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Abstract:

Here we report six novel, easily accessible BODIPY-based agents for cancer treatment. In
contrast to established photodynamic therapy (PDT) agents, these BODIPY-based compounds
show additional photothermal activity and their cytotoxicity is not dependent on the
generation of reactive oxygen species (ROS). The agents show high photocytotoxicity upon
irradiation with light and low dark toxicity in different cancer cell lines in 2D culture as well
as in 3D multicellular tumour spheroids (MCTSs). The ratio of dark to light toxicity (phototoxic
index, PI) of these agents reaches striking values exceeding 830’000 after irradiation with
energetically low doses of light at 630 nm. The oxygen-dependent mechanism of action (MOA)
of established photosensitizers (PSs) hampers effective clinical deployment of these agents.
Under hypoxic conditions (0.2% O:), which are known to limit the efficiency of conventional
PSs in solid tumours, a PI of 360’000 was observed, indicating an oxygen-independent
photothermal MOA. Both PI values are the highest reported to date. We anticipate that small
molecule agents with a photothermal MOA, such as BODIPY-based compounds, may
overcome this barrier and provide a new avenue to cancer therapy.
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Introduction:

In the last couple of decades, photodynamic therapy (PDT) has become a widely used
therapeutic method for the treatment of a variety of premalignant and malignant diseases.[!-*l
PDT conventionally involves the application of a photosensitizer (PS) that is activated by light
in the tissue to be treated. This method has many potential applications due to the advantages



it presents as a non- or minimally invasive therapeutic. PDT does not exhibit cumulative
toxicity and its activation can be controlled both spatially and temporally. The adjustable light
used, as well as the short diffusion radius of the emerging reactive oxygen species (ROS),
minimize the damage to surrounding healthy tissue.°]

The mechanism of action (MOA) consists of the PS-mediated generation of ROS from its first
excited triplet state.l’l The generated ROS involves singlet oxygen ('O:) via the type II
mechanism, or radical species such as hydroxyl radicals (OH*) and superoxide anions (O2*)
via the type I mechanism."l Both mechanisms depend on molecular oxygen (*02) in the tissue,
leading to reported clinical resistance under hypoxia. This MOA is a major drawback as solid
tumours are invariably less well-oxygenated than non-malignant tissue. (512!

Alternative MOAs to the type I and type II pathways have been reported in literature despite
a lack of consensus regarding the definition of oxygen-independent mechanisms.l"> 31 A
modified type I mechanism, called type III, has been described based on an interaction
between the PS in its first excited triplet state and doublet free radicals with diffusion-
controlled rate constants.[+11 Other reports of oxygen-independent mechanisms involve the
generation of toxic photoproducts from upper excited triplet states,?’! photoinduced electron-
transfers leading to cycloaddition reactions,?" 2l and structural changes upon excitation that
allow binding to intracellular targets.l' 8 These properties currently preclude therapeutic
deployment. Additional agents for phototherapy undergoing photoredox catalysis have been
reported recently.l? 24l

Furthermore, phototherapeutic treatment methods have emerged based on photothermal
therapy (PTT). PTT applies functional biomedical and bioactive nanomaterials activated by
light in the near-infrared (NIR) range to eliminate tumour cells via the generation of heat upon
irradiation.?>?”] Despite the many advantages of PTT, drawbacks concerning biocompatibility,
biodegradation, long-term toxicity, and threats of these nanomaterials to the environment
remain unresolved.” Small molecules rather than nanomaterials have been employed for
PTT, however all the previous approaches required a nanoprecipitation step, again precluding
straightforward use in a biological context.[28-30]

Here, we report six novel metal-free BODIPY-based (boron-dipyrromethene) agents that
undergo an oxygen-independent photothermal MOA upon excitation with small doses of light
in the visible range. The compounds are easily accessible and have phototoxic indices (PIs),
the ratio of dark to light toxicity,® 32 of over 830’000 in cancer cells under normoxic conditions
and over 360000 under hypoxic conditions (0.2% Oz). BODIPY-based compounds have
favourable properties, being easily accessible small molecules that are excitable with tissue-
penetrating red light at 630 nm. In contrast to conventional PTT systems, they can be applied
in solution and do not require the nanoprecipitation step prior to application. We anticipate
that their toxicity to cancer cells through local light-to-heat conversion might help to overcome
the enormous drawback of hypoxia resistance in PDT as well as the toxicity issues of
nanomaterials in PTT.

Results:

Characterization:

All compounds are based on an asymmetric BODIPY-based structurel®! with an extended
n-system and varying bathochromically-shifting moieties. BODIPYs are known for their high
chemical stability and molar extinction coefficients, and their photophysical properties as well
as their solubility can be fine-tuned by countless possibilities of synthetic functionalization.
Therefore, they are promising candidates for light-induced cancer therapy. Compounds 1a, 2a,



and 3a were synthesized as described in the supporting information (51 - S5) and compounds
1b, 2b, and 3b were obtained after mono-iodination of compounds 1a, 2a, and 3a, respectively.
Compounds 1b, 2b, and 3b contain an additional iodine atom to induce a heavy-atom effect
and higher triplet state quantum yields?®> %I (Fig. 1a). All compounds were characterized as
described in the supporting information (S1 - S5) by spectroscopic and analytical data
including UV-Vis, fluorescence emission, IR, NMR, and mass spectroscopy, liquid
chromatography, partition constant determination (S6, Tab. S1), elemental analysis, as well as
single crystal X-ray analysis (Fig 1b).

Fig. 1: a, Chemical structures of 1a - 3a, as well as 1b - 3b. b, Ellipsoidal representations of the
X-ray crystal structures of 1a - 3a, and 1b - 3b (ellipsoids drawn at 50% probability). For clarity,
only one out of two molecules in the asymmetric unit is shown for 1a, the minor orientation of
the disordered terminal thiophene unit has been omitted for 2a, and one DCM co-solvent
molecule has been omitted for clarity for 2b.

Photophysical measurements were carried out for all six compounds. The singlet oxygen
quantum yields (®a) (Tab. 1, Tab. S2) of 1a, 1b, 2a, 2b, 3a, and 3b were determined by applying
light at a wavelength of 630 nm (Fig. S2) based on a direct method® ¥4 as described in S8.
Fluorescence quantum yields (®r) (Tab. 1, Tab. S3) of 1a, 1b, 2a, 2b, 3a, and 3b were
determined as described in S§9. All compounds are highly fluorescent in aprotic solvents like
DCM and toluene, and non-fluorescent in H20, and all compounds except 3a and 3b are



highly-fluorescent in the protic solvent MeOH with @r values ranging from 0.33 to 0.82, while
the protic character of MeOH quenches the fluorescence emission of 3a and 3b to @¢ < 0.01.
The fluorescence lifetimes (tr) (Tab. 1, Tab. S4) of all compounds have been determined in
MeOH as described in §10, resulting in Tr values in the range of 3.2 to 5.4 ns. The absorption
maximum of all studied compounds is in the range between 588 and 617 nm in MeOH and the
fluorescence emission maximum between 620 and 655 nm. In MeOH, DCM and toluene all
compounds exhibit a rather sharp absorption maximum, while in H20 the absorption peak is
very broad with distinctly lower extinction coefficients compared to the other solvents. The
addition of the iodine atom to the pyrrolic position bathochromically shifts the absorption
maximum between 8 nm and 15 nm compared to the non-iodinated analogue compound. The
compound pair 2a and 2b exhibit their absorption maximum at the longest wavelengths due
to the presence of a second thiophene unit that is contributing to the photochemical system of
the compounds. Non-iodinated compounds 1a, 2a, and 3a do not generate 'Oz, while the
iodine-containing derivatives 1b and 2b show a low @ of 0.26 + 0.05 and 0.15 + 0.01,
respectively, in contrast to 3b that does not generate 'O: at all in MeOH-ds. BODIPY-based
compounds containing a N,N-dimethylaniline moiety like of 3b are known for undergoing
intramolecular charge transfers (ICTs) in the non-protonated state upon irradiation that
quenches the 'Oz generation.3* 443 This correlates with the triplet state lifetimes (tr) (Tab. 1,
Tab. S5) determined as described in S11. While a tr of 138.1 + 1.7 ns was measured for 1b, and
atrof 154.1+1.3 ns for 2b, no triplet state was detected for the third compound of the iodinated
series, 3b. No triplet state could be detected in the case of all non-iodinated compounds 1a, 2a,
and 3a, which is also in line with the observed ®a values. The ability to generate 'Oz (type II
mechanism) and the ability to generate hydroxyl radicals (*OH), superoxide anions (O2*")
and/or other ROS (type I mechanism) (Fig. S6) was investigated with the corresponding
chemical sensorsi* as described in S11. Compared to the standard methylene blue (MB), only
small amounts of ROS were detected in the case of 1a, 1b, 2a, 2b, 3a, and 3b after irradiation
with light at 630 nm (Fig. S5) for 40 min (total applied energy = 5.0 J/cm?). This suggests that
the generation of ROS is not the primary mechanism to induce photocytotoxicity.

The first two excited singlet (Sx) and triplet (Tx) states of 1a, 1b, 2a, 2b, 3a, and 3b were
calculated at TDDFT level using geometry optimized structures. The BLYP exchange-
correlation functional® %l was employed for the geometry optimizations and the TDDFT
calculations. Additionally, TDDFT calculations were carried out using the B3LYP hybrid
exchange-correlation functional“®#! (Tab. S6). The computational methodology is described
in §13. Visualizations of the calculated natural transition orbitals (NTOs)“! for the first singlet
states as described in S14 provide an intuitive particle-hole picture (Fig. S7) after the
immediate absorption. The results indicate that the long-lived first excited triplet state (T1) is
energetically accessible for all six compounds. As the calculations were carried out for
optimized ground state structures the calculated energies correspond to vertical excitation
energies. In order to obtain insight into the actual photochemical processes involved non-
adiabatic dynamics would be required the computational cost of which goes beyond the scope
of this work. Additional calculations performed using the COSMO solvation model® to
account for solvation effects indicated comparable results (Tab. S7).

The photostability of all compounds was determined by measuring the photobleaching
quantum yields (®a) (Tab. 1, Tab. S8) as described in S15. Compounds 1a, 3a, and 3b were
photostable under the applied conditions in DMF, while 1b, 2a, and 2b showed small @4 in
comparison to zinc phthalocyanine (ZnPc) of (6.5 + 0.6) x 10, (7.8 £ 0.5) x 10-°, and (6.4 + 0.3) x
10+, respectively.



Compound A;;fiﬁ::;n E:Xlzsll;r; ®a ®r Tr (ns) 1 (NS) ®d
1a 590 620 0 O(f(?; 4(';23: ) Ph?:ZSIf)ble
26+ | 050+ | 469+ | 1381+ | (6.5+0.
T I I
S I I
S I I
3a 588 627 0 Ofgg’f 4;8; ; Ph?:(;sl}‘?)ble
3b 597 638 0 06(.)3(())11 3(.)%311 ) Ph?:zﬁble

Tab. 1: Photophysical properties of 1a, 1b, 2a, 2b, 3a, and 3b. UV-Vis absorption measured in
MeOH; Fluorescence emission measured in MeOH; &1 measured in MeOH-ds; ®r measured in
MeOH; tr measured in MeOH; tr measured in MeOH; @4 measured in DMF. Additional UV-
Vis absorption, and fluorescence emission spectra and data measured in H.O, MeOH, DCM
and toluene are reported in the Supporting Information.

Photocytotoxicity:

The photocytotoxicity of 1a, 1b, 2a, 2b, 3a, and 3b (Tab. 2) was studied as described in S16-
$18, the light dose dependency (Fig. S8) and time-dependent cellular uptake (Fig. S9) were
determined as described in §19-520. HeLLa human cervical cancer cells were treated with the
compounds and irradiated with light of 630 nm (Fig. S5) for 40 min corresponding to an energy
dose of 5.0 J/cm?. Despite the high &r values, low ®a values and low levels of generated ROS,
1a, 1b, 2a, 2b, 3a, and 3b showed high photocytotoxicity when exposed to this low total energy
dose. The ICso (half maximal inhibitory concentration) values of all iodinated compounds are
in the one- or two-digit nanomolar range. As expected, they are distinctly lower than for all
non-iodinated compounds. The presence of a T1 state, based on the measurable tr, does not
correlate with the observed photocytotoxicities, and the non-iodinated compounds 1a, 2a, and
3a as well as the iodinated compound 3b show photocytotoxicity. All compounds furthermore
show very low toxicity in the dark with ICso values up to > 5 mM. The most interesting non-
iodinated/iodinated compound pair 1a and 1b is non-toxic in the dark in HeLa cells (ICs0 > 5
mM), while 1a as the non-iodinated compound has an ICs value of 0.730 + 0.004 uM upon
irradiation and 1b as the iodinated compound has an ICso value of 0.0060 + 0.0003 uM upon
irradiation. This is equal to a PI of over 830'000 for 1b. This is, to the best of our knowledge,
the highest PI value reported for any BODIPY-based compound. Photocytotoxicity
determinations of 1a and 1b in other cell lines such as in the A2780 human ovarian cancer cell
line (Tab. S9), and MRC-5 human fetal lung fibroblast cell line (Tab. $10) showed similar
photochemical and phototoxic properties.



Compound ICso (irradiation, uM) ICso (dark, uM) PI
la 0.730 + 0.004 > 5000 > 6800
1b 0.0060 + 0.0003 > 5000 > 830'000
2a 0.130 + 0.003 1250 + 88 9600
2b 0.0350 + 0.0009 2070 + 269 597000
3a 0.56 + 0.04 1330 + 123 2400
3b 0.032 + 0.002 2160 + 139 68’000

Tab. 2: ICso values of 1a, 1b, 2a, 2b, 3a, and 3b in the dark and upon irradiation, and the
corresponding PI values. Compound 1b is the most efficient compound with an ICso value of
0.0060 + 0.0003 uM upon light irradiation, > 5000 uM in the dark and a PI of > 830'000.

Photocytotoxicity (Tab. S11) and growth-inhibiting properties (Fig. 2) of 1b in HeLa 3D
multicellular tumour spheroids (MCTSs), which are known to simulate the conditions found
in clinically treated tumorsP! 2, have been determined as described in $21-523. The
photocytotoxicity assay with 1b was carried out under analogous conditions to those used for
determining photocytotoxicity in HeLa cell monolayers using light with a wavelength of 630
nm (Fig. S5) and an irradiation time of 40 min corresponding to an energy dose of 5.0 J/cm?.
ICs0 values for 1b in HeLa MCTSs have been determined to be 0.12 + 0.04 uM after light
exposure and > 1660 uM in the dark, resulting in a PI of > 13’800. This underlines the
photocytotoxic potency of 1b observed in the different cell lines in a simple model system with
tumour-like conditions.

The growth-inhibiting properties of 1b in HeLa MCTSs were measured before and after
treatment with 1b. MCTSs treated with 1b and irradiated with light were compared to three
control conditions: MCTSs treated with 1b and kept in the dark, MCTSs treated with the
solvent vector only and kept in the dark, and MCTSs treated with the solvent vector upon
irradiation with light. All three control conditions led to linear MCTS growth during the
observation window with an average MCTS size of 181% on day five compared to the initial
size. MCTSs treated with 1b and subsequent irradiation with light of 630 nm started dissolving
on day three visible in the inflation of the MCTSs to 233% of the initial size followed by a
steady decrease in size. This shows that 1b is not just decreasing the growth rate of the MCTSs
like cisplatin®’, but actively destroying them upon irradiation. The observed change in size of
the MCTSs is shown in micrographs of single MCTSs over time (Fig 2a), as well as MCTS size
relative to time (Fig 2b).
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Fig. 2: a, Micrographs of 3D HeLa multicellular tumor spheroids (MCTSs) taken over five days
(scale bars =200 um). b, Monitored growth of 3D HeLa MCTSs over five days compared to the
initial size. MCTSs were treated either with 1b, or the solvent vector (Control), and irradiated
either with light of 630 nm (light), or kept in the dark (dark).

Because MCTSs also simulate tumour hypoxia and proliferation gradients to the centrels" 5],
the observed effectivity in HeLa MCTSs indicated a possible efficiency under hypoxic
conditions. To test this hypothesis, the photocytotoxicity determination for compounds 1a and



1b in monolayer HeLa cells was repeated under hypoxic conditions (Tab. 3) as described in
$24. Both 1a and 1b proved to be highly effective in HeLa cells under hypoxic conditions while
being treated and excited analogous to conditions used to test phototoxicity in HeLa cells
under normoxic conditions. ICso values in the dark were, as expected, slightly lower under
hypoxic conditions with values > 2500 uM for both 1a and 1b. While the ICs value upon
excitation with light of the non-iodinated compound 1a increased to 1.87 + 0.08 uM, the ICso
value of the iodinated compound 1b remained virtually unchanged with a value of 0.0069 +
0.0003 uM, showing that 1b is not only highly photocytotoxic under normoxic conditions, but
also under hypoxic conditions as prevalent in the majority of solid tumours!® > that can lead
to hypoxic drug resistancel®! especially in the case of PDT agents.['!

Compound ICso (irradiation, uM) ICso (dark, uM) PI
la 1.87 +0.08 > 2500 > 1300
1b 0.0069 + 0.0003 > 2500 >360"000

Tab. 3. The photocytotoxicities and dark toxicities as well as the PIs of 1a and 1b in HeLa cells
under hypoxic conditions (0.2% Oz, 630 nm, 5.0 J/cm?).

Mechanism of Action:

In order to determine the cellular uptake pathway of compound 1b, we inhibited specific
uptake pathways in HeLa cells as described in §25. Different uptake pathways were blocked
by preincubation with a cationic transporter, metabolic, and endocytotic inhibitors (Fig.
§10).5 5% None of the blocked pathways showed an impact on the uptake efficiency of 1b.
Compared to the standard setting the uptake of 1b is 26% lower at low temperature (4 °C).
This indicates that 1b is primarily taken up by passive diffusion. Intracellular ROS levels upon
irradiation after exposure to 1b were measured as described in $26. Compared to MB only a
minor fraction of the cells tested were ROS-positive after the application of 1b and subsequent
irradiation (Fig. S11). This is in line with the observation of low levels of different kinds of
ROS generated by 1b in solution (Fig. S6). Together with the observed high photocytotoxicity
under hypoxic conditions, these low ROS levels argue that an oxygen-independent MOA is
the major cytotoxic pathway. Micrographs visualizing generated intracellular ROS (Fig. S12)
were taken as described in $27 and the results are in line with the intracellularly measured
ROS levels.

Intracellular localization of 1a and 1b was investigated in HeLa cells (Fig. 3, Fig. S13) with
different dyes for cell organelle staining as described in $28. Both 1a and 1b are observable as
distinct spherical fluorescent spots and seem to behave similarly after being taken up in the
cell. Neither compound co-localized with markers for the nucleus, the mitochondria, the Golgi
apparatus, the endoplasmic reticulum, lysosomes or peroxisomes. This indicates that both 1a
and 1b form local clusters in the cytosol of HeLa cells without specific accumulation in any of
the tested cell organelles.
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Fig. 3: Merged intracellular localization images of 1a and 1b in HeLa cells visualised together
with the nucleus (Hoechst 33342) and mitochondria (MitoTracker Green FM), Golgi apparatus
(CellLight Golgi-GFP, BacMam 2.0), endoplasmic reticulum (ER-Tracker Green), lysosomes
(LysoTracker Green DND-26), or peroxisomes (CellLight Peroxisome-GFP, BacMam 2.0).
Images of individual stains are reported in Fig. S13. No co-localization with any of the tested
organelles is observable for 1a or 1b.

Next, we tested the ability of 1b to disrupt the mitochondrial membrane potential (MMP) in
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HelLa cells as described in §29. Disruption of the MMP indicates an effect on the mitochondrial
electron transfer chain and a failure of mitochondrial function, and is associated with an
apoptotic or necrotic cell death mechanism.” %1 The MMP of HeLa cells was not disrupted
after the application of 1b in the concentration range 0.5 nM — 0.5 uM in the dark, while a clear
disruption is visible for 1b upon application and subsequent irradiation from an applied
concentration of 5.0 nM onwards (Fig. S14). This concentration is in line with the observed ICso
value of 1b in HeLa cells (Tab. 2). Visualization of MMP disruption by 1b (Fig. S15) was
carried out with different concentrations of 1b in the dark, and upon irradiation as described
in §30. The results were consistent with the MMP disruption experiments.

To investigate the cell death pathway induced by 1b upon irradiation further, an annexin
V/propidium iodide assay in HeLa cells (Fig. S16) was applied as described in S31. This assay
shows through changes in the plasma membrane integrity/permeability if cells are viable,
apoptotic, or necrotic.’ ! The observed staining of HeLa cells with the isothiocyanate—
annexin V conjugate is in line with the results obtained in the MMP disruption experiment
(Fig. S14). The cells additionally showed a fluorescent signal upon co-staining with propidium
iodide, which indicates a necrotic cell death mechanism since the presence of an intact plasma
membrane would prevent propidium iodide from entering early apoptotic cells.l®'l To exclude
a photoredox-based MOAI?* 24l of 1b in HeLa cells, the intracellular NAD/NADH levels (Fig.
$17) and GSH/GSSG levels (Fig. S18) of HeLa cells treated with 1b upon irradiation were
determined as described in §32-533. No relevant changes in levels of either NAD/NADH or
GSH/GSSG are observed upon treatment with 1b and subsequent irradiation in the range size
of its ICso value. This shows that the MOA of 1b in HeLa cells is not photoredox-induced.

To investigate the clusters formed by 1a and 1b that were observed in the intracellular
localization experiments (Fig. 3), dynamic light scattering (DLS) was used as described in S34
to examine whether aggregates of 1a and 1b form in the cellular environment (Tab. S14). Both
la and 1b form aggregates in DMEM, which was used as a model system to test the
aggregation behaviour since it is the most common cell medium for culturing mammalian
cells.l®?l For 1a an aggregate size distribution of 122 + 46 (31.4%), 6 = 2 (51.3%), and 0.65 + 0.04
(31.4%) nm was observed, for 1b a size distribution of 4620 + 819 (2.0%), 86 + 33 (79.7%), and
3.8+ 0.6 (18.3%) nm was observed. Aggregates formed by 1b in the cell upon irradiation could
give rise to a photothermal MOA of 1b upon irradiation involving a that triggers cell death
pathway through the local light-to-heat generation, by the compound clusters similar to
nanomaterials applied in PTT.1?! To test this hypothesis, the specific absorption rates (SARs),
which are used in literature to experimentally quantify the heating efficiency of compounds!®,
of 1a and 1b were determined using a lock-in thermal imaging setup (LIT) measuring the
corresponding amplitude (Fig. $19) as described in §35. Compound 1b shows overall higher
SAR values compared to la (Tab. 4, Fig. 4), which is in line with the behaviour of the
compounds regarding photocytotoxicity (Tab. 2). While the SAR values of 1a lie in a
compound concentration range of 6.25 uM to 100 uM virtually steady slightly below 2000 W/g,
the ones of 1b show a clear dependency on the concentration ranging from around 16’000 W/g
at 100 pM to 6000 W/g at 6.25uM. This shows the SAR of 1b increases with lower
concentrations, most likely due to the higher solvated state of individual molecules, indicating
that at compound concentrations present in HeLa cells a photothermal MOA emerging from
locally formed clusters of 1b is conceivable.



11

Concentration Amplitude A | Heating Slope SAR (W/
Compound (M) (If) x 10 (K/S;%x 10?2 g x ios 8
1la 6.25 0.1+0.1 02+0.2 1.7+15
1la 12.5 0.3+0.1 04+0.2 1.9+0.8
1la 25 0.54 +0.07 0.7 +0.1 1.6 +0.2
1a 50 1.33 = 0.06 1.7 +0.1 1.97 +0.09
1a 100 25+0.3 31+04 1.8+0.2
1b 6.25 1.8+0.2 2.3+0.2 16+1
1b 12.5 32+0.2 4.0+0.2 14.0+£ 0.8
1b 25 5.8+0.3 7.3+£0.3 12.8 £ 0.6
1b 50 8.7+0.1 10.9 £ 0.1 9.6 +0.1
1b 100 11.3+0.4 14.2 + 0.5 6.2+0.2

Tab. 4. The measured amplitude A, heating slope f, and calculated specific absorption rates
(SAR) for 1a and 1b based on measurements by lock-in thermal imaging (LIT).
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Fig. 4: Specific absorption rates (W/g) of 1a and 1b plotted versus the concentration. A clear
increase of the SAR values for lower concentrations of 1b is observed, while the SAR of 1a
virtually shows no concentration dependency.

Discussion:

The presence of molecular oxygen in the tissue to be treated plays a crucial role in the MOA
of PDT, making this approach ineffective in tumours surrounded by necrotic tissue or dense
tumour masses.[! Different strategies, such as the application of oxygen vehicles, have been
proposed to overcome the barrier posed to PDT by the hypoxic environment in solid
tumours.l®! This environment arises from the abnormal structure of the microvessels and
tumour microenvironment that leads to ineffective blood distribution,®> and leads to low
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oxygen levels that limit PDT.l®! PTT is one photoinduction strategy that would circumvent
this limitation, since the therapeutic efficiency of PTT is not affected by oxygen levels.l" It is
even possible that PDT could be combined with PTT to produce a synergistic effect, even in
solid tumours.[7 ]

Here we examined small molecules that can act as photothermal agents. With only minute
levels of ROS generated upon irradiation, as detected by applied ROS sensors (Fig. S6) in PBS
as well as intracellularly in HeLa cells (Fig. S11-S12), the main MOA of 1a, 1b, 2a, 2b, 3a, and
3b is photothermal (Tab. 4, Fig. 4) and bypasses the limitation of PDT. A particularly
interesting insight comes from examination of the compound pair 3a and 3b. While both
compounds show an energetically accessible first excited triplet state (T1) energy levels based
on the results from TDDFT simulations (Tab. S7-S8), no 'Oz production was observed (Tab.
1), which is in line with the non-existent T: state observed in the tr measurements (Tab. 1).
Despite this, both compounds show high photocytotoxicity (Tab. 2).

The oxygen-independent MOA of the most effective compound, 1b, was demonstrated upon
irradiation under hypoxia in HeLa cells (Tab. S12), where virtually no change in the high
effectivity was observed. Additionally, a high efficiency of 1b in HeLa MCTS was confirmed
upon irradiation (Fig. 2), underlining the effectivity of the reported agents. Despite the benefits
of the MOA of PTT regarding tumour hypoxia, bio- and nanomaterials applied in PTT show
limitations especially concerning biocompatibility, biodegradation and long-term toxicity.?
Compounds 1a, 1b, 2a, 2b, 3a, and 3b are all small molecules with molecular weights below
600 g/mol, and do not contain any metal atoms. Their non-toxic behaviour in HeLa cells in the
dark is indicated by an experimental ICs value up to and > 5 mM. However, upon irradiation
these compounds become potent photocytotoxic agents with ICso values as low as 0.0060 +
0.0003 uM (Tab. 2), showing that their molecular character overcomes the biocompatibility
problems of materials currently applied in PTT.

Conclusions:

The experiments presented have shown that the reported compounds 1a, 1b, 2a, 2b, 3a, and
3b show multiple advantages over established agents for PDT as well as PTT. The novel
compounds are easily accessible synthetically and are all metal-free small molecules. They are
virtually non-toxic in the dark, which bypasses the biocompatibility/-degradation and toxicity
issues found in the applied materials previously used for PTT. SAR determination experiments
demonstrate the light-to-heat generation abilities of these compounds, especially of 1b which
shows particularly high SAR values with low concentrations. The agents are also over 830’000
times more toxic after light activation combined with a photothermal and oxygen-independent
MOA (PI of over 360’000 under hypoxic condition of 0.2% O), to the best of our knowledge
the highest values reported so far (compare with ). In short, these compounds show high
potential for overcoming the existing drawbacks of PDT and PTT.
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