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Influence of the Medium on the Photochemical and
Photophysical Properties of [Ru(phen)2(pPDIp)]2 +**
Isabele Ap. S. de Campos,[a] Edjane R. dos Santos,[a] Tarciso Almeida Sellani,[b] Carolina C.
A. Herbozo,[b] Elaine G. Rodrigues,[b] Antonio C. Roveda, Jr.,[c] Wallance M. Pazin,[d] Amando
S. Ito,[e] Vinicius T. Santana,[f] Otaciro R. Nascimento,[f] and Rose M. Carlos*[a]

This study reports the influence of the medium on the

aggregation processes of the complex [Ru(phen)2(pPDIp)]2 +

(phen = 1,10-phenanthroline; pPDIp = a bis-phenanthroline-sub-

stituted perylene diimide)and its consequences for the photo-

chemical and photophysical properties of the system. Photolysis

leads, initially, to emission of both chromophores: Triplet metal-

to-ligand charge transfer (3*MLCT; Ru, dp!phen, p*) and singlet

intraligand charge transfer (1*ILCT; pPDIp, p! p*). However, the

medium induces increased p–p intermolecular interactions that

lead to the generation of a pPDIp
*�moietyin DMSO, pPDIp

*�

(518 nm) and pPDIp
*� and pPDIp2�(420 nm) in the cell culture

medium RPMI, and 3*pPDIp in buffer (pH 7.4) and starch films.

The complex activates singlet oxygen in buffer solution without

oxygen bubbling and under green light irradiation (dose =

0.41J/cm2; [1O2] = 0.03–0.47 mmol L�1 for [Ru(phen)2(pPDIp)]2 + =

10–150 mmol L�1). No cytotoxic effects on B16F10-Nex2 murine

melanoma cell viability were observed up to a concentration of

10 mmol L�1 of complex. However, under green LED illumination

(dose = 0.41 J/cm2) the complex exhibits a strong photocyto-

toxic effect, displaying IC50 = 1.2 mmol L�1.

1. Introduction

Development of photochemical strategies to generate and

detect singlet oxygen (1DgO2) has attracted much attention

because of the potential application of 1O2 in diverse areas of

science, particularly in cancer treatment.[1–4] Photodynamic

therapy (PDT) is highly recommended in the treatment of

superficial and nodular basal cell carcinoma, avoiding surgical

excision and skin grafts in the cases where lesions are large.[5–8]

For this reason, many photosensitizers based on porphyrins for

both systemic administration and topical use have been

investigated, and many of them have been approved and are

currently available for clinical use in cancer treatments.[9,10]

Metal complexes containing functionalized porphyrazins

and phthalocyanines such as those of Pt(II), Pd(II), Cu(II), Mg(II),

and Zn(II) have also been investigated, and some have shown

encouraging anti-tumor and anti-metastatic properties and are

being evaluated in clinical trials.[11–14] Recently, attention has

been focused on Ru(II) complexes mostly because some of

them have shown favorable pharmacological profiles in vitro

and in vivo in different models, including platinum-resistant cell

lines.[15–19]

For example, the meso-4-tetrapyridylporphyrin containing

four pendant Ru(II)-arene moieties have produced interesting

results. Upon light irradiation at 650 nm with a dose of 5 J/cm2

the complex induced 60–80 % mortality in human Me300

melanoma cell cancer at 10 mmol L�1 concentration.[18] The

polypyridine complexes of Ru(II)-porphyrin containing different

bridging linkers have also proved to be effective against cancer

activity in HeLa cells, with IC50 values between 118 to

175 mmol L�1 in the dark and photocytotoxicity at the concen-

tration of 1 mmol L�1 upon yellow light irradiation with doses of

6.5 J/cm2.[19]

The Ru(II)-polypyridine complexes themselves are particu-

larly interesting photosensitizers for PDT because of their

unique spectroscopic properties and antitumor activity. They

give rise to 100 % population of the emissive, long-lived, redox-

active triplet state, 3*MLCT, Ru, dp!p*. They also form adducts

with DNA and there are reports of DNA photocleavers with red

light illumination.[20]
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In this context, we have recently prepared a dyad

composed of two chromophores: {Ru(phen)3}2 + and perylene-

diimide (PDI). The [Ru(phen)2(pPDIp)]2 + complex, where phen =

1,10-phenanthroline and pPDIp is a perylene pendant group

functionalized with one of the coordinated phenanthroline

ligands, shows interesting properties for PDT applications

(Figure 1).[21] The key features are intense absorption and

emission in the visible and near-IR region and long emission

lifetime (1.8 ms) originated from the 3*pPDIp component

through excitation of the {Ru(phen)3}2 + and/or the perylenedii-

mine chromophore in the visible region. The 3*pPDIp sensitizes

the formation of singlet molecular oxygen with quantum yield

fD = 0.57.[21]

This finding motivated us to investigate the dark- and light-

cytotoxicity of the [Ru(phen)2(pPDIp)]2 + complex against the

B16F10 murine melanoma cells. We choose this cells line, in

particular, because of their resistance to many cancer thera-

pies.[22]

A potential phototherapeutic candidate should present

biologic and spectroscopic properties compatible with physio-

logic medium. In general, perylenediimide derivatives present

low solubility and a tendency to aggregate in aqueous buffer

(pH 7.4) solution, resulting in decreased or total loss of their

photochemical activity. This behavior can be minimized with

bulk substituents at the bay and imide positions. Indeed,

following this approach, many water-soluble perylenediimide

derivatives have been prepared, and some of them have

photosensitized the formation of singlet oxygen and photo-

toxicity against cancer cells.[23,24,25] In the case of the complex

reported here, solubility in organic solvents and in water is

assigned to the {Ru(phen)3}2 + moiety,[21] whereas self-aggrega-

tion together with the potential of the complex to PDT is the

subject of this work.

To explore the intermolecular interactions of [Ru(phen)2

(pPDIp)]2 +, we considered the UV-vis and emissive spectro-

scopic behavior of complex in buffer solution (pH 7.4), in cell

culture medium (RPMI) and immobilized in starch films in the

dark. We also evaluated the extent and implications of

aggregation on the photochemical and photophysical proper-

ties of the complex in these media. For comparison, the studies

were also performed in dimethylsulfoxide (DMSO) solution.

Our results indicate that the solvent influences the

aggregation process that markedly affects the photochemical

and photophysical processes. A direct consequence of this

effect is that we can use solvent and irradiation wavelength to

tune the excited state energy and, consequently, select the

desired product. For example, in DMSO, the pPDIp
*� radical

anion forms of the pPDIp moiety are obtained regardless of

irradiation wavelength within the absorption envelope, whereas

formation of pPDIp
*� at 518 nm irradiation and both pPDIp

*�

and pPDIp2� at 420 nm irradiation is reached in RPMI solution.

In contrast, in buffer solution (pH 7.4) and starch films, the

aggregation process increases significantly in such way that it

prevents the photochemical process, but leads to population of

the 3*pPDIp. In all solvents investigated the solution returns to

its original spectrum when the light is turned off.

The results also indicated an interesting profile of biological

activity with singlet oxygen activation in buffer solution, with

strong photocytotoxicity in vitro cell proliferation inhibition of

B16F10-Nex2 cells under green LED (518 nm, 0.41 J/cm2)

displaying IC50 values of 1.2�0.1 mmol L�1. No significant effects

on cell viability were found in the dark at 0.1 to 10 mmol L�1 of

complex with incubation period of 24 h.

2. Results and Discussion

2.1. Influence of the Medium on Optical Properties

2.1.1. DMSO Solution

Absorption and emission spectra of [Ru(phen)2(pPDIp)]2 +,

[Ru(phen)3]2 + complexes and pPDIp free ligand are shown in

Figure S1 in the Supporting Information. The absorption

spectrum in the visible region of the [Ru(phen)2(pPDIp)]2 +

complex consists of contributions of both chromophores the

pPDIp and the parent complex [Ru(phen)3]2 +, indicative of

overlapping transitions to p–p* and MLCT states. Apart from

these bands, a new weak and broad absorption that resembles

the perylenediimide in the radical anion forms (PDI
*�) appears

around 700 nm.[26,27] In agreement, the EPR spectrum of

[Ru(phen)2(pPDIp)]2 + complex and free pPDIp ligand displays

an EPR signal centered at g = 2.0035, attributed in the

literature[26,27] to the chemically produced PDI
*� (Figure S2). The

radical anion concentration in the free pPDIp ligand was

determined through integration of the EPR signals to produce

30 %. The amount of radical anion is drastically decreased in the

complex to produce approximately 2 % of the total amount.

By excitation at 450 nm or 500 nm, the emission spectrum

of complex also consists of contributions of both chromo-

phores the 3*MLCT phosphorescence corresponding to the

{Ru(phen)3}2 +core and the fluorescence of the pPDIp core

(Figure S1). The emission lifetime of complex was investigated

using a time-resolved single photon counting equipment, with

lexc = 448 nm. The emission decay profiles required a tri-

exponential fit, suggesting the presence of three emitting

processes, 0.99 ns (12.3 % of total emission), 4.5 ns(12.6 %), and

392.7 ns (75.1 %), c2 = 1.1 (Figure S3) with the 3*MLCT of

{Ru(phen)3}2 + moiety dominating the emission decays.

The complex is photoreactive and the changes in the

absorption spectrum are consistent with generation of the

Figure 1. Structure of [Ru(phen)2(pPDIp)]2 + complex.
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pPDIp
*� radical anion (Figure 2). Exhaustive photolysis pro-

duced a final stable spectrum of radical anion. Back-reaction is

observed when the light is turned off. Similar results are

obtained when photolysis is performed using an open cuvette

(without lid), although formation of radical anion is less efficient

(Figure S4).

Photolysis monitored by EPR also shows a growth of the

radical anion species. After 50 min irradiation with a 420 nm

light, the percentage of radical anion was 33 % of the total

amount of complex (25 mmol L�1). At the end of photolysis, a

well-resolved multiline EPR spectrum with g = 2.0031 was

obtained, attributed to pPDIp
*�, as shown in Figure 2B (inset).

The EPR simulated spectrum calculated by adjusting the

parameters with eight hydrogen nuclei and two nitrogen nuclei

confirmed the delocalization of the unpaired electron in the

aromatic rings of the pPDIp component. The simulation was

obtained using a Gaussian line shape with linewidth of 0.37 G

and hyperfine parameters 1.78 G and 1.81 G for the two

nitrogen nuclei and 0.700 G, 0.688 G, 0.652 G, 0.594 G, 0.581 G,

0.571 G, 0.568 G, 0.421 G, for the eight hydrogen nuclei. The

Gaussian line shape and the well-resolved hyperfine splitting

indicates that no aggregation of pPDIp
*� occurs during

photolysis.

Photolysis with 420 nm light accompanied by the emission

spectrum at 500 nm excitation shows an increase in the

intensity of the 0–0 emission peak relative to 0–1, whereas the

MLCT emission monitored at 450 nm decreases (Figure 2).

Continuous photolysis experiments carried out with 518 nm

light irradiation led to similar spectroscopic results (Figure S5).

2.1.2. RPMI Solution

The spectroscopic, photophysical and photochemical properties

of the [Ru(phen)2(pPDIp)]2 + complex changed when DMSO was

replaced by RPMI solution (Figure S6). A short red shift and an

inversion on the intensity of the 0–0 peak relative to 0–1 in the

absorption spectrum of complex are observed. Compared with

the DMSO, these changes are indicative of a weakly coupled H-

type aggregation, as found in PDI derivatives.[28]

Aggregation is also reflected in the emission spectrum of

[Ru(phen)2(pPDIp)]2 +. The MLCT (Ru!phen) emission is well

preserved and dominated the entire spectrum, i.e., it is

independent of excitation wavelength, whereas the pPDIp core

fluorescence is almost completely suppressed (Figure S6). The

emission kinetic decays could be fit to a tri-exponential curve

similar to that of the DMSO solution, whereas an increase in

both lifetime and emission contribution in the 3*MLCT of

{Ru(phen)3}2 + were observed: t = 0.46 ns (0.2 %); 4.14 ns

(11.3 %); 622.6 ns (88.5 %); c2 = 1.1 (Figure S3).

When deaerated solutions of the [Ru(phen)2(pPDIp)]2 +

complex were subject to continuous photolysis at 518 nm light,

the resulting optical spectral changes were consistent with

formation of the pPDIp�
*

radical anion, whereas irradiation at

420 nm originated a final spectrum consistent with formation

of the pPDIp�
*

and the pPDIp2� dianion[29] (exhibiting an broad

absorption at 650 nm; Figure 3). Interestingly, in the course of

photolysis at 420 nm, the emission spectrum (MLCT band)

decreases in intensity; however, an unstable decrease and

increase in the MLCT emission spectrum was detected with

light irradiation at 518 nm (Figure 3).

To probe these events in more detail, photolysis was

performed with 518 nm to generate the pPDIp
*�, then irradi-

ation was stopped and the light irradiation was changed to

420 nm. The UV/Vis absorption spectral changes exhibited the

pPDIp2� dianion absorption (Figure S7). As previously observed,

back-reaction occurs when the light is turned off either at 420

or 518 nm light irradiation.

The amount of radical anion formed was determined after

exhaustive photolysis by EPR spectroscopy to produce 5 % of

the total amount of complex irradiated at 420 nm and 2 % at

518 nm. This value is comparable to those found before

photolysis. In agreement, no hyperfine splitting was detected

during photolysis monitored by EPR (Figure 3). This absence of

well-resolved hyperfine splitting for the pPDIp radical anions in

RPMI indicates that the distribution of the unpaired electron is

spread over a larger p-surface in comparison with that in

DMSO. Electron sharing over multiple PDI subunits within

nanowire DNA hairpins and a molecular triangle result in a

similar loss of spectroscopic hyperfine structure.[30,31] Photolysis

Figure 2. Photolysis of complex (25 mmol L�1) with 420 nm light in deaerated
DMSO solution, total irradiation time = 180 min. A) Photos of solution before
and after photolysis and after the back reaction. B)Visible spectral changes
during photolysis as monitored by UV/Vis absorption spectroscopy; Inset:
Experimental (black) and simulated (red) EPR spectra after 50 min of
photolysis. C) Visible spectral changes during the back reaction. D)Emission
spectral changes monitored by excitation at 450 nm and E) 500 nm.
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of the complex is completely suppressed when performed

using an open cuvette (without lid; Figure S8).

2.1.3. Buffer pH 7.4 Solution and Starch Film

The UV/Vis absorption and emission spectra of the [Ru(phen)2

(pPDIp)]2 + complex in buffer solution pH 7.4 are similar to those

found in RPMI (Figure S6). Fluorescence of the pPDIp core is

suppressed, whereas phosphorescent emission of the {Ru(-

phen)3}2 + core is preserved. As observed in RPMI, the emission

decay profile in buffer solution pH 7.4 required a tri-exponential

fit (Figure S3). The population of 3*MLCT (504 ns, 99 %) is higher

compared with that of the RPMI while the 1*LLCT (5.0 ns, 0.25 %)

of pPDIp core is similar. A short emission lifetime of 37 ns

(0.26 %) indicates formation of an excimer, as observed in

similar systems.[32]

It is worth noting that formation of the radical anion moiety

was not detected by UV/Vis absorption spectroscopy during

photolysis (Figure S9), demonstrating that the solvent influen-

ces the aggregation process that affects the photochemical

process directly.

When the complex was immobilized in starch film, the

absorption spectrum corresponding to the pPDIp moiety

became more unstructured, the fluorescence was completely

suppressed while the emission of {Ru(phen)3}2 + moiety was red

shifted by 50 nm, indicating strong intermolecular interactions

(Figure 4). The fit of the emission decay profiles to a tri-

exponential curve resulted in reduced-c2 values equal to 1.0

and random distribution of residuals (Figure S3). The decays

were described by very long lifetime, 1.66 ms, that accounts for

96.03 % of the total emission, 351 ns (3.95 %), and a short

lifetime component, 1.85 ns (0.02 %). The long lifetime is in

excellent agreement with previous values reported for

acetonitrile solution.[21] In this previous work, the long lifetime

was attributed to the long-lived triplet 3*pPDIp (1.8 ms)

produced by charge recombination of the intermediate excited

species {(phen)2Ru(III)(pPDIp
*�)}. In acetonitrile solution, the

3*pPDIp sensitized the formation of the singlet molecular

oxygen, with quantum yield values of 0.57.[21] As it will be

shown in the biologic stuies section, 1O2 was also detected and

quantified in buffer solution and starch films.

The solvent intermediates the p–p self-assembly in DMSO,

RPMI, buffer pH 7.4, and starch film through different intermo-

lecular interactions, with an impact on the observed photo-

physical and photochemical properties displayed by the

assemblies.

The photochemical generation of the pPDIp
*� radical anion

of the pPDIp moiety observed without addition of a reducing

agent demonstrates the strong p-acceptor ability of the pPDIp

ligand, which can be attributed to the functionalization of the

axial positions of perylenediimide with two phenanthrolines.

They provide delocalization of electron density into the PDI

unity and limit the electron mobility to the aromatic ring of the

PDI, which acts as an “electron sink”. In donor solvents such as

DMSO, the photochemical reduction of pPDIp is probably

facilitated by the interactions of bulk solvent with the hydrogen

of the aromatic pPDIp ring. Similar behavior has been recently

observed for PDI and NDI modified derivatives.[33,34]

RPMI induces a p–p interaction in the ground state.

Consequently, excimer formation is highly facilitated. Moreover,

in RPMI, the photolysis is wavelength dependent, suggesting

that the lowest MLCT and ILCT states are reasonably close in

energy. These results support the population of a specific

excited state at the chosen irradiation wavelength. In addition,

it is also expected that the solvent have a large impact on the

Figure 3. Photolysis of [Ru(phen)2(pPDIp)]2 + complex (50 mmol L�1) in dea-
erated RPMI solution, total irradiation time = 180 min, irradiating at 518 nm
(A) and 420 nm (B). Change in the UV/Vis absorption spectra (left; Inset in (A,
left) and (B, left): Experimental EPR spectrum after 50 min of photolysis) and
emission spectra (right) monitored at 450 nm. C) UV/Vis absorption spectra
showing the back-reaction product.

Figure 4. Absorption and emission spectra of the [Ru(phen)2(pPDIp)]2 +

complex in starch film and buffer solution in the dark.
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rates of nonradiative deactivation. Unambiguously, the large

intermolecular interactions observed when the complex was

immobilized in starch films led to the population of the triplet

pPDIp excited state, presenting longer fluorescence.

2.2. Direct Detection and Quantification of Singlet Oxygen
by Light Irradiation of [Ru(phen)2(pPDIp)]2 +

Whereas 3*pPDIp is implied by spectroscopic experiments,

detection and quantification of singlet oxygen and/or its

reactive species is needed to indicate the potential of complex

in PDT in physiologic medium. The photo-activation of 1O2 was

investigated using the EPR technique employing spin trapping

2,2,6,6-tetramethyl-4-piperidinol (TMP-OH). In the presence of
1O2, TMP-OH is oxidized to 4-hydroxy-2,2,6,6-tetramethylpiper-

idine-N-oxyl (TEMPOL).[35,36]

The experiments were conducted in buffer solution (pH 7.4)

in a flat cell without oxygen bubbling. In the dark, the EPR

spectrum of TMP-OH in the presence of complex shows a signal

at 3393 G that corresponds to 0.33 % of complex concentration.

This amount is negligible compared with the total amount of

the complex. Indeed, the intensity of this signal was not

affected by irradiation; it remained constant during photolysis.

The EPR spectra measured during photolysis of the

[Ru(phen)2(pPDIp)]2 + complex displayed three lines with the

same intensity, which match the simulated spectra of the

nitroxide radical. This result is consistent with formation of the

TEMPOL radical (Figure 5).

The EPR spectral changes during photolysis show that the

intensity of the TEMPOL signal increases with the concentration

of complex, and it is also dependent on the wavelength and

time of light irradiation. To establish the concentration of the
1O2 generated with the time of irradiation, a calibration curve

was built with TEMPO as a standard (Figure S10). Figure 5 and

Table S1 show that the concentration of 1O2 increased in the

course of photolysis of complex.

Analogous experiments were performed using DMPO to

trap possible reactive oxygen species: superoxide radical and/or

hydroxyl.[37] There was no observable DMPO/
*

OOH adduct

signal under the conditions used in the experiments discussed

here. The most probable candidate would be the {Ru(phen)2

(pPDIp)3*}.

The 420 nm light irradiation of a thin starch film of

[Ru(phen)2(pPDIp)]2 + (100 mmol L�1) in contact with D2O sol-

ution containing TMP-OH also yields the signals attributed to

TEMPOL. For comparison, photolysis of the starch film of

[Ru(phen)2(pPDIp)]2 + (100 mmol L�1) was performed under the

same experimental conditions, with 518 nm LED illumination

and sunlight in buffer solution (pH 7.4). Efficiency of the

[Ru(phen)2(pPDIp)]2 + complex under these different conditions

is demonstrated in Figure 6. It can be seen that 1O2 is generated

in all conditions tested. However, at a distance of 0.5 cm

between the film and the surface of the TMP-OH, 1O2 formation

was impaired, which means that direct contact between

solution and the [Ru(phen)2(pPDIp)]2 +film is necessary.

These results demonstrated that1O2 is formed under visible

light irradiation either dissolved in aqueous solution or

immobilized in starch films. This opens an opportunity for the

potential application of this complex in several areas of science.

We explored the potential applications of the [Ru(phen)2

(pPDIp)]2 + complex in PDT in vitro experiments using the

B16F10-Nex2 murine melanoma cells.
Figure 5. Comparative production of 1O2 using light sources of different
wavelengths during irradiation of the [Ru(phen)2pPDIp]2 + complex in buffer
solution (pH 7.4). 1O2was indirectly detected by EPR spectroscopy (left
spectra) using the spin trap TMP-OH, which forms TEMPOL as a final species.

Figure 6. Comparative production of TEMPOL generated from irradiation of a starch film loaded with the [Ru(phen)2(pPDIp)]2 +complex (100 mmol L�1) in
contact with a D2O solution containing TMP-OH: A) 420 nm, B) 518 nm, and C) sunlight.1O2was indirectly detected by EPR spectroscopy using the spin trap
TMP-OH, which forms TEMPOL as a final species.
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2.3. Dark- and Photocytotoxicity of [Ru(phen)2(pPDIp)]2 +

towards B16F10-Nex2 Cells

The viability of B16F10-Nex2 murine melanoma cell line in the

dark and under light irradiation were evaluated using the MTT

assay.

2.3.1. Dark Cytotoxicity of [Ru(phen)2(pPDIp)]2 +

The dark cytotoxicity of [Ru(phen)2(pPDIp)]2 + incubated with

B16F10-Nex2 cells for 24 h was investigated over a range of

concentrations between 0.1 and 100 mmol L�1. Cells without the

complex were maintained as controls. The percentages of cell

survival were calculated relative to the control cells and the

results are presented in Figure 7. These data indicated that

[Ru(phen)2(pPDIp)]2 +showed an IC50 value of 28 mmol L�1 under

no light irradiation. No significant dark cytotoxicity at concen-

trations �10 mmol L�1, with no apparent changes in the

morphology of cells incubated with complex were visualized

under these conditions (Figure 7).

2.3.2. Photocytotoxicity of 420 nm Light

The photocytotoxic effect of 420 nm light on superficial tumor

including B16F10 melanoma cell line is well reported.[38,39] For

this reason, we initially conducted experiments to evaluate the

effect of irradiation using our photochemical system (blue light,

420 nm, 1.96 mW/cm2) on the B16F10-Nex2 cell viability.

An immediate photocytotoxic effect was obtained after30

min irradiation (light dose of 3.52 J/cm2) to produce74.85 % (�

0.02) cell viability. In contrast, no significant photocytotoxic

effect was noted with 5 min light irradiation (light dose of 0.5 J/

cm2; Figure S11).

2.3.3. Photocytotoxicity of [Ru(phen)2(pPDIp)]2 + with 420 nm
Light

The effect of complex on cell viability was assessed immediately

after 30 min irradiation (3.52 J/cm2). Figure S12 shows that a

concentration of [Ru(phen)2(pPDIp)]2 +as little as 0.1 mmol L�1

caused near 100 % inhibition of cell viability. Shorter periods of

irradiation also caused photocytotoxic effect on cell viability.

For example, the IC50 value measured after 24 h of treatment

with 5 min irradiation (0.58 J/cm2) was 0.5�0.16 mmol L�1. Fig-

ure S13 shows the changes in cell morphology, which are

mostly associated to apoptosis.[40] The cells became rounded,

shrank, and exhibited expressive loss of volume that increased

with increasing the concentration of complex.

2.3.4. Photocytotoxicity of Green LED (518 nm, 0.23 mW/cm2)

No effects on B16F10-Nex2cell viability was observed 24 h after

treatment with green LED using light doses of 0.069, 0.207, and

0.414 J/cm2, respectively (Figure S14).

2.3.5. Photocytotoxicity of [Ru(phen)2(pPDIp)]2 + with a Green
LED

Upon light irradiation, the cells incubated with complex under-

went expressive loss of viability, which was dependent on light

dose and complex concentration. For example, at 30 min

irradiation (light dose of 0.41 J/cm2) the IC50 value reached was

1.2 mmol L�1 (Figure 8).
Figure 7. Dark cytotoxicity of the [Ru(phen)2(pPDIp)]2 +complex towards
B16F10-Nex2 cells incubated for 24 h without irradiation (top). Morpholog-
ical changes in cells after 24 h incubation with the complex in the dark
(bottom).

Figure 8. Influence of the light dose and [Ru(phen)2(pPDIp)]2 + concentration
on the photocytotoxicity towards B16F10-Nex2 melanoma cells. The
[Ru(phen)2(pPDIp)]2 + complex was primarily incubated with the cells for a
period of 4 h, followed by irradiation by a green LED light (518 nm) in
different doses. The cell viability was evaluated after 24 h of irradiation
treatment.
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3. Conclusions

The present study demonstrates that the [Ru(phen)2(pPDIp)]2 +

complex meets several key goals for the design of a photo-

sensitizer for melanoma cancer treatment. This complex is

stable and retains its phosphorescence in buffer solution and

on starch film, yet it displays high photoactivation of singlet

oxygen. Furthermore, the complex presents no cytotoxicity up

to 10 mmol L�1 and high photocytotoxicity towards B16F10-

Nex2 murine melanoma cells under a low dose of green LED,

518 nm. Therefore, the [Ru(phen)2(pPDIp)]2 +complex is a prom-

ising candidate for singlet oxygen photoactivation in topical

applications with LED excitation source.

Experimental Section

Materials

Solvents used for spectroscopic measurements were spectrophoto-
metric grade. The reagents were purchased from Sigma-Aldrich.
Cassava starch was kindly supplied by Cargill (São Paulo, Brazil),
containing 19.7 % of amylose.

Instrumentation

Absorption spectra were recorded on an Agilent 8453 UV-vis
spectrophotometer. Emission spectra were recorded in a Shimadzu
RF-5301PC fluorescence spectrophotometer. Fluorescence intensity
decay was obtained using the time-correlated single photon
counting (TCSPC) technique. The excitation source was a
titanium�sapphire laser (Tsunami 3950, Spectra Physics) pumped
by the solid-state laser Millenia Xs (Spectra Physics). The pulse
repetition rate was adjusted by a Pulse Picker 3986 (Spectra
Physics). The excitation wavelength was chosen with the aid of
harmonic generators with the Flexible Harmonic Generator (Spectra
Physics), which was directed to an Edinburgh FL900 spectrometer.
A refrigerated Hamamatsu C4878 micro-channel plate photomulti-
plier detected the emitted photons, and software provided by
Edinburgh Instruments was used to analyze the decays by fitting to
multi-exponential curves. All spectroscopic measurements were
conducted in 1cm quartz cuvettes (Hellma, Germany) at room
temperature and the solutions were deaerated through bubbling
with high-purity nitrogen for at least 30 min.

Light Sources

The following light systems were used in this study: a homemade
mobile photochemical reactor with Rayonet lamps (model RMR-
4200Å) using a 1.96 mW/cm2 fluence rate and a green LED array
composed of 18 LEDs connected in series (model SMD 5050, l=
518 nm) using a 0.23 mW/cm2 fluence rate. Spectral emission for
the light system were recorded using a spectrometer (USB2000 + ,
Ocean Optics Inc.).

Synthesis of the [Ru(phen)2(pPDIp)]2 + Complex

This complex was prepared according to procedure described in
the literature.[21]

Preparation of Starch Films

The films were prepared following previously published proce-
dures.[41] Cassava starch (470 mg) with 75 mg of glycerol was
dissolved in 7.0 mL deionized water and heated up to 75 8C under
stirring for gelatinization. After that, the solution of the [Ru(phen)2

(pPDIp)]2 +complex in ethanol/water (30 % of ethanol)
(100 mmol L�1) was mixed with the gelatinized starch suspension
and, after homogenization, the solution was poured onto cylin-
drical plates. Then the films were dried in oven at 40 8C for
approximately 24 h. Films were stored at controlled relative
humidity of 75 % at ambient temperature (23�2 8C). The immobi-
lization of [Ru(phen)2(pPDIp)]2 + into the film was verified by UV-vis
and emission spectroscopy.

Photolysis

Solutions of complex the [Ru(phen)2(pPDIp)]2 + complex (25–
50 mmol L�1) (3 mL) were rigorously deoxygenated using high-purity
nitrogen atmosphere and then irradiated with 420 nm or 518 nm
light using a 1 cm path length, four clear-sided quartz cell.
Photolysis progress was monitored by UV-vis, emission and EPR
spectroscopy. During photolysis, the solution in the cell was
irradiated for defined time periods. The samples were rapidly
stirred to ensure uniform absorption throughout the cell.

Electron Paramagnetic Resonance (EPR) Spectroscopy

EPR measurements were performed in a Varian E109 series X band
spectrometer operating at 9.5 GHz. The concentrations of the
radical species and the g value of the free ligand and the
[Ru(phen)2(pPDIp)]2 +complex solutions in the dark and after
photolysis were determined using MgO standard doped with Cr(III).
Deaerated solutions in DMSO and RPMI media at 150–50 mmol L�1

were transferred to a flat quartz cell containing the Cr(III) standard,
fixed outside, during all measurements. Each solution was irradi-
ated with 420 nm or 518 nm light for certain time intervals. The
relation between the sample areas of the spectra and the area of
the signal of the standard was used to calculate the number of
spins and, consequently, the number of molecules with unpaired
electrons. EPR conditions are as follows: microwave power, 20mW;
modulation amplitude, 0.25 G; time constant, 0.0165 s; 1 scan.

Singlet Oxygen Measurements

EPR spin-trapping spectroscopy was used to measure 1O2 produc-
tion. Experimental solutions were prepared by mixing the [Ru-
(phen)2(pPDIp)]2 + complex (10–150 mmol L�1) with2,2,6,6-tetrameth-
yl-4-piperidinol (TMP-OH) (48 mmol L�1) in potassium phosphate
buffer (pH 7.4) in a total volume of 200 mL. The solutions were
irradiated in the flat quartz cell in the EPR cavity with 420 nm or
518 nm light for defined time periods at room temperature. EPR
conditions are as follows: microwave power, 20 mW; modulation
amplitude, 0.25 G; time constant, 0.128 s; 16 scans. The EPR
experimental spectra were simulated and the intensity of signal by
measuring the relative area of the EPR absorption simulated
spectrum. The concentration of 1O2 was established from calibra-
tion curve using the 4-Hydroxy-TEMPO (TEMPO) in aqueous buffer
phosphate solution (pH 7.4) (10–0.1 mmol L�1) as a standard and
analyzed under similar experimental conditions.

Cell Culture

The B16F10-Nex2 melanoma murine cell line was cultured in RPMI
1640 medium (Gibco) supplemented with 10 mmol L�1 HEPES(4-(2-
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hydroxyethyl)-1-piperazineethanesulfonic acid) (Sigma-Aldrich),
24 mmol L�1 sodium bicarbonate (Sigma-Aldrich), 40 mg/mL genta-
micin (Hipolabor), and 10 % (v/v) fetal bovine serum (FBS, Life
Technologies) under humidified atmosphere at 37 8C and 5 % CO2.

Dark- and Photoinduced Cytotoxicity

The cells were seeded into a 96-well plate at a density of ~2 � 103

per well. After overnight incubation, the cells were washed with
PBS and 200 mL RPMI medium containing the [Ru(phen)2(pPDIp)]2 +

complex at varying concentrations (between 0.1–100 mmol L�1) was
added for set incubation periods. For determination of dark
cytotoxicity the cells were incubated with the [Ru(phen)2(pPDIp)]2 +

complex for 24 h in the dark, whereas for light-dependent
cytotoxicity, the cells were incubated for 4 h before the light
stimulus. The plates were irradiated using 420 nm or 518 nm light
with different light dosages. Cell cytotoxicity levels immediately
after irradiation and 24 h after treatment were determined using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay: cells were incubated with medium containing MTT
(0.5 mg/mL) for 4 h. The formazan derivative insoluble product was
dissolved with 100 mL of 10 % SDS solution with 0.01 mol L�1 HCl.
After incubation for 16 h, absorbance was quantified at 570 nm
with reference filter of 650 nm, using a 96-well plate reader
Spectramax M2e device (Molecular Devices). All measured data
were processed and analyzed using GraphPad Prism software
(GraphPad Software, Inc., California, USA). Data were presented as
means� standard deviation (SD) of four independent absorbance
measurements, normalized to 100 % viability of the untreated
control.
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