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1 Introduction

The effect of light irradiation on a nitro-ruthenium
porphyrin complex in the induced death of lung
cancer cells in two- and three-dimensional
cultures: Insights into the effect of nitric oxide+t
Amanda Blanque Becceneri,*® Matheus Torelli Martin,?

Angelica Ellen Graminha, 2 Marcia Regina Cominetti,
Roberto Santana da Silva 2 24

¢ peter C. Ford @2 ¢ and

Efforts to find compounds selectively affecting cancer cells while sparing normal ones have continued to
grow. Nitric oxide (NO) is critical in physiology and pathology, including cancer. It influences cellular pro-
cesses like proliferation, apoptosis, and angiogenesis. The intricate interaction of NO with cancer cells
offers innovative treatment possibilities, but its effects can vary by concentration and site. Ruthenium
complexes capable of releasing NO upon stimulation show for this purpose. These versatile compounds
can also enhance photodynamic therapy (PDT), a light-activated approach, which induces cellular
damage. Ruthenium-based photosensitizers (PSs), delivering NO and producing reactive oxygen species
(ROS), offer a novel strategy for improved cancer treatments. In this study, a nitro-ruthenium porphyrin
conjugate: {TPyP[RU(NO,)(bpy),14}(PFs)s designated RUNO,TPyP, which releases NO upon irradiation,
was investigated for its effects on lung cells (hon-tumor MRC-5 and tumor A549) in 2D and 3D cell cul-
tures. The findings suggest that this complex has potential for PDT treatment in lung cancer, as it exhibits
photocytotoxicity at low concentrations without causing cytotoxicity to normal lung cells. Moreover,
treatment of cells with RUNO,TPyP followed by light irradiation (4 J cm™2) can induce apoptosis, generate
ROS, promote intracellular NO formation, and has anti-migratory effects. Additionally, the complex can
modify tumor cell structures and induce photocytotoxicity and apoptosis in a 3D culture. These outcomes
are attributed to the internalization of the complex and its subsequent activation upon light irradiation,
resulting in NO release and singlet oxygen production.

cell proliferation and growth, will have the potential to offer
more potent treatments. This approach could lead to the

In recent years, significant endeavors have been directed
toward discovering compounds capable of selectively affecting
cancer cells."™ Compounds that leverage inherent metabolic
disparities between these cell types, as is evident from the
ability of tumor cells to modify their metabolism and regulate
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reduction of adverse effects on patients by precisely targeting
tumor cells.>® Some studies in this direction have highlighted
the role of neurotransmitters as chemical mediators capable of
activating specific receptors that influence the growth of
cancer cells.”

Given this context, significant focus has been directed
towards nitric oxide (NO), an innate molecule that assumes a
multitude of intricate roles in a broad spectrum of physiologi-
cal and pathological processes, notably within vascular func-
tion. The significance of NO extends to its capacity for govern-
ing diverse cellular mechanisms such as proliferation, apopto-
sis, angiogenesis, and cancer progression. This interplay
between neurotransmitters like NO and the conduct of cancer
cells underscores the potential for pioneering therapeutic
approaches that could harness these signaling pathways to
enhance cancer treatment outcomes. Nevertheless, the multi-
faceted nature of NO leads to ongoing debates, and its impact

This journal is © The Royal Society of Chemistry 2024
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appears contingent on concentration and specific location. At
higher concentrations, NO has demonstrated cytotoxic
effects.®®

Among various NO-donating agents, ruthenium complexes
have gained attention for their capacity to deliver appropriate
NO levels upon stimulation.'®™? These versatile ruthenium
multi-function compounds can potentially contribute signifi-
cantly to non-traditional cancer treatment modalities such as
photodynamic therapy (PDT). PDT is a minimally invasive
therapeutic modality that operates on the intricate interplay of
three essential components: a photosensitizer (PS), a light
source with an appropriate wavelength to activate the PS, and
molecular oxygen. The mechanism underlying PDT entails
photochemical and photophysical processes triggered by the
absorption of light by the PS. Within this process, the PS can
transfer energy or electrons, generating reactive species, such
as singlet oxygen and hydroxyl radicals, which play crucial
roles in initiating cellular damage, ultimately resulting in cel-
lular death through apoptosis, necrosis, or other forms of cell
death.”* To ensure the effectiveness of PDT, the PSs should
have specific characteristics, including the absence of dark tox-
icity, to minimize harm to normal tissues before light
activation.'®

The use of transition metal complexes as PSs holds great
promise as another cancer treatment."”” Notably, transition
metals can be effectively combined with porphyrins, known
for their unique electronic structure and spectroscopic
characteristics.'®'® This synergistic combination facilitates
the development of metal-based PSs that enhances the cata-
Iytic properties of porphyrins. The most promising metal-
based PSs developed for clinical use include tetrapyrrolic
derivatives based on porphyrin or Pd(u) chlorins (WST11 for
prostate cancer), Lu(m) (Lutes, lutetium texaphyrin for cervi-
cal cancer), Sn(wv) (Purlytin, macular degeneration), and
ruthenium-based derivatives.>*>® Therefore, the ability of
ruthenium complexes to donate NO upon irradiation and to
enhance photocatalytic properties of the PS in the pro-
duction of reactive oxygen species (ROS) can be a promising
strategy.

In a previous study, we synthesized and evaluated a new
porphyrin complex, designated as RuNO,TPyP, with the mole-
cular formula Cj50HgoF»4N5505P,Ru,. This complex features
nitro-ruthenium groups coordinated by pyridyl bridges,
specifically {TPyP[Ru(NO,)(bpy),]s}(PFs)s, Where TPyP stands
for 5,10,15,20-tetra(4-pyridyl)porphyrin and bpy represents
2,2"-bipyridine. The absorption spectrum of this complex
revealed a distinct Soret band at 421 nm, which is character-
istic of porphyrin compounds. Moreover, this complex demon-
strated significant photocytotoxicity in melanoma tumor cells
(B16-F10), as it produced singlet oxygen (@, = 0.29) and
released NO (®yo = 2.63 x 107°) upon irradiation at 415 nm.>*
Based on previous findings, further investigations were carried
out to assess the in vitro potential of RuNO,TPyP. The present
study investigates the effects of the complex on lung cancer
A549 cells and non-tumor cell line MRC-5 in 2D and 3D cell
cultures.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

2 Materials and methods
2.1 Cells

The lung cell lines used were MRC-5 (human non-tumor lung
cells) and A549 (human non-small cell lung cancer). The cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% of fetal bovine serum (FBS),
r-glutamine (2 mM), penicillin (100 IU mL™") and streptomycin
(100 mg mL™") and incubated at 37 °C with 5% CO, in a
humidified incubator.

2.2 Ruthenium complex

RuNO,TPyP was synthesized and characterized using methods
given in our previously published study.>* The structure of the
complex is shown in Fig. 1. Details regarding its characteriz-
ation, including "H-NMR spectroscopy and mass spectrometry
data, are also provided in the earlier study. To further clarify,
mass spectrometry spectra are presented in Fig. S1 of the ESL.{
The complex was solubilized in 100% dimethyl sulfoxide
(DMSO), and the maximum concentration of DMSO used for
cell treatment was 1%.

2.3 Light source

The light source used for irradiation assays involved in PDT
experiments consisted of LED arrays (Elétron Comercial,
Brazil) with a wavelength of 415 nm and an irradiance of
0.06846 W cm™>.

2.4 2D assays

2.4.1 Dark cytotoxicity and photocytotoxicity assay - MTT
method. Initially, the cytotoxic effects of RuNO,TPyP were

Fig. 1 Proposed molecular structure of the CjioHgoF24N280OgP4RuU4
complex.
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determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) cell viability assay, based on the
methodology described previously.> Briefly, cells (1 x 10* cells
per well) were plated onto 96-well plates and incubated at
37 °C and 5% CO, for 24 h. Afterward, the culture medium
was removed, and different concentrations (0-50 pM) of the
complex were added to the wells for a period of 4 h or 24 h.
Next, the treatment was removed, and a fresh medium without
phenol red was added. Then, one group of cells was irradiated
at 415 nm (4 J cm~?), while the other group was kept in the
dark. Afterward, both groups of cells were incubated for an
additional 20 h under same conditions, as mentioned earlier.
Subsequently, the supernatant was removed, and MTT solution
(0.5 mg mL™") was added for 3 h. Resulting formazan crystals
were then solubilized in 100% DMSO. The results were ana-
lyzed using a microplate reader (BioTek Synergy HT, Agilent) at
a wavelength of 540 nm. The viability of treated cells was nor-
malized to that of negative control cells (without treatment).
The ICs, calculation was performed using GraphPad® Prism
software, version 8.

2.4.2 Cellular uptake. The A549 cells were plated at a
density of 1.5 x 10° cells in 10 cm Petri dishes and incubated
for 24 h. Subsequently, the cells were treated with 0.5 pM of
the RuNO,TPyP and incubated for either 4 h or 24 h.
Following incubation, the Petri dishes were washed twice with
PBS, and the cells were collected using a cell scraper. Cell
pellets were digested with pure nitric acid for 1.5 h at 60 °C.
After digestion, samples were diluted appropriately with ultra-
pure water to achieve a nitric acid concentration of 2% before
using them for further analysis. The determination of total
ruthenium content was performed using inductively coupled
plasma mass spectrometry (ICP-MS) on a NexION 2000 instru-
ment (PerkinElmer, Norwalk, CT, USA), operated with high-
purity argon (99.99%, Air Liquide, Brazil). Analytical cali-
bration standards were prepared using a 2% nitric acid solu-
tion with RuCl;-3H,0, purified by sub-boiling distillation
using a quartz distiller (Kiirner Analysentechnik, Rosenheim,
Germany).

2.4.3 Cell morphology assay. To evaluate the effect of
RuNO,TPyP on the morphology of the A549 and MRC-5 cells,
the cells were seeded (1 x 10° cells per well) onto 12-well plates
and maintained at 37 °C and 5% CO, for 24 h. The following
day, the complex at a concentration of 0.5 pM was added for
4 h, after the supernatant was removed, and a fresh medium
without phenol red was added. The cells were then irradiated
with a dose of 4 ] em™? at 415 nm and incubated for 20 h at
same conditions described above. Photographs were captured
24 h after treatment using a camera (Nikon DS-U3) attached to
a Nikon Eclipse Ti microscope. The images were acquired with
a 100x optical zoom.

2.4.4 Cell colony formation assay. For the analysis of the
cytotoxic and cytostatic potential of RuNO,TPyP, the A549 and
MRC-5 cells (3 x 10® cells per well) were cultured onto 6-well
plates and incubated at 37 °C and 5% CO, for 24 h. After this
period, the complex (0.5 uM) was added for a 4 h period, after
the supernatant was removed, and a fresh medium without
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phenol red was added. The cells were then irradiated with a
dose of 4 J em™ at 415 nm and incubated for an additional 10
d. After this period, the supernatant was discarded, and the
cells were fixed with a solution of methanol and acetic acid in
a 3:1 ratio and later stained with a solution of methanol and
crystal violet (5%). Images were captured using a Chemidoc®
photodocumenter (BioRad).

2.4.5 Cell migration assay - wound healing. To determine
the effect of complex RuNO,TPyP on cell migration, the A549
and MRC-5 cells (1 x 10° cells per well) were cultured onto
sterile 12-well plates. These were maintained at 37 °C and 5%
CO, until the culture reached a high confluence. Then, with a
200 pL pipette tip, a scratch was made in the center of each
well. The wells were washed with PBS, and the cells were
treated with the complex (0.06 pM) for 4 h. The treatment
complex was removed, and a fresh medium without phenol red
was added. Next, the cells were irradiated with a dose of 4 ] cm™
at 415 nm and incubated at the same conditions for 48 h. The
images were acquired with a 100x optical zoom at 0 h (immedi-
ately after irradiation), and at 24 h and 48 h after irradiation.
The area of closure of the scratch due to cell migration was
measured using Image J software, and the closure percentage
was calculated according to the formula described earlier.”®

2.4.6 Apoptosis assay. To verify the effect of RuNO,TPyP on
apoptosis, a phycoerythrin (PE) Annexin V Apoptosis Detection
kit (BD Biosciences) was used. Briefly, the A549 and MRC-5
cells were seeded (1 x 10° cells per well) onto sterile 12-well
plates and incubated at 37 °C and 5% CO, for 24 h. Then, the
cells were treated with RuNO,TPyP (2 pM) for 4 h, and after
the treatment complex was removed, a fresh medium without
phenol red was added, and the cells were irradiated with a
dose of 4 J em™? at 415 nm and incubated for 20 h at same
conditions described above. After the irradiation period, the
cells were collected with TrypLE Express reagent (Gibco),
washed with PBS, and suspended in 200 pL of binding buffer
containing 5 pL of 7-amino-actinomycin D (7AAD) and 5 pL of
PE Annexin V for 15 min protected from light. After incu-
bation, flow cytometry was performed using a Accuri C6 cyt-
ometer (BD), and data were analyzed with the BD CSampler
program.

2.4.7 Cell cycle assay. To investigate the effect of
RuNO,TPyP on the cell cycle, the A549 and MRC-5 cell lines
were seeded (5 x 10° cells per well) onto sterile 6-well plates
and incubated at 37 °C and 5% CO, for 24 h. Subsequently,
the cells were incubated with the complex (0.5 uM) for 4 h,
after which the treatment was removed, and a fresh medium
without phenol red was added. The cells were then irradiated
with a dose of 4 ] em™> at 415 nm and incubated for an
additional 20 h. After this period, the cells were collected,
washed with PBS, and resuspended in chilled ethanol (70%),
and left for 24 h at —20 °C. Next, the supernatant was removed
after centrifugation, and the cells were incubated in a solution
containing RNase A (20 pg mL™") and propidium iodide (PI;
10 pg mL™") at 37 °C for 30 min. Flow cytometry analysis was
performed on an Accuri C6 cytometer (BD), and the data were
analyzed using the BD CSampler analysis software.

This journal is © The Royal Society of Chemistry 2024
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2.4.8 Interaction with albumin and transferrin assay. To
evaluate the cellular interaction of RuNO,TPyP with bovine
serum albumin (BSA) and human transferrin (apo-Tf), the
cells were seeded (1 x 10 cells per well) onto sterile 96-well
plates and maintained at 37 °C in a humidified incubator with
5% CO, for 24 h. After incubation, the cells were treated with a
fixed concentration of 0.25 pM of RuNO,TPyP combined with
different concentrations of BSA (75 and 300 pg mL ") and apo-
Tf (25 and 50 pg mL™") for 4 h. After the treatment complex
was removed, a fresh medium without phenol red was added.
The cells were irradiated with a dose of 4 J cm™ at 415 nm
and left for further incubation for 20 h. As described earlier,
the percentage of viable cells was determined using the MTT
reagent.

2.4.9 NO induction assay. To evaluate the induction of NO
generation by RuNO,TPyP treatment followed by light
irradiation, cells (1 x 10° cells per well) were cultured onto
sterile 12-well plates at 37 °C and 5% CO, for 24 h.
Subsequently, the cells were incubated with the complex for
4 h (0.5 uM), and after the treatment complex was removed, a
fresh medium without phenol red was added. The cells were
then irradiated with a dose of 4 J ecm™ at 415 nm and incu-
bated for an additional 20 h. Next, they were washed with PBS
and incubated with 5 pM of 4-amino-5-methylamino-2',7'-
difluorescein (DAF-FM) for 30 min at 37 °C. After incubation,
the cells were rewashed with PBS, and a culture medium
without phenol red was added for the fluorescence microscopy
analysis (Nikon Eclipse Ti). The images were acquired with a
100x optical zoom.

2.4.10 Intracellular reactive oxygen species (ROS) level
measured by DCFH-DA staining. The cells were initially seeded
onto 24-well plates at a density of 0.5 x 10° cells per well and
incubated at 37 °C with 5% CO, for 24 h. Subsequently, the
cells were treated with the complex for 1.5 h at a concentration
of 1 uM. Afterward, the treatment complex was removed, and a
fresh medium without phenol red was added. The cells were
then exposed to irradiation with a dose of 4 J cm™ at 415 nm.
Immediately following the irradiation, 50 uM of dichlorodihy-
drofluorescein diacetate (DCFH-DA) was added, and the cells
were incubated at 37 °C for 40 min. Following this incubation
period, the cells were washed twice with PBS and cultured in a
phenol red free medium for subsequent fluorescence
microscopy analysis using a Nikon Eclipse Ti microscope. The
images were acquired with a 100x optical zoom. As a positive
control, the cells were treated with hydrogen peroxide at a con-
centration of 10 000 uM for 1.5 h.

2.4.11 Phalloidin labeling assay. The effects of treatment
with RuNO,TPyP on the cytoskeleton of the A549 and MRC-5
cells after irradiation were verified using the Alexa Fluor® 488
Phalloidin antibody. The cells (1 x 10" cells per well) were
plated onto 10-well sterile black plates and maintained at
37 °C in a humidified incubator with 5% CO, for 24 h. Next,
the cells were treated with RuNO,TPyP (0.25 pM) for 4 h, and
then, the treatment complex was removed, and a fresh
medium without phenol red was added. The cells were then
irradiated with a dose of 4 J em™2 at 415 nm and incubated for

This journal is © The Royal Society of Chemistry 2024
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20 h. The cells were washed with PBS and were then subjected
to fixation in 4% paraformaldehyde in PBS for 20 min and
further permeabilized with 0.1% Triton-X 100 in PBS for 5 min
at room temperature. Subsequently, the plates were subjected
to a 30 min blocking step with 2% BSA, followed by the intro-
duction of the Alexa Fluor® 488 Phalloidin for 20 min. The
cells were stained with 4',6-diamidino-2-phenylindole (DAPI)
for 4 min and washed three times with PBS. Images were
obtained using a Leica TCS SP8 confocal microscope. The con-
focal microscopy settings were kept the same between the
samples and were acquired with a 400x optical zoom.

2.5 3D assays

2.5.1 3D culture. The cell culture 3D assays were performed
using the “on top” culture method based on the procedure of
Lee et al.”’” For this, 48-well plates were coated with a thin layer
of a laminin-rich extracellular matrix (IrECM): Matrigel® and
incubated for 20 min at 37 °C and 5% CO,. Then, the A549
and MRC-5 cells were seeded, and the plates were kept in an
incubator for 15 min. Next, a solution of a medium containing
10% Matrigel® was deposited onto the cells. The multicellular
structures were formed after 4 days.

2.5.2 Morphology assay. The cells (2.5 x 10* per 100 pL)
were cultured in sterile 48-well plates, and after the formation
of multicellular structures (4 days), the treatment was per-
formed with 4 uM of RuNO,TPyP for 24 h. Next, the structures
were irradiated with a dose of 4 J ecm™? at 415 nm and incu-
bated under same conditions. Images were captured 24, 48,
and 72 h after irradiation using a Nikon Eclipse Ti microscope.

2.5.3 Live/dead assay. Calcein acetoxymethyl-diacetylester
(calcein AM) and PI were used to determine the cytotoxicity.
The cells (2.5 x 10* per 100 pL) were cultured in sterile 48-well
plates, and after the formation of multicellular structures
(4 days), the cells were treated with 4 pM of RuNO,TPyP for
24 h. Next, the medium was removed, and a fresh medium
without phenol red was added. Next, the structures were irra-
diated with 4 J cm™? at 415 nm and incubated again under
same conditions. After 72 h, the multicellular structures were
stained with calcein AM (1 ug mL™") and PI (5 pM mL ™) for
1 h inside an incubator (37 °C, 5% CO,). Then, the cells were
examined with a fluorescence microscope (Nikon Eclipse Ti),
and images were acquired with an optical zoom of 100x.

2.5.4 Immunofluorescence assay. For the immunofluores-
cence assay, the treatment was performed with 2 uM of
RuNO,TPyP for 24 h after the formation of the multicellular
structures. The medium was then removed, and a fresh
medium without phenol red was added. Next, the structures
were irradiated with 4 J cm™ at 415 nm and incubated again
under same conditions for 24 h. Next, the structures were
removed from the wells and placed on the slides. They were
then fixed with a 4% paraformaldehyde solution and washed
three times with 50 mM PBS glycine. Later, the slides were
blocked in an immunofluorescence solution with BSA and
fragments of goat anti-mouse IgG F(abl), antibodies. The
labeling was then performed using the primary anti-caspase-3
antibody, followed by the addition of Alexa Fluor-488 second-
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ary antibodies. The nuclei were stained with 0.5 pg mL™" of
DAPI. The slides were photographed with a Leica TCS SP8 con-
focal microscope. The confocal microscopy settings were kept
the same between the samples and acquired with an optical
zoom of 400x.

2.6 Statistical analysis

All statistical analyses were performed using the GraphPad®
Prism version 8.0 software. The differences between the
groups were assessed using a one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc test, and considered sig-
nificant at the p < 0.05 level. All the assays were executed at
least in triplicate, and all the figures presented are representa-
tive of one of the three triplicates.

3 Results and discussion

The synergistic interaction between NO and ROS in targeting
cancer cells has been demonstrated for certain ruthenium
complexes upon exposure to visible light irradiation.*®*° In
the context of the RuNO,TPyP complex, the NO production
can arise from oxygen transfer reactions and/or photochemical
processes, as previously described for species of the type
[RUL5(NO,)(x-N)].>****  Simultaneously, the absorption of
photons triggers electronic excitation, enabling energy transfer
to the molecular oxygen present in the medium and conse-
quently the production of singlet oxygen.**** This process,
commonly termed as Type II reaction, has extensive appli-
cations in various fields, notably in PDT, where the selective
production of a singlet oxygen can induce photocytotoxicity in
cancer cells.?>3¢

The results from the evaluation of the cytotoxicity and
photocytotoxicity effect of the complex RuNO,TPyP towards
tumor lung cells (A549) and non-tumor lung cells (MRC-5)
reveal that the complex presents high photocytotoxicity after
light irradiation in a concentration and time-dependent
manner in both cell lines. ICs, values for complex RuNO,TPyP
are 0.59 and 0.15 pM for the A549 cells after 4 and 24 h incu-
bation (Fig. 2A and B), respectively, and 0.53 and 0.16 pM for
the MRC-5 cells after 4 and 24 h incubation, respectively,
(Fig. S2, see ESIt). Conversely, our findings indicate that in the
dark, the complex did not result in cytotoxicity (<10%) at the
highest concentration tested (50 puM). Despite the absence of
selectivity among the cell lines in the presence of light, this
complex shows significant potential as a PS, as it exhibits a
low cytotoxicity in the dark. This allows for the valuable appli-
cation of PDT in precisely delivering light to the targeted
region during the treatment,*” inducing only photocytotoxicity.
Due to physicochemical characteristics, there was no complex
aggregation observed at any of the concentrations used in the
study.>*

Interesting results emerged from cytotoxicity assays when
considering the relationship between cellular uptake and incu-
bation duration. These factors were investigated in lung cancer
cells following incubation periods with RuNO,TPyP of 4 and
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Fig. 2 Effects of RUNO,TPyP on the A549 cells. (A) Ruthenium concen-
tration (ppb) in the A549 cells after 4 or 24 h incubation with
RUNO,TPyP, and ICso (uM) of the A549 cell line after 4 and 24 h treat-
ment. (B) Percentage of viable A549 cells after 4 h treatment with the

RUNO,TPyP complex in the presence of irradiation (415 nm, dose 4 J

cm™2, represented in light blue) and absence of irradiation (dark, rep-

resented by light purple). Percentage results were compared with the
negative control (C-), (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p <
0.0001).

24 h, ICP-MS analysis was utilized for quantifying the ruthe-
nium content. The uptake experiment revealed a time-depen-
dent trend, exhibiting an approximate 20% rise in ruthenium
concentration after extending the incubation time by 20 h.
Notably, final concentration of the ruthenium complex was
within the picomolar range (approximately 0.3 x 107> M),
indicating potent cytotoxicity against the lung cancer cell line
(A549) (Fig. 24A).

A cellular morphology assay was performed to further inves-
tigate the cytotoxicity analysis. Changes in cell morphology of
both cell lines related to the cytotoxicity of the complex can be
observed, such as a decrease in the number of the cells and
the appearance of circular structures (Fig. 3A). To highlight the
cells with the most different morphology, arrows are used to
indicate them. To better assess the cytotoxic and cytostatic
potential of the complex, we conducted a colony formation
assay, which has a longer incubation time (10 d) after treat-
ment, followed by light irradiation. This allowed us to assess
the long-term effects of the complex on the growth capacity of
the tumor cells, providing a comprehensive evaluation of cell
response over time. Notably, the incubation with the complex
was more effective in reducing the number and area of tumor
cell colonies than the non-tumor cells (Fig. 3B-D).

A wound-healing assay was performed (Fig. 4A and B) to
investigate the potential anti-migratory effects of the complex.
This assay is important in evaluating new cancer drugs as it
assesses the ability of a compound to inhibit cell migration, a
key feature of tumor metastasis.®® After 4 h of treatment with
RuNO,TPyP (0.06 pM) followed by irradiation, the migration of

This journal is © The Royal Society of Chemistry 2024
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the A549 lung tumor cells was significantly inhibited from
24 h onwards. In contrast, the complex did not inhibit the
migration of the MRC-5 non-tumor lung cells at 24 and 48 h,
as observed in graphs depicting wound closure percentages
(Fig. 4B). The light blue line represents untreated cells, while
the light purple line represents treated cells, thus, illustrating
the more specific activity of the complex in inhibiting the
migration of the tumor cells.

Exposing cells to cytotoxic agents can lead to changes in
their cytoskeleton, a complex protein network responsible for
cell shape and motility, among other functions.*® To evaluate
the effects on the cytoskeleton organization after treatment
with RuNO,TPyP and irradiation, the cytoskeleton staining
assay was performed using Alexa 488 Fluor® Phalloidin as a
marker for F-actin fibers. The complex induced changes in the
cytoskeletons of the A549 and MRC-5 cells at the concen-
trations tested. However, more significant alterations were
found in the tumor cell line compared to the non-tumor cell
line (Fig. 4C).

The cell cycle assay was used to evaluate the ability of the
complex to alter the cell cycle distribution and to induce frag-
mentation. The results (Fig. 5A) demonstrate that changes in
the cell cycle are similar in the A549 and MRC-5 cells. The
complex induces an increase in the cells in the sub-G1 phase,
which is indicative of nuclear fragmentation, in a concen-

This journal is © The Royal Society of Chemistry 2024

tration-dependent manner when compared to the negative
control. In the other cycle phases, the complex decreases cells
when compared to the control.

Therefore, based on previous results, we chose to perform
the apoptosis assay, because the DNA fragmentation is a hall-
mark of apoptosis®® and changes in actin filaments are a sig-
nificant characteristic of the apoptotic process.”’ RuNO,TPyP
induced apoptosis in the A549 and MRC-5 cells. In the A549
cells, at 2 pM of RuNO,TPyP, the percentage of the tumor cells
in apoptosis is approximately 56%. In the non-tumor cells, the
percentage of the cells in apoptosis is approximately 45%,
demonstrating that the complex is somewhat more specific in
inducing apoptosis in the tumor cells (Fig. 5B and C). In
another study, anionic porphyrin (1-Zn) demonstrated its
ability to induce apoptosis in the A549 cells at a concentration
of 16 puM, particularly in conjunction with irradiation. This
was supported by a substantial increase in the sub-G0/G1
peak, which indicated DNA fragmentation and the observation
that more than 40% of the cells were in the late apoptosis
phase after treatment and irradiation.*?

The interaction of ruthenium complexes with transport bio-
molecules has already been described in the literature.*’ To
evaluate this interaction, we performed an assay with the A549
cells that combined a fixed 0.25 pM concentration of
RuNO,TPyP with different concentrations of BSA and apo-Tf.
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Fig. 6 shows that the highest concentrations of BSA and of the internalization of the complex into the cells occurs
apo-Tf tested can significantly interact with the complex, by biomolecular transport entities present in the biological
increasing its cytotoxicity. Therefore, we can infer that part environment.
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To evaluate NO production after 4 h of treatment with
RuNO,TPyP followed by irradiation and another 20 h of incu-
bation, the A549 and MRC-5 cells were labeled with the fluo-
rescent probe DAF-FM and examined under a fluorescence
microscope. This probe is cell-permeable and is used for NO
detection. The results shown in Fig. 7A demonstrate that the
complex induces NO formation in the cells upon irradiation. It
should be noted that the images were obtained 20 h after
irradiation, and NO appears in cells that underwent a change
in morphology.

Treatment with RUNO,TPyP at 1 pM resulted in an immedi-
ate increase in cellular ROS production following irradiation,

This journal is © The Royal Society of Chemistry 2024

as evidenced by the DCFH-DA assay. It is important to note
that this reagent, while useful in evaluating oxidative stress,
captures a spectrum of reactive oxygen species and is not
specific to singlet oxygen.** To specifically confirm singlet
oxygen generation, photochemical assays were carried out in
our previously study.>® These assays provided direct measure-
ments of singlet oxygen production by its phosphorescence at
1270 nm leading us to calculate the quantum yield for the
complex (@, = 0.29) based on TPP (@, = 0.52), thereby con-
firming the accuracy of our assertion and supporting findings
observed in the fluorescence assay. A comparison of fluo-
rescence levels between the complex and hydrogen peroxide
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(positive control) with the untreated cells (negative control)
(Fig. 7B) indicates that all treatments induce ROS formation.
However, the complex does so at a significantly lower concen-
tration. Such an ability is highly advantageous for further
investigations and potential applications of the complex as a
PS. Another study showed that the new PSs, chlorin-es 13'-
guanidinoethylcarboxamide and chlorin-e6 13"'-boc,guanidino-
ethylcarboxamide exhibited higher phototoxicity. Incubating
cells with 1 pM of these compounds for 4 h led to enhanced
photogeneration of ROS.**> The observed outcomes align with
the expected results of PDT, as the generation of ROS is a criti-
cal mechanism in this process.*®

The common testing models for new compounds use two-
dimensional (2D) cell cultures. Despite the undeniable contri-
butions of these models, they present limitations that result in
a low success rate of drugs in the discovery process and, conse-
quently, low efficiency of the investment made.*” A 3D culture
has attractive advantages over 2D models, because it allows
cell-cell and cell-extracellular matrix (ECM) interactions.®
Several studies have highlighted notable distinctions between
cells cultivated using the traditional 2D and more advanced
3D matrix models. Specifically, some research indicates that
cells grown in 2D exhibit a higher sensitivity to cytotoxic drugs
compared to those cultured in 3D. For example, a recent study
found noticeable differences in the cytotoxicity of epirubicin,

M272 | Dalton Trans., 2024, 53, 11264-11275

cisplatin, and docetaxel with 13 triple-negative breast cancer
cell lines between 2D and 3D (spheroid) cultures. In most cell
lines, the ICs, values for all three drugs were significantly
higher in the 3D cultures when compared to their 2D counter-
parts.*® These findings underscore the significance of employ-
ing these newer models for testing purposes.>®>*

Given the interesting results of RuNO,TPyP using 2D cell
cultures, it is relevant to advance studies using 3D cell cul-
tures. The first 3D assay with RuNO,TPyP was the morphology
assay, which aimed to verify whether, under 3D conditions,
the complex can induce morphological changes in the multi-
cellular structures. Fig. 8A demonstrates that the complex
modified the morphology of the 3D multicellular structures,
mainly those formed by the A549 cells, which exhibited
fragmentation.

A cytotoxicity assay was conducted using double staining
with calcein-AM and PI to assess the cytotoxicity of the
complex in the 3D multicellular structures formed by the A549
cells. The results (Fig. 8B) revealed that after 24 h of treatment
followed by irradiation and an additional 72 h of incubation,
the intensity of the red staining in the multicellular structures
increased significantly, indicating cell death. In contrast, the
control group displayed intact structures with prominent green
staining. Based on the analysis of different multicellular struc-
tures, it can be observed that there was a reduction in the size

This journal is © The Royal Society of Chemistry 2024
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of these structures. Nevertheless, there was no alteration in
their circularity (Fig. 8C). Circularity can indicate the malig-
nancy and aggressiveness of the tumor, as more circular struc-
tures are less likely to be tumors.>* To investigate the potential
activation of apoptosis by the complex in 3D and 2D cultures,
an immunostaining assay utilizing a cleaved anti-caspase-3
antibody was performed. Fig. 8D illustrates positive staining
for cleaved caspase-3 (in green), particularly at the center of
the multicellular structures at a concentration of 2 uM, reinfor-
cing results obtained in 2D experiments.

This journal is © The Royal Society of Chemistry 2024

4 Conclusions

The present study investigated the effects of the nitro-ruthe-
nium porphyrin complex, RuNO,TPyP, in lung cells (MRC-5
and A549) using 2D and 3D cell culture models. Our findings
demonstrated that despite its limited cellular uptake, this
complex exhibited remarkable photocytotoxicity against lung
cells while maintaining low cytotoxicity. Treatment of cells
with low concentrations of RuNO,TPyP followed by light
irradiation at a dose of 4 ] cm™ at 415 nm induced profound
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changes in cell morphology, presented cytostatic effects, inhib-
ited cell migration, disrupted the cellular cytoskeleton, altered
the cell cycle, triggered apoptosis, and stimulated the intra-
cellular generation of NO and ROS. As anticipated, the per-
formance of the complex did not exhibit significant variation
among the cell lines because PDT involving ROS aims at local
treatment rather than compound selectivity. However, data
shows that the complex was more photocytotoxic to the tumor
cell line. In the 3D cell culture model, RuNO,TPyP induced
changes in the morphology of multicellular structures formed
by the A549 cells. It also exhibited significant photocytotoxicity
and induced apoptosis in the tumor cell structures, highlight-
ing its potential therapeutic efficacy in a more physiologically
relevant setting than 2D cell assays. Overall, our results indi-
cate that RuNO,TPyP shows significant potential as a PS for
lung cancer treatment. These effects are attributed to the
release of NO and generation of singlet oxygen during light
irradiation, suggesting a possible synergistic mechanism.
Further studies are necessary to fully elucidate complete poten-
tial and mechanisms of action of this complex.
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IrECM Laminin-rich extracellular matrix
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PS Photosensitizer
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PPB Parts per billion

ROS Reactive oxygen species
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