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Abstract

Photodynamic therapy (PDT) appears as a promising alternative to overcome the resistance of
melanoma to conventional therapies. Currently applied photosensitizers (PS) are often based on
tetrapyrrolic macrocycles like porphyrins. Unfortunately, in some cases the use of this type of
derivatives is limited due to their poor solubility in the biological environment. Feasible
approaches to surpass this drawback are based on lipid formulations. Besides that, and inspired in
the efficacy of potassium iodide (KI) for antimicrobial photodynamic therapy (aPDT), the
combined effect of 10, with KI was assessed in this work, as an alternative strategy to potentiate
the effect of PDT against resistant melanoma cells.
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To overcome the poor solubility of porphyrins in biological systems, in this communication we
propose the simultaneous encapsulation of a porphyrinic photosensitizer and Kl into a lipid-based
drug delivery system. After prepared and duly characterized, these micelles were used in the
photodynamic treatment of melanoma cells. As expected, the photodynamic efficacy increases as
the concentration of both porphyrin and Kl encapsulated also increases.
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Porphyrin derivatives have been widely used as photosensitizing agents against tumoral cells
or microorganisms.[!] Their therapeutic action is based on the production of reactive oxygen
species (ROS) upon visible light irradiation[?] in a modality called photodynamic therapy
(PDT). Beyond the requirement of ROS production, the efficiency of those compounds is
strictly dependent on their uptake by the target cells, which in turn is mainly determined by
molecular structure and solubility of these PS in the biological medium. So, despite the
aforementioned advantages of porphyrins, certain negative features involving their biological
action as photosensitizers have been reported.[2 9] Indeed, the dependence on the PS
photocytotoxicity with its subcellular localization has been pointed out as the main limiting
factor, since the cellular damage is confined to the area where the ROS are produced and
these species have a limited diffusion distance in the biological media.[3! Although PDT was
already approved by the US Food and Drug Administration (FDA) and European agencies to
treat some oncological and pre-oncological diseases (e.g., non-melanoma skin cancers
(NMSC) and actinic keratosis, as successful examples of the use of PDT to treat skin
diseases),[4] their efficiency to treat melanoma is still limited and needs to be improved.

[4d. &, 5] Actually, the melanotic melanomas are much less responsive to the treatment than
the amelanotic ones.[%! In fact, it is well known that melanin plays an important role in the
photoprotection of skin by absorbing the UV radiation. Briefly, beyond compete with the PS
for light absorption (around ca. 500-600 nm), melanin also acts as antioxidant, thereby
decreasing the levels of ROS and enable cell survival and proliferation.[62 b. f. 71 |n the last
years, several strategies have been studied to overcome the resistance of melanoma.[8l
Noteworthy, almost all of these approaches, that aim at the melanosome disruption to block
the production of melanin, involve the use of targeted or combined therapies. [8] By
assuming that it is fundamental to overcome the tolerance of these cells to the oxidative
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stress[®® 71 in this work we adopted a strategy that has been applied with great success in the
antimicrobial photodynamic therapy (aPDT). This approach relies in the increased
production of reactive species through the combination of 10, and potassium iodide (KI),
aiming that the free iodine (I,/137) and reactive iodine radicals (1,°/1°) thereby produced
could enhance the killing of cancer cells.[®] Indeed, potassium iodide is a well-known anti-
inflammatory drug, whose dermatological application at established doses is already
described in the literature.[1%] To the best of our knowledge, this is the first report about the
combined action of these two species against cancer cells, and in particular against the
B16F10 melanoma cell line. Moreover, the PS and KI were encapsulated into micelles in
order to avoid the constrains that usually occur due to the low solubility of the PS in
biological media, thereby ensuring that the PS was uptaken by the target cells in the
monomeric form.

Porphyrin (1) was prepared and characterized by *H-NMR and UV-Vis spectroscopy (Figure
1 and Supplementary material: Figures S1-S3). The analytical results are in full agreement
with the literature.[1X] Porphyrin (1) has a poor solubility in aqueous media and therefore a
great trend to aggregate (Figure S4). Therefore, its encapsulation in a lipid-based nanosized
carrier aims to increase their solubility and dispersion in the biological environment.
Described by some of us several years ago,[112l this porphyrin has anchoring groups that
enable an efficient loading into the DSPE-PEG micelles.[22] Although porphyrins are
recognized as good producers of 105, not always they are able to trigger a cytotoxic
response against some types of cancer cells as one would expect from a phototherapeutic
agent. Thus, combinational therapies represent an advantageous strategy to enhance the
treatment efficiency thereby allowing even the treatment of resistant cancers.

Take it into account, we propose the use of a porphyrin in combination with KI to treat
melanoma cancer. Notwithstanding no studies have been done to determine the exact
location of both porphyrin (1) and Kl into this lipidic formulation, the lipid DSPE-PEG
contain non-polar groups that are responsible for a strong interaction with hydrophobic
porphyrins,[13] and allows their incorporation in the micelles core. In turn, the hydrophilic
K1 interacts with the polymeric structure of PEG chains,[24] and we therefore believe that it
is probably located there.

The lipid formulations (1-DSPE-PEG) and (1-DSPE-PEG/K), prepared with porphyrin (1)
in the absence and in the presence of KI, respectively, have a zeta potential of ca. —30 mV
and an average size smaller than 100 nm (Pdl ~ 0.29) (see Sl Figs. S5-S12). Similar results
were obtained for the control formulations (DSPE-PEG) and (DSPE-PEG/KI), prepared
without porphyrin. As expected, these lipid formulations improve the solubility of (1) in
biological media. The presence of Kl had no influence on the porphyrin solubility (Figure
2). Regarding the spectral features of these lipid formulations, the incorporation of porphyrin
(2) is confirmed by the presence of the Soret and Q bands characteristic of porphyrin
derivatives in both formulations without (1-DSPE-PEG) or with Kl (1-DSPE-PEG/K]).
Beyond that, the (1-DSPE-PEG/KI) has an additional band at 230 nm, which was attributed
to the interaction of (1) with the K1 present in the lipid formulation. The emission spectra
obtained for both formulations after excitation at ca. 420 nm present the two characteristic
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bands of porphyrin derivatives, the Q(0,0) and Q(0,1), centered at ca. 656 and 726 nm,
respectively.

The excitation spectra were also acquired and are perfectly overlapped on the corresponding
absorption spectra (Figure 2). The effect of blue light on (1), (1-DSPE-PEG) and (1-DSPE-
PEG/K1) was evaluated by UV-visible and fluorescence spectroscopies. In general, a
decrease of 24% in the Soret band absorbance was observed for porphyrin (1) after 5 min of
blue light irradiation (405 nm) (Figure S13). This behaviour may be associated to
photodegradation and/or to aggregation phenomena.[*®! For the formulation (1-DSPE-
PEG), a comparable decrease of 26% in the Soret band was only observed after 60 min of
irradiation (Figure S14). The remarkable photostability of (1) provided by the lipidic
microenvironment is not observable in aqueous solution. In turn, the irradiation of the
formulation (1-DSPE-PEG/K1) with blue light leads to the appearance of a new species
with a Soret centered at 437 nm, and whose presence is clearly evident in the UV-Vis spectra
acquired during the irradiation experiment (Figure 3). The formation of this species is
concomitant with the decrease of porphyrin (1) Soret band at 422 nm. The well-defined
isosbestic point at 430 nm seems to indicate a simple photochemical reaction that it is being
favoured by the presence of KI. Analogously, the Q-bands were also significantly affected as
a function of the irradiation time (Figure 3B). The widening of the Q-bands may reflect a
change in the porphyrin molecular environment due to the presence of KI, which apparently
results in a distortion from planarity or in an extension of the skeleton conjugation.
Noteworthy, the formation of new species is also evident by the appearance of a new band at
676 nm (Figure 3B). The fluorescence spectra of the irradiated solution of (1-DSPE-
PEG/KI) (Figure 4 and Figure S15) also confirms the formation of a new species since the
intensity of the emission band at 656 nm decreases with the concomitant increase of a new
band at 680 nm during the irradiation time, which is in full accordance with the new band
observed in the corresponding absorption spectrum (Figures 3 and 4). In the assays
performed under blue-light irradiation with porphyrin (1) dissolved in an aqueous solution of
DMSO (1%) and containing K, the appearance of two bands at ca. 289 and 356 nm, whose
intensity was dependent on the irradiation time, supports the production of I,
(Supplementary material: Figure $13).1941 The formation of 1, is triggered by the oxidation
of the iodide anion by the singlet oxygen produced during the light irradiation of the
porphyrin (1). The referred bands are characteristic of tri-iodide (1537).[£5¢]

Porphyrin (1) and the lipid—porphyrin formulations (1-DSPE-PEG) and (1-DSPE-PEG/KI)
at PS concentrations between 0.5-20 UM were used in cytotoxicity assays against B16F10
cells as a melanoma model. Dose-dependent cytotoxicity is showed in Figure 5. The results
obtained with porphyrin (1) at concentrations between 0.5-20 uM with K1 or by the lipid
formulations in the absence or in the presence Kl are summarized in Figure 5A and Figure
S16in Sl.

The treatment of B16F10 cells with porphyrin (1) shows no cytotoxic effect either under
dark (Figure S16) or light conditions (Figure 5A) for the tested concentrations. Similarly,
when (1) and KI were combined in solution, the cell viability remained unaffected even after
light irradiation (Figure 5A). However, lipid formulations of (1-DSPE-PEG) and (1-DSPE-
PEG/KI) lead to different results. In dark conditions, both lipid formulations did not show
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in vitro cytotoxicity to melanoma cells (Figure S16). In turn, the cell viability after blue light
irradiation was dependent on the concentration of (1) in the micelles (Figure 5B). These data
are in full agreement with the literature, that clearly evidences that the encapsulation of
porphyrin derivatives in micelles improve the aPDT efficacy.[19: 16]

At low concentrations (0.5 uM), the photodynamic effect seems to be exclusively mediated
by ROS, probably due to the non-significant amount of K1 within the formulation. In fact, it
must be stressed that there are several studies that demonstrate that the killing potentiation
by addition of K1 is only effective and statistically significant above a certain concentration,
below which it has no effect.[% 7] Increasing concentrations of porphyrin (1) (10 or 20 uM)
also correspond to higher doses of KI (100 and 200 uM, respectively). So, the enhanced
photodynamic effect clearly suggests the combined action of the singlet oxygen thereby
generated with the iodine. The strong cytotoxic effect observed for (1-DSPE-PEG) and (1-
DSPE-PEG/KI) could be attributed to non-aggregate state of porphyrin (1) during the PDT
assays. Moreover, it may also be due to the cellular uptake improved by the lipid
formulation, which enables a better interaction of the porphyrin with the hydrophilic portion
of the lipid bilayer. Figure 6 shows the fluorescence microscopy images of (1-DSPE-PEG)
and (1-DSPE-PEG/KI) in B16F10 cells. No fluorescence images could be obtained for the
free porphyrin (1) due to the formation of aggregates.

In this work, it was found that lipid formulations containing porphyrin (1) or porphyrin (1)
and KI can act as efficient photosensitizing agents against melanotic cancer cells. The use of
a lipid-based drug delivery system allowed to overcome the poor solubility of porphyrin (1),
and consequently its aggregation in biological media, thereby contributing to its increased
photocytotoxic action against B16F10 cells. Noteworthy, the combined effect of singlet
oxygen and iodine, successfully applied on the antimicrobial PDT context, is here reported
for the first time as a promising approach to treat resistant melanoma cells. The intrinsic
fluorescence of porphyrin (1) allowed the monitorization of its cellular uptake.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Chemical structure of (1), the porphyrin used as photosensitizer in this work
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Absorption, emission and excitation spectra of lipid formulations (1-DSPE-PEG) and (1-
DSPE-PEG/KI) in water at concentration of 1 or 10 pM. A: Absorption spectra; B:
Emission spectra (solid line), Aeyc = 420 nm and excitation spectra, Agm = 656 (dash line) or

726 nm (dot line).
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Figure 3.
Absorption spectra of (1-DSPE-PEG/KI1) in PBS at concentration of 2 pM before (0 min)

and after 1, 5, 60 and 120 min of blue light irradiation (405 nm): (A) Soret band (B) Q-
bands; the spectra for other irradiation times are shown in the SI.

1duosnuepy Joyiny 1duosnuely Joyiny

1duosnue Joyiny

Chemistry. Author manuscript; available in PMC 2022 January 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Castro et al. Page 11
300+ 666 300+ 666
—0 B —0
— 15 — 15
§ 200 680 — 30 $ 200 680 ——
& — 80 & — 80
g 2
§ — 120 $ — 120
'E 100 "g 100+
0 ¥ ¥ T ¥ O ¥ T T T
550 600 650 700 750 800 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

Figure4.
Emission spectra of (1-DSPE-PEG/KI) in PBS at concentration of 2 mM before (0 min)

and after 15, 30, 60 and 120 min of blue light irradiation (405 nm): (A) Aexc = 420 nm; (B)
Aexc = 437 nm at 278 K.
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Photocytotoxicity of porphyrin (1), porphyrin (1) with K1 in solution (1 + KI), lipid
formulations (1-DSPE-PEG) and (1-DSPE-PEG/KI) at PS concentrations between 0.5-20
UM and lipid formulations without or with K1 in the absence of (1) against B16F10 cancer
cells determined by resazurin fluorometric assay. B16F10 cells were irradiated with blue
light (405 nm) from a LED array at a total light dose of 5 J/cm? using different
concentrations of PS. (A) (1 + KI) and lipid formulations without (1) and (B) non-
encapsulated porphyrin (1) and lipid formulations (1-DSPE-PEG) and (1-DSPE-PEG/KI).
All cultures were processed under the same conditions. For (1-DSPE-PEG/K ), the
concentration of Kl is ten times the concentration of porphyrin (1). For the controls (DSPE-
PEG) and (DSPE-PEG/K ) without (1), the solutions were prepared using the same volume
used for preparation of (1-DSPE-PEG) and (1-DSPE-PEG/KI), respectively. In the
experiments performed using only Kl solution, no significant reduction in cell viability with
or without irradiation was observed. The results are presented as mean + standard deviation
of three independent experiments performed in triplicate. Significant differences relative to
control cell cultures are presented with an *. Statistical significance: ***p < .001 and ****p
<.0001 and with * the significant differences with respect to (1-DSPE-PEG).

Chemistry. Author manuscript; available in PMC 2022 January 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Castro et al.

Figure 6.
Internalization of lipid formulations by B16F10 cells determined by fluorescence

microscopy. From the left to right: Bright field and lipid formulations internalized. A)
images of B16F10 cells treated with (1-DSPE-PEG) and B) (1-DSPE-PEG/KI),
respectively, after 4 h of incubation.
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