun C, Xu M, Chen X,
Sheng Z, Wang R, Yuan Z, Cai L, Ma Y, Zhao Q. pH-
sensitive loaded retinal/indocyanine green micelles as an

D. Tumor-Penetrating Nanoparticles for

“all-in-one” theranostic agent for multi-modal imaging in
vivo guided cellular senescence-photothermal synergistic
therapy. Chem Commun (Camb). 2019; 55:6209-12.
https://doi.org/10.1039/C9CC02567G. [PubMed]

Egloft-Juras C, Bezdetnaya L, Dolivet G, Lassalle HP.
NIR fluorescence-guided tumor surgery: new strategies for
the use of indocyanine green. Int J Nanomedicine. 2019;
14:7823-38. https://doi.org/10.2147/1IN.S207486. [PubMed]
Montuori N, Pesapane A, Rossi FW, Giudice V, De Paulis
A, Selleri C, Ragno P. Urokinase type plasminogen

activator receptor (UPAR) as a new therapeutic target in
cancer. Transl Med UniSa. 2016; 15:15-21. [PubMed]

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Li D, Liu S, Shan H, Conti P, Li Z. Urokinase plasminogen
activator receptor (UPAR) targeted nuclear imaging and
radionuclide therapy. Theranostics. 2013; 3:507—15. https:/
doi.org/10.7150/thno.5557. [PubMed]

LeBeau AM, Duriseti S, Murphy ST, Pepin F, Hann B,
Gray JW, VanBrocklin HF, Craik CS. Targeting uPAR with
antagonistic recombinant human antibodies in aggressive
breast cancer. Cancer Res. 2013; 73:2070-81. https://doi.
org/10.1158/0008-5472.CAN-12-3526. [PubMed]

Juhl K, Christensen A, Persson M, Ploug M, Kjaer A. Peptide-
Based Optical uPAR Imaging for Surgery: In Vivo Testing of
ICG-Glu-Glu-AE105. PLoS One. 2016; 11:¢0147428. https:/
doi.org/10.1371/journal.pone.0147428. [PubMed]

Sun L, Gai Y, Anderson CJ, Zeng D. Highly-efficient
and versatile fluorous-tagged Cu(l)-catalyzed azide-

alkyne cycloaddition ligand for preparing bioconjugates.
Chem Commun (Camb). 2015; 51:17072—75. https://doi.
0rg/10.1039/c5¢c06858d. [PubMed]

Persson M, Nedergaard MK, Brandt-Larsen M, Skovgaard
D, Jorgensen JT, Michaelsen SR, Madsen J, Lassen U,
Poulsen HS, Kjaer A. Urokinase-Type Plasminogen
Activator Receptor as a Potential PET Biomarker in
Glioblastoma. J Nucl Med. 2016; 57:272-78. https://doi.
org/10.2967/jnumed.115.161703. [PubMed]

Hogan NJ, Urban AS, Ayala-Orozco C, Pimpinelli A,
Nordlander P, Halas NJ. Nanoparticles heat through light
localization. Nano Lett. 2014; 14:4640-45. https://doi.
0rg/10.1021/n15016975. [PubMed]

Wang YG, Kim H, Mun S, Kim D, Choi Y. Indocyanine
green-loaded perfluorocarbon nanoemulsions for bimodal

(19)F-magnetic  resonance/nearinfrared  fluorescence
imaging and subsequent phototherapy. Quant Imaging Med
Surg. 2013; 3:132-40. https://doi.org/10.3978/j.issn.2223-

4292.2013.06.03. [PubMed]

Luo S, Zhang E, Su'Y, Cheng T, Shi C. A review of NIR dyes in
cancer targeting and imaging. Biomaterials. 2011; 32:7127-38.
https://doi.org/10.1016/j.biomaterials.2011.06.024. [PubMed]

Kolitz-Domb M, Grinberg I, Corem-Salkmon E, Margel S.
Engineering of near infrared fluorescent proteinoid-poly(L-

lactic acid) particles for in vivo colon cancer detection. J
Nanobiotechnology. 2014; 12:30. https://doi.org/10.1186/
$12951-014-0030-z. [PubMed]

Wojtynek NE, Olson MT, Bielecki TA, An W, Bhat AM,
Band H, Lauer SR, Silva-Lopez E, Mohs AM. Nanoparticle
Formulation of Indocyanine Green Improves Image-Guided

Surgery in a Murine Model of Breast Cancer. Mol Imaging
Biol. 2020; 22:891-903. https://doi.org/10.1007/s11307-
019-01462-y. [PubMed]

Yoon HJ, Lee HS, Lim JY, Park JH. Liposomal Indocyanine
Green for Enhanced Photothermal Therapy. ACS Appl
Mater Interfaces. 2017; 9:5683-91. https://doi.org/10.1021/
acsami.6b16801. [PubMed]

Gabizon AA, Shmeeda H, Zalipsky S. Pros and cons
of the liposome platform in cancer drug targeting.

www.oncotarget.com

1375

Oncotarget


https://doi.org/10.1002/wnan.1449
https://doi.org/10.1002/wnan.1449
https://pubmed.ncbi.nlm.nih.gov/28160445
https://doi.org/10.1039/c4nr00708e
https://pubmed.ncbi.nlm.nih.gov/25030381
https://doi.org/10.1016/B978-1-4557-0737-9.00002-3
https://doi.org/10.1016/B978-1-4557-0737-9.00002-3
https://doi.org/10.21037/jtd.2016.09.49
https://doi.org/10.21037/jtd.2016.09.49
https://pubmed.ncbi.nlm.nih.gov/28066677
https://doi.org/10.1117/12.2545292
https://doi.org/10.1117/12.2545292
https://pubmed.ncbi.nlm.nih.gov/32255887
https://doi.org/10.1021/mp800270t
https://doi.org/10.1021/mp800270t
https://pubmed.ncbi.nlm.nih.gov/19799463
https://doi.org/10.1021/mp200526m
https://doi.org/10.1021/mp200526m
https://pubmed.ncbi.nlm.nih.gov/22332810
https://doi.org/10.1007/s11307-018-1239-2
https://doi.org/10.1007/s11307-018-1239-2
https://pubmed.ncbi.nlm.nih.gov/29942988
https://doi.org/10.1021/acsnano.6b08731
https://pubmed.ncbi.nlm.nih.gov/28165223
https://doi.org/10.1039/C9CC02567G
https://pubmed.ncbi.nlm.nih.gov/31073580
https://doi.org/10.2147/IJN.S207486
https://pubmed.ncbi.nlm.nih.gov/31576126
https://pubmed.ncbi.nlm.nih.gov/27896223
https://doi.org/10.7150/thno.5557
https://doi.org/10.7150/thno.5557
https://pubmed.ncbi.nlm.nih.gov/23843898
https://doi.org/10.1158/0008-5472.CAN-12-3526
https://doi.org/10.1158/0008-5472.CAN-12-3526
https://pubmed.ncbi.nlm.nih.gov/23400595
https://doi.org/10.1371/journal.pone.0147428
https://doi.org/10.1371/journal.pone.0147428
https://pubmed.ncbi.nlm.nih.gov/26828431
https://doi.org/10.1039/c5cc06858d
https://doi.org/10.1039/c5cc06858d
https://pubmed.ncbi.nlm.nih.gov/26426419
https://doi.org/10.2967/jnumed.115.161703
https://doi.org/10.2967/jnumed.115.161703
https://pubmed.ncbi.nlm.nih.gov/26429955
https://doi.org/10.1021/nl5016975
https://doi.org/10.1021/nl5016975
https://pubmed.ncbi.nlm.nih.gov/24960442
https://doi.org/10.3978/j.issn.2223-4292.2013.06.03
https://doi.org/10.3978/j.issn.2223-4292.2013.06.03
https://pubmed.ncbi.nlm.nih.gov/23833726
https://pubmed.ncbi.nlm.nih.gov/21724249
https://doi.org/10.1186/s12951-014-0030-z
https://doi.org/10.1186/s12951-014-0030-z
https://pubmed.ncbi.nlm.nih.gov/25113279
https://doi.org/10.1007/s11307-019-01462-y
https://doi.org/10.1007/s11307-019-01462-y
https://pubmed.ncbi.nlm.nih.gov/31820350
https://doi.org/10.1021/acsami.6b16801
https://doi.org/10.1021/acsami.6b16801
https://pubmed.ncbi.nlm.nih.gov/28152314

26.

27.

28.

29.

30.

31.

32.

J Liposome Res. 2006; 16:175-83.
org/10.1080/08982100600848769. [PubMed]

Chapman S, Dobrovolskaia M, Farahani K, Goodwin
A, Joshi A, Lee H, Meade T, Pomper M, Ptak K, Rao
J, Singh R, Sridhar S, Stern S, et al. Nanoparticles for
cancer imaging: The good, the bad, and the promise.
Nano Today. 2013; 8:454—60. https://doi.org/10.1016/].
nantod.2013.06.001. [PubMed]

Mauro CD, Pesapane A, Formisano L, Rosa R, D'Amato V,
Ciciola P, Servetto A, Marciano R, Orsini RC, Monteleone

https://doi.

F, Zambrano N, Fontanini G, Servadio A, et al. Urokinase-
type plasminogen activator receptor (uUPAR) expression
enhances invasion and metastasis in RAS mutated tumors.
Sci Rep. 2017; 7:9388. https://doi.org/10.1038/s41598-017-
10062-1. [PubMed]

Persson M, Juhl K, Rasmussen P, Brandt-Larsen M, Madsen
J, Ploug M, Kjaer A. uPAR targeted radionuclide therapy
with (177)Lu-DOTA-AE105 inhibits dissemination of
metastatic prostate cancer. Mol Pharm. 2014; 11:2796-806.
https://doi.org/10.1021/mp500177¢. [PubMed]

Hu X, Mandika C, He L, You Y, Chang Y, Wang J, Chen
T, Zhu X. Construction of Urokinase-Type Plasminogen
Activator Receptor-Targeted Heterostructures for Efficient
Photothermal Chemotherapy against Cervical Cancer To
Achieve Simultaneous Anticancer and Antiangiogenesis.
ACS Appl Mater Interfaces. 2019; 11:39688-705. https://
doi.org/10.1021/acsami.9b15751. [PubMed]

Christensen A, Kiss K, Lelkaitis G, Juhl K, Persson M,
Charabi BW, Mortensen J, Forman JL, Serensen AL,
Jensen DH, Kjaer A, von Buchwald C. Urokinase-type
plasminogen activator receptor (uPAR), tissue factor (TF)
and epidermal growth factor receptor (EGFR): tumor
expression patterns and prognostic value in oral cancer.
BMC Cancer. 2017; 17:572. https://doi.org/10.1186/
s12885-017-3563-3. [PubMed]

Juhl K, Christensen A, Rubek N, Karnov KKS, von
Buchwald C, Kjaer A. Improved surgical resection of

metastatic pancreatic cancer using uPAR targeted in vivo
fluorescent guidance: comparison with traditional white
light surgery. Oncotarget. 2019; 10:6308-16. https://doi.
org/10.18632/oncotarget.27220. [PubMed]

Christensen A, Juhl K, Persson M, Charabi BW, Mortensen
J, Kiss K, Lelkaitis G, Rubek N, von Buchwald C, Kjer

33.

34.

35.

36.

37.

38.

A. uPAR-targeted optical near-infrared (NIR) fluorescence
imaging and PET for image-guided surgery in head and
neck cancer: proof-of-concept in orthotopic xenograft
model. Oncotarget. 2017; 8:15407-19. https://doi.
org/10.18632/oncotarget.14282. [PubMed]

Shirata C, Kaneko J, Inagaki Y, Kokudo T, Sato M, Kiritani
S, Akamatsu N, Arita J, Sakamoto Y, Hasegawa K, Kokudo
N. Near-infrared photothermal/photodynamic therapy with
indocyanine green induces apoptosis of hepatocellular
carcinoma cells through oxidative stress. Sci Rep. 2017;
7:13958.  https://doi.org/10.1038/s41598-017-14401-0.
[PubMed]

Ploug M, Ostergaard S, Gérdsvoll H, Kovalski K, Holst-
Hansen C, Holm A, Ossowski L, Dang K. Peptide-derived
antagonists of the urokinase receptor. affinity maturation

by combinatorial chemistry, identification of functional
epitopes, and inhibitory effect on cancer cell intravasation.
Biochemistry. 2001; 40:12157-68. https://doi.org/10.1021/
bi010662¢g. [PubMed]

Korobeinikov A, Archibasov A, Sobolev V. Multi-scale
problem in the model of RNA virus evolution. J Phys
Conf Ser. 2016; 727:012007. https://doi.org/10.1088/1742-
6596/727/1/012007. [PubMed]

Vargas G, Chan EK, Barton JK, Rylander HG 3rd, Welch
AlJ. Use of an agent to reduce scattering in skin. Lasers Surg
Med. 1999; 24:133-41. https://doi.org/10.1002/(sici)1096-
9101(1999)24:2<133::aid-1sm9>3.0.c0;2-x. [PubMed]
Simén M, Norregaard K, Jorgensen JT, Oddershede
LB, Kjaer A. Fractionated photothermal therapy in a

murine tumor model: comparison with single dose. Int J
Nanomedicine. 2019; 14:5369-79. https://doi.org/10.2147/
IJN.S205409. [PubMed]

Simon M, Jergensen JT, Norregaard K, Kjaer A. 18F-FDG
positron emission tomography and diffusion-weighted

magnetic resonance imaging for response evaluation of
nanoparticle-mediated photothermal therapy. Sci Rep. 2020;
10:7595.  https://doi.org/10.1038/s41598-020-64617-w.
[PubMed]

www.oncotarget.com

1376

Oncotarget


https://doi.org/10.1080/08982100600848769
https://doi.org/10.1080/08982100600848769
https://pubmed.ncbi.nlm.nih.gov/16952872
https://doi.org/10.1016/j.nantod.2013.06.001
https://doi.org/10.1016/j.nantod.2013.06.001
https://pubmed.ncbi.nlm.nih.gov/25419228
https://doi.org/10.1038/s41598-017-10062-1
https://doi.org/10.1038/s41598-017-10062-1
https://pubmed.ncbi.nlm.nih.gov/28839232
https://doi.org/10.1021/mp500177c
https://pubmed.ncbi.nlm.nih.gov/24955765
https://doi.org/10.1021/acsami.9b15751
https://doi.org/10.1021/acsami.9b15751
https://pubmed.ncbi.nlm.nih.gov/31588724
https://doi.org/10.1186/s12885-017-3563-3
https://doi.org/10.1186/s12885-017-3563-3
https://pubmed.ncbi.nlm.nih.gov/28841839
https://doi.org/10.18632/oncotarget.27220
https://doi.org/10.18632/oncotarget.27220
https://pubmed.ncbi.nlm.nih.gov/31695839
https://doi.org/10.18632/oncotarget.14282
https://doi.org/10.18632/oncotarget.14282
https://pubmed.ncbi.nlm.nih.gov/28039488
https://doi.org/10.1038/s41598-017-14401-0
https://pubmed.ncbi.nlm.nih.gov/29066756
https://doi.org/10.1021/bi010662g
https://doi.org/10.1021/bi010662g
https://pubmed.ncbi.nlm.nih.gov/11580291
https://doi.org/10.1088/1742-6596/727/1/012007
https://doi.org/10.1088/1742-6596/727/1/012007
https://pubmed.ncbi.nlm.nih.gov/32288778
https://doi.org/10.1002/(sici)1096-9101(1999)24:2%3C133::aid-lsm9%3E3.0.co;2-x
https://doi.org/10.1002/(sici)1096-9101(1999)24:2%3C133::aid-lsm9%3E3.0.co;2-x
https://pubmed.ncbi.nlm.nih.gov/10100651
https://doi.org/10.2147/IJN.S205409
https://doi.org/10.2147/IJN.S205409
https://pubmed.ncbi.nlm.nih.gov/31409993
https://doi.org/10.1038/s41598-020-64617-w
https://pubmed.ncbi.nlm.nih.gov/32371864

