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Abstract: The purpose of this study was to investigate the effectiveness in photodynamic therapy
of iron oxide nanoparticles (γ-Fe2O3 NPs), synthesized by laser pyrolysis technique, functionalized
with 5,10,15,20-(Tetra-4-sulfonatophenyl) porphyrin tetraammonium (TPPS) on human cutaneous
melanoma cells, after only 1 min blue light exposure. The efficiency of porphyrin loading on the
iron oxide nanocarriers was estimated by using absorption and FTIR spectroscopy. The singlet
oxygen yield was determined via transient characteristics of singlet oxygen phosphorescence at
1270 nm both for porphyrin functionalized nanoparticles and rose bengal used as standard. The
irradiation was performed with a LED (405 nm, 1 mW/cm2) for 1 min after melanoma cells were
treated with TPPS functionalized iron oxide nanoparticles (γ-Fe2O3 NPs_TPPS) and incubated for
24 h. Biological tests revealed a high anticancer effect of γ-Fe2O3 NPs_TPPS complexes indi-cated
by the inhibition of tumor cell proliferation, reduction of cell adhesion, and induction of cell death
through ROS generated by TPPS under light exposure. The biological assays were combined with
the pharmacokinetic prediction of the porphyrin.

Keywords: photodynamic therapy PDT; porphyrin; iron oxide nanoparticles; melanoma

1. Introduction

Melanoma is the most lethal type of skin cancer and the third form of malignancy
encountered between the ages of 15 to 39 years, with an incidence constantly increasing.
Among the risk factors involved in the evolution of aggressive skin the malignant tumor are
found: family history, ultraviolet (UV) radiation exposure, or simply variations in pigmenta-
tion genes [1–3]. The pathogenic mechanism of melanoma involves two cell subpopulations
in the epidermis, called melanocytes and keratinocytes. As a result of UV exposure, skin
keratinocytes increase melanin generation by producing the melanocyte-stimulating hor-
mone (MSH) that binds the melanocortin receptor 1 (MC1R) found on melanocytes surface.
Briefly, the melanocytes transfer melanin to surrounding keratinocytes and protect the
living cells. The melanoma risk appears as a cause of long exposure of the nuclei to UV
damage and accumulation of the mutations in sensitive regions [3–7].

Pharmaceutics 2021, 13, 2130. https://doi.org/10.3390/pharmaceutics13122130 https://www.mdpi.com/journal/pharmaceutics

https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com
https://orcid.org/0000-0001-6245-3580
https://orcid.org/0000-0002-7659-7435
https://orcid.org/0000-0002-5953-9241
https://orcid.org/0000-0002-4400-5060
https://orcid.org/0000-0001-5758-1422
https://orcid.org/0000-0002-2226-5849
https://orcid.org/0000-0003-0630-0314
https://orcid.org/0000-0001-9522-0118
https://doi.org/10.3390/pharmaceutics13122130
https://doi.org/10.3390/pharmaceutics13122130
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pharmaceutics13122130
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com/article/10.3390/pharmaceutics13122130?type=check_update&version=1


Pharmaceutics 2021, 13, 2130 2 of 27

For the treatment of melanoma, a lot of therapies were developed: chemotherapy,
immunotherapy, surgical resection, biochemotherapy, photodynamic therapy, and targeted
therapy [8]. Among these, photodynamic therapy (PDT) is based on the generation of
reactive oxygen species (ROS), especially singlet oxygen, by light exposure of unhealthy
tissue, at a specific wavelength. The most important aspect of the procedure is the use
of a photosensitizer (PS), a non-toxic agent that accumulates in the tumor and generates
ROS by light irradiation [9–11]. Briefly, the PS molecule is first excited to the singlet state
and through intersystem crossing forms the triplet state that then transfers the energy
to ground state oxygen, generating excited singlet state oxygen (1O2), the chief reactive
species, which interacts with surrounding molecules and destroys them [9,12]. A PS agent
must be: targeted to the tumor (able to accumulate in the tumor), a non-toxic compound,
painless, easy to eliminate, stable in time, active only on illumination, and efficient in
singlet oxygen generation [12,13].

Porphyrins, a group of organic compounds, are considered great PS agents that may
be used to accept the energy of light and produce singlet oxygen in the presence of a
triplet-state electron [9]. They are macrocyclic compounds with four pyrrole subunits inter-
connected at their α carbon atoms, are found in hemoglobin and cytochromes structure,
and have the function of a cofactor for redox-active enzymes. Moreover, their applications
in the biomedical field as PS in PDT are associated with their optical and redox proper-
ties [14,15]. A large range of porphyrin derivatives can be used in PDT. The sulfonation
of tetraphenyl porphyrin generates the tetra sulfonate porphyrin, an excellent producer
of singlet oxygen, with high solubility in water, and a promising PS for PDT. Also, tetra
sulfonate porphyrin is permeable through the cell membrane and has specific accumulation
and activity on tumor cells both in vitro and in vivo [14,15].

Generally, the PDT begins 24 h before the light exposure, when PS, such as por-
phyrin [10], is administrated for its deposition and accumulation in the tumor. Interestingly,
it was described that PS effectiveness in blood at the irradiation time determines tumor vas-
culature damage and, finally, affects the nutrient supply of the tumor. Thus, the PS action is
not concentrated only in the tumor, the effect of irradiation being not only the induction of
tumor cell death [16–22]. Moreover, PDT presents the limitation of a long in vivo half-life
of the PS and the difficulty of its transport in deep tumor regions of the body [23].

Nevertheless, the porphyrin activity as PS in the specific cell target can be improved
by many carriers (nanoparticles, micelles), being avoided the photosensitivity on healthy
tissue. Delivery systems protect the PS and release it only under specific conditions, where
ROS generation is required [24,25].

The use of nanoparticles as drug delivery systems proved to have multiple advantages,
such as: high biocompatibility, ease of fabrication and functionalization, and the control of
material size, and shape. Iron oxide nanoparticles are considered important tools in the
modulation of PS action due to their ability to carry and transport therapeutic amounts
of PS in the deep tumor regions of the body and to enhance the solubility of hydrophobic
PS [23]. Besides, the iron oxide nanoparticles present magnetic properties that can be
manipulated for medical application (cell labeling, gene delivery) or hyper/photo-thermal
therapy application. The iron oxide nanoparticles have been already used as vehicles for
the delivery of PS in PDT [26,27].

In this context, the purpose of this study was to investigate the anti-tumor effective-
ness of iron oxide nanoparticles (γ-Fe2O3 NPs) functionalized with 5,10,15,20-(Tetra-4-
sulfonatophenyl) porphyrin tetraammonium (TPPS) on human cutaneous melanoma cells,
after only 1 min light exposure. The water-soluble porphyrin, TPPS was chosen due to its
potential application in cancer therapy, and infectious diseases [28].

The efficiency of porphyrin loading on the iron oxide nanocarriers, synthesized by
laser pyrolysis technique, was estimated by using absorption and FTIR spectroscopy. Also,
the singlet oxygen yield was determined via transient characteristics of singlet oxygen
phosphorescence at 1270 nm for both, TPPS functionalized iron oxide nanoparticles (γ-
Fe2O3 NPs_TPPS) and rose bengal used as standard. The irradiation was per-formed with
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a LED (405 nm, 1 mW) for 1 min after melanoma cells were treated with γ-Fe2O3 NPs_TPPS
complexes and incubated for 24 hours. It was proved that the light exposure increased
the production of ROS generated in melanoma cells by porphyrin loaded nanoparticles,
reduced the proliferation and cellular adhesion capacity, and induced cell death.

2. Materials and Methods
2.1. Chemical Compounds

The photosensitizer, 5,10,15,20-(Tetra-4-sulfonatophenyl) porphyrin tetraammo-nium
(TPPS) (purity > 95%), was purchased from PorphyChem SAS, Dijon, France. Rose Bengal
(95% purity), used as PS standard, was bought from Sigma Aldrich (Darmstadt, Germany).

For iron oxide nanoparticles (NPs) synthesis by laser pyrolysis technique, the reac-
tive gas-es/vapors used were iron pentacarbonyl (Fe(CO)5) (99.999%, Merck, Darmstadt,
Germany) as an iron precursor, synthetic air (Linde, Dublin, Ireland) as an oxidizing
agent, and ethylene (C2H4, 99.99%, Linde, Dublin, Ireland) as laser energy transfer agent
(i.e., sensitizer).

2.2. Iron Oxide Nanoparticle Synthesis

The experimental set-up for laser pyrolysis technique is presented in Figure 1. Due
to the resonance between the emission line of the CO2 infrared laser and the absorption
line of the sensitizer gas, the ethylene molecules became vibrationally excited upon the
interaction with IR photons, and the reactive mixture is heated very fast via collisions [29].
Also, the mixture is supplementary heated by the oxidation of iron-based species and
ethylene molecules. Thus, the sudden formation of iron-based oxidized fragments/clusters
is followed by their condensation into small iron oxide nanoparticles which emerge from
the reaction zone.
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Figure 1. Laser pyrolysis of iron oxide nanoparticles.

As presented in Figure 1, the reactant flow orthogonally intersects the focused con-
tinuous beam emitted by the CO2 laser (70W maximum output power, λ = 10.6 µm). This
reactant flow is comprised of a mix of synthetic air (33 sccm) and iron pentacarbonyl vapors
(6.6 sccm) transported by a bubbled ethylene flow (33 sccm). Coaxial argon (Ar) flow is
used to both confine the gas precursors to the flow axis, as well as to ‘guide’ the freshly
nucleated nanoparticles towards the collection chamber. The reaction zone can be clearly
identified through a flame that emits in the visible spectrum. The temperature of the flame
needs to be constant throughout the experiment and it can be easily measured using an
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optical pyrometer. The process was described in detail elsewhere [29]. The experimental
parameters used are presented in Table 1.

Table 1. Experimental data.

Sample D-C2H4/Fe(CO)5 D-synth. Air D-Ar Conf D-Arwindows Tflame P Plaser

unit sccm sccm sccm sccm ◦C mbar W
FeO1 33/6.6 33 750 250 670 300 157/150

A water-soluble porphyrin, TPPS, was used as both a stabilizer and as an active
component. Initially, the TPPS powder was added to a glass vessel with 20 mL distilled
water (dH2O) having a pH = 5.5 and left 6 h in the ultrasound bath in order to ensure its
solvation. Then the iron NPs were introduced in the TPPS solution, ensuring the equal
concentration of 0.5 g/L of nanoparticles and TPPS. The 20 mL water-based suspension was
homogenized in an ultrasound bath provided with a cooling system at 59 kHz and 20 ◦C
for 12 h. The resulting suspension was then centrifuged at 10K rpm for 5 min and washed
with dH2O several times, each time the solid deposit was redispersed while maintaining
the initial water volume, with the ultrasonic bath (30 min).

2.3. Physicochemical Characterization
2.3.1. Nanoparticle Characterization

In order to characterize the hydrodynamic size and stability of the nanoparticles
suspensions, as well as the TPPS functionalized iron NPs suspensions, we utilized dynamic
light scattering (DLS) measurements (Nanoparticle Analyzer SZ-100V2, Horiba, Kyoto,
Japan) which employs a Diode-pumped solid-state (DPSS) laser emitting at 532 nm, with
a power of 100–240 V AC ± 10%, 50 Hz/60 Hz; at a scattering angle of 173◦. 1 mL
volume of aqueous suspension was added in a quartz cuvette cell for hydrodynamic
size measurements which were taken in triplicate for the following suspensions: γ-Fe2O3
(0.5 g/L) in dH2O, and γ-Fe2O3 (0.5 g/L) + TPPS (0.5 g/L) in dH2O. The same process
was used for zeta potential measurements where a cell with electrodes (carbon, 6 mm) was
used with a lower volume of solution.

XRD measurements on synthesized nanoparticles were carried out using a Panalytical
X’Pert system (Malvern Panalytical Ltd., Malvern, United Kingdom) with Bragg-Bretano
geometry: 0.02◦ step size, 30 s-time/step, 2θ: 15–80◦ with Cu Kα radiation tube and a
graphite monochromator for the diffracted X-ray beam. The NPs from a diluted water
suspension and also the final (stabilized and purified) water suspension containing NPs
coated with TPPS was characterized with a transmission electron microscope (TEM) appa-
ratus type Jeol ARM 200F also having an EDS facility. Two drops of water dispersions were
deposed on a carbon-coated grid and allowed to dry at room temperature. The elemental
composition of the as synthesized powder sample was evaluated by EDS-SEM using an
FEI Quanta Inspect apparatus.

2.3.2. Spectroscopic Methods

The efficiency of TPPS loading on iron oxide nanoparticles was determined by
measuring the absorbance spectra using a Lambda 950 UV–Vis-NIR spectrophotome-
ter (PerkinElmer, Inc., Waltham, MA, USA) and 10 mm thickness optical quartz cuvettes
(PerkinElmer, Inc., Waltham, MA, USA). The absorption spectra were measured from
200 to 800 nm at room temperature (22–24 ◦C).

The experimental detection system used to measure the time-resolved phosphores-
cence signal of the photosensitized singlet oxygen at wavelength 1270 nm was described in
detail elsewhere [30,31].

The laser beam used for excitation of TPPS molecules was emitted by the SHG (532 nm)
of a Nd:YAG laser (6 ns pulse time width at half maximum, 10 Hz repetition rate, maximum
energy per pulse 25 mJ) (Minilite II, Continuum, Excel Technology, Milpitas, CA, USA).
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The TPPS molecule is first excited to the singlet state and through intersystem crossing
forms the triplet state and then transfers the energy to ground state oxygen, generating
excited singlet state oxygen (1O2).

The laser spectroscopic technique for 1O2 species measurements is based on the radiative
deexcitation of the singlet state through the phosphorescence emission at 1270 nm.

The phosphorescence is detected by a near-infrared (NIR) photomultiplier (PMT
Module H10330, Hamamatsu, Japan) and measured with a digital scope (DPO-7254, Tek-
tronix Inc, Beaverton, OR, USA). The phosphorescence transient signal is fitted with a
mono-exponential function and the 1O2 lifetime is obtained is given by the decay constant.

The quantum yield of the singlet oxygen generation (Φ∆) is determined using also
a relative method to a reference standard. Rose Bengal (RB) which has 0.7 the quantum
yield of singlet oxygen generation in water was used as a reference. The RB solutions and
investigated solutions or suspensions were measured in the same experimental conditions
and the quantum yield was determined using the equation [31]:

Φ∆ = Φre f
∆

I
Ire f

Are f

A
n2

n2
re f

τ

τre f
(1)

where Φ∆ is the quantum yield of singlet oxygen generation, I is the singlet oxygen
phosphorescence intensity at the starting time of the laser pulse for the measured sample,
A is the optical absorption of the sample at the laser excitation wavelength (532 nm), τ is
the lifetime of singlet oxygen in the measured sample and n is the solvent refractive index.
The script ref indicates the measured values for the standard RB solutions. The intensity of
phosphorescence at t = 0 was obtained by the extrapolation to zero of the mono-exponential
fitting functions for the experimental decay curves.

IR spectra were recorded with a FTIR spectrometer, model Nicolet iS50, under trans-
mission mode over the wavenumber range of 4000–400 cm−1, at a resolution of 4 cm−1.
The TPPS solutions, the γ-Fe2O3 NPs, and complex γ-Fe2O3 NPs_TPPS suspensions were
dried on optical grade KRS-5 plates.

The theoretical IR spectrum of TPPS was calculated using Gaussian09 software [32].
The molecular structure was subjected to geometry optimization followed by the calcula-
tion of vibrational wavenumbers using the density functional theory (DFT). The hybrid
functional B3LYP method with 6-311G(2d) basis set was used.

2.4. Computational Approach
2.4.1. Molecular Modeling

TPPS structure was drawn and optimized using the Clean Geometry function of
Discovery Studio Visualizer Software. The NH4 groups were removed from the structure
for the molecular docking simulations, and we note the resulted structure TPPS.

The structures of our target proteins pro-caspase 3 (PDB code: 4JR0) [33] and caspase
3 (PDB code: 3DEI) [34] were imported from RCSB Protein Data Bank [35].

2.4.2. ADME-Tox Predictions

ADME-Tox prediction were made using 3 web services pkCSM [36], admetSAR [37],
and ProTox-II [38].

2.4.3. Molecular Docking

We have predicted the interaction between TPPS and our target proteins: pro-caspase
3 and caspase 3 with AutoDock4.2.6 software [39] using our usual protocol [40,41]. We
have performed blind docking simulations with the grid box grid points x y z (100, 110, 90)
for human pro-caspase 3 respectively (126, 96, 82) for caspase 3. The spacing of the grid
box is 0.375 Angstroms, and the Central Grid Point of Maps (x y z) is (6.46 1.11 23.11) for
pro-caspase 3 and (−33.06 10.36 −9.75) for caspase 3.



Pharmaceutics 2021, 13, 2130 6 of 27

2.5. In Vitro Bioassay
2.5.1. Cell Culture

Human cutaneous melanoma cell line, Mel-Juso, (ACC-74, ATCC, Manassas, VA, USA)
derived from vertical growth phase amelanotic melanoma was maintained in 75 cm2 culture
flasks and RPMI (Roswell Park Memorial Institute, Buffalo, NY, USA) medium (1640, Gibco,
Dublin, Ireland) supplemented with 1% antibiotics-antimycotics solution (Sigma-Aldrich,
St. Louis, MO, USA) and fetal bovine serum (FBS, Gibco, by Life Technologies, Carlsbad, CA,
USA) at a final concentration of 10%. At confluency of 80–90%, the cells were enzymatically
detached from the culture flasks surface using a 0.25% trypsin–0.53 mM EDTA solution. Cell
cultures were incubated in standard conditions (37 ◦C in an atmosphere with 5% CO2) and
culture media was completely refreshed once every two days.

2.5.2. Cell Treatment and LED Irradiation Protocol

To perform the in vitro experiments, Mel-Juso cells were seeded at a density of
5 × 104 cells/mL in 96 and 6-well plates and incubated at 37 ◦C, 5% CO2. After adhesion,
the cells were treated with, γ-Fe2O3 NPs_TPPS, free γ-Fe2O3 NPs and free porphyrin,
diluted in complete culture medium until a final concentration of 0.05, 0.5, 2.75, 4.16,
5.5 and 11 µg/mL for NPs, 0.01, 0.1, 0.5, 0.75, 1 and 2 µg/mL for porphyrin and 0.05 + 0.01,
0.5 + 0.1, 2.75 + 0.5, 4.16 + 0.75, 5.5 + 1 and 11 + 2 µg/mL for NPs + TPPS in γ-Fe2O3
NPs_TPPS, respectively. Untreated cells were used as control. To allow the internalization
of porphyrin and NPs, cell cultures were incubated for 24 h at 37 ◦C, 5% CO2. Afterwards,
the culture medium was replaced with a fresh one and the cells were irradiated or not
for 0.5, 1, 2.5, and 5 min, and incubated at 37 ◦C. All experiments were performed at the
interval of 24 h from the irradiation procedure. Before incubation with cells, the NPs and
TPPS suspensions were sterilized using UVC radiation for 1 h. Verifications by absorption
spectroscopy regarding possible photobleaching after UVC exposure were per-formed
to be sure that the sterilization has no effect on suspensions. No changes of the spectra
were noticed.

For cell exposure to UV light, a custom system of irradiation was developed (Figure 2).
A 405 nm LED (Nikia, Japan, NVSU 233B) was used as a light source, with a radiant flux of
1400 mW. To control the intensity of LED and the time of irradiation, a Pulse Frequency
Generator (PWM) and a Timer Relay Module were added to the pow-er supply circuit.
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A Plano-Convex Lens, with the focal length of f = 100 mm, was placed between the
LED and the plates, at a distance of 25 mm with respect to the light source to collect the
entire radiation emitted by the diode (Figure 2), and 30 mm to the probe, to ir-radiate a
large interest zone. The power density was measured at different duty cycles for the PWM,
a calibration curve was drawn and used further in irradiation parameters selection.
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2.5.3. Cell Morphology Examination

After 24 h of LED irradiation, cell morphological changes were examined by phase-
contrast microscopy using an Olympus IX73 microscope (Olympus, Tokyo, Japan) equipped
with a Hamamatsu ORCA-03G camera (A3472-06, Hamamatsu, Japan). Representative im-
ages were acquired with the CellSens Dimension software (v1.11, Olympus, Tokyo, Japan).

2.5.4. MTT Cell Viability Test

Melanoma cells were seeded at a density of 104 cells/well in 200 µL culture media
and treated with porphyrin (0.01–2 µg/mL), NPs (0.05–11 µg/mL) and γ-Fe2O3 NPs_TPPS
(0.05 + 0.01–11 + 2 µg/mL) for 24 h. After irradiation, Mel-Juso cells were incubated at
37 ◦C and the next day the culture media from each well was removed and replaced with
80 µL of 1 mg/mL MTT solution. Further, the culture plates were incubated for 2 h at
37 ◦C. In the final step, the purple formazan crystals formed during the incubation were
solubilized with 150 µL isopropanol, and the absorbance of the samples was measured at
595 nm using a Flex Station 3 microplate reader (Molecular De-vices, San Jose, CA, USA).
Non-irradiated cells were treated in the same conditions.

2.5.5. Detection of Intracellular Reactive Oxygen Species (ROS) Production

Intracellular ROS production was measured using 2′,7′-dichlorodihydrofluorescein
diacetate compound (H2DCFDA, D6883, Sigma-Aldrich, St. Louis, MO, USA). Mel-Juso
cells were seeded in 96-well culture plates (5 × 104 cells/mL) and treated with free TPPS
(0.1–1 µg/mL), free NPs (0.5–5.5 µg/mL) and γ-Fe2O3 NPs_TPPS (0.5 + 0.1–5.5 + 1 µg/mL).
After 24 h, the culture medium was removed and the cells were incubated for 30 min, at
37 ◦C with 50 µM H2DCFDA solution prepared in HBSS (Hanks’ Balanced Salt Solution).
Further, H2DCFDA solution was removed, and the cells were irradiated or not for 1 min
at a power density of 1 mW/cm2. The fluorescence was read at Flex Station 3 microplate
reader (ex. 485 nm/em. 520 nm) after 24 h of incubation. The cells from each well were
counted using the Trypan Blue method. The values of relative fluorescence units (RFU)
were divided by cell number.

2.5.6. Preparation of Cell Lysates

Mel-Juso cells were seeded in 6-well plates and treated with two different doses
of TPPS (0.5 and 0.75 µg/mL) and the corresponding concentrations of NPs (2.75 and
4.16 µg/mL). After irradiation protocol and 24 h incubation, the cells were trypsinized.
Further, the cell suspensions were centrifuged for 5 min, at 1500 rpm, 20 ◦C, and the cellular
pellets were washed and resuspended in phosphate-buffered saline solution (PBS). The
cell lysates were obtained by sonication of cell suspensions on ice, three times, using a
Hielscher UP50H sonicator (80% amplitude, 1 cycle) and their centrifugation for 10 min,
at 3000 rpm, 4 ◦C. The supernatants that resulted from centrifugation were collected and
stored at −80 ◦C until biochemical determinations. The protein concentration of cellular
lysates was estimated using Bradford reagent (B6916, Sigma-Aldrich, St. Louis, MO, USA)
and a standard curve of 0–1.5 mg/mL bovine serum albumin (BSA).

2.5.7. Measurement of Reduced Glutathione (GSH) Intracellular Content

The GSH amount of treated and untreated cells was determined using the method
based on the reaction between GSH and Ellman’s reagent. Firstly, the cell lysates were
deproteinized with an equal volume of 5% 5-sulfosalicylic acid and centrifuged for 10 min,
at 10,000 rpm, 4 ◦C. Secondly, 10 µL of supernatant were mixed with 150 µL reaction
mixture consisting of 1.5 mg/mL 5,5-dithio-bis-(2-nitrobenzoic acid) diluted in potassium
phosphate buffer (K2HPO4/KH2PO4) 0.1 M, pH = 7, with 1 mM EDTA. Lastly, the samples
were incubated at room temperature for 10 min and the absorbance was measured at
405 nm using a microplate reader. The GSH level of the samples was calculated using a
3.125–200 µM GSH standard curve.
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2.5.8. Western Blot Analysis

The expressions of some cell adhesion (β-catenin), proliferation (MCM-2), and apop-
totic (caspase 3, Bax, NF-kB) markers were analyzed using the Western blot technique.
The cell lysates were chemical (by mixing with a loading buffer containing SDS and β-
mercaptoethanol) and thermic denatured (by heating at 95 ◦C for 5 min). Then, 40 µg
of protein from each extract were loaded and migrated on denaturing 8%, 10%, and 15%
SDS-polyacrylamide gels in TRIS-glycine-SDS buffer, for 2 h. Further, the proteins were
electrotransferred from polyacrylamide gels on a PVDF membrane (cat. no. IPVH00010,
Merck, Darmstadt, Germany) using a BioRad system and TRIS-glycine-methanol buffer.
The proteins detection was performed using Western Breeze Chromogenic Anti-Mouse
and Anti-Rabbit kits (WB7103, WB7105, Invitrogen, Carlsbad, CA, USA). The membranes
were incubated with blocking solution for 30 min, at room temperature, and let overnight
with monoclonal anti-MCM-2 (sc-373702, Santa Cruz, Biotechnology, Dallas, TX, USA),
anti-β-catenin (sc-59737, Santa Cruz), and polyclonal anti-caspase 3 (sc-7148, Santa Cruz),
anti-Bax (sc-493, Santa Cruz) and anti-NF-kB (sc-109, Santa Cruz) specific primary anti-
bodies. The next day, the membranes were washed and then incubated for 30 min with
conjugated-alkaline phosphatase secondary antibodies. The protein bands were revealed
with BCIP/NBT chromogenic substrate, visualized with a ChemiDoc Imaging System
(BioRad, Hercules, CA, USA) and quantified using ImageLab software. The results were
normalized to a reference protein (β-actin).

2.5.9. Statistical Analysis

The results were calculated as an average of three replicates (n = 3) and represent-ed
as percentages relative to control (untreated cells) ± standard deviation. The statistical
significance between treated cells and control was estimated using two-way ANOVA
method performed with GraphPad Prism (Version 8, GraphPad Software, La Jolla, CA,
USA) and Tukey’s multiple comparisons test and the results were considered significant
when the p-value was less than 0.05 (*), 0.01 (**), 0.001 (***).

3. Results
3.1. Physicochemical Analysis
3.1.1. Nanoparticle Characterization

The X-ray diffractogram (Figure 3) of the synthesized powder sample indicated its
nanophase feature and the crystalline structure can be assigned to γ-Fe2O3/Fe3O4 phases:
the position of theoretical diffraction peaks is illustrated with diamonds. The positions (2θ),
and the full width at half maximum (B) of most relevant 5 peaks: (220), (311), (400), (511)
and (440) were evaluated using pseudo-Voight functions and OriginPro 2015 software. The
mean value for the constant lattice was 8360 Ǻ. The closest reference structure with that
found for our sample is the γ-Fe2O3 phase having PDF file: 00-039-1346 and a constant
lattice of 8352 Ǻ, whereas the magnetite (Fe3O4) phases have larger values (between
8.39 and 8.40 Ǻ).

Based on the most intense peak at 2θ = 35.6◦ associated with (311) plane and on the
second one as the intensity at 2θ = 63.0◦ associated with (440) plane, the mean crystal size
of as synthesized NPs was found to be 5.7 nm and 6.1 nm according to the Debye-Scherrer
equation: Dhkl = k λ/B cosθ. Here, Dhkl is crystallite size, k is the shape constant of typical
0.9 in most evaluations for cvasi-spherical particles and λ is the wavelength of the X-ray.
The presence of other iron-based crystalline phases (ex. αFe or Fe carbides) is not certain,
their eventually minor contribution being masked by the background noise.
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Figure 3. XRD patterns for as synthesized FeO1 nanoparticles (NPs).

The TEM image at medium resolution from the as synthesized NPs (Figure 4a) showed
in majority cvasi-spherical structures which appear to have a diameter between 3–9 nm
with a particles distribution well fitted with log-normal function and a mean value of
5.8 nm (left inset). The NPs, probably due to their magnetic properties, were self-organized
in loose agglomerates/aggregates containing hundreds of entities. In the case of porphyrin
functionalized NPs on copper grid, visualized by TEM in Figure 4b, the NPs agglomerates
contained particles with almost the same dimensions, with a mean diameter of 6.2 nm,
having more compact zones, yet with no evidence of solid segregation of porphyrin-based
bridges between NPs or separate clusters. The most probable spreading of adsorbed
porphyrins at the NPs surface almost as single molecular layer can be the explanation of
this very weak mean diameter NPs increase.
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As it can be seen from the presented HR-TEM image, (Figure 5a) the functionalized
particles are spherical or polyhedral, the size of those identified here varying from 12 to
5 nm. The particles are mostly crystalline as monodomain and the observed interplanar
distances can be ascribed to the (220) and (311) planes of γFe2O3/ Fe3O4 at 0.29 nm (2.96 Å)
and 0.25 nm (2.52 Å) respectively. From both microscopes, NPs covered grids EDS analyzes
were performed in different places where the NPs agglomerates are not attached to the
original amorphous carbon layer of the TEM grids. Qualitatively the presence of O, Fe,
and a minor contribution C was detected, all derived from NPs. The presence of S and
the major contribution of C comes from the adsorbed pseudo-porphyrin whose molecules
contain -SO3

− groups. The other elements appear as an artefact from the grids (Cu) or
sample manipulation (Si). The constant presence of sulphur peak in EDS spectra from
different places of the grid and also an intensity ratio between Fe-Kα and S-Kα peaks
between 25 to 35 was used by us as an instrument to optimize the preparation process for
NPs functionalized suspension.

Pharmaceutics 2021, 13, x FOR PEER REVIEW  11 of 30 
 

 

 

Figure 5. HR (high resolution) TEM Imageof NPs functionalized with TPPS (a) and EDS spectra for synthesized NPs (b), 

and NPs functionalized with TPPS (c). 

A  thin  (less  than  0.1  mm  thick)  pellet  prepared  by  cold  pressing  from  the  as 

synthesized  sample  was  analyzed  by  EDS  as  SEM  facility  in  order  to  evaluate  the 

elemental composition. Mediating the values from three different positions the following 

elemental composition was determined: C‐0.63 at. %, O‐58.60 at. %, and Fe‐40.77 at.%. The 

Fe/O ratio from these values matches Fe2O3–0.13 stoichiometry. 

Regarding the mean hydrodynamic size (Table 2), DLS measurements of the 0.5 g/L 

suspensions  showed values of 138.0 nm  for  iron oxide nanoparticles and  this value  is 

consistent with the aggregate sizes measured at TEM investigation at low resolution. The 

higher  value  for  the  γγ‐Fe2O3 NPs_TPPS  suspension  (453  nm)  could  be  explained  by 

coalescence  and  compactization  phenomena  of  the  initial NPs  aggregates  due  to  the 

strong centrifugated forces acting during the purification process; an effect that cannot be 

fully reversed by using the ultrasound redispersion. 

Table 2. The mean hydrodynamic size of the samples. 

Sample  PI  Z‐Average  Distribution Form 

γ‐Fe2O3 NPs  0.340  138.0 nm 
Broad polydisperse 

γ‐Fe2O3 NPs _TPPS  0.414  453.1 nm 

Zeta potential values (Table 3) indicated good stability for γ‐Fe2O3 NPs (50.9 mV) and 

an excellent one for γ‐Fe2O3 NPs_TPPS suspension (−90.9 mV) in slightly acidic dis‐tilled 

water (due to dissolved CO2 from the atmosphere). This result can be explained by the 

electrostatic adsorption of the negatively charged surface porphyrin onto the iron oxide 

nanoparticles  surface. A  schematic  diagram  explaining  the  process was  pro‐posed  in 

Figure 6. 

Figure 5. HR (high resolution) TEM Imageof NPs functionalized with TPPS (a) and EDS spectra for synthesized NPs (b),
and NPs functionalized with TPPS (c).

A thin (less than 0.1 mm thick) pellet prepared by cold pressing from the as synthesized
sample was analyzed by EDS as SEM facility in order to evaluate the elemental composition.
Mediating the values from three different positions the following elemental composition
was determined: C-0.63 at. %, O-58.60 at. %, and Fe-40.77 at.%. The Fe/O ratio from these
values matches Fe2O3–0.13 stoichiometry.

Regarding the mean hydrodynamic size (Table 2), DLS measurements of the 0.5 g/L
suspensions showed values of 138.0 nm for iron oxide nanoparticles and this value is
consistent with the aggregate sizes measured at TEM investigation at low resolution. The
higher value for the γγ-Fe2O3 NPs_TPPS suspension (453 nm) could be explained by
coalescence and compactization phenomena of the initial NPs aggregates due to the strong
centrifugated forces acting during the purification process; an effect that cannot be fully
reversed by using the ultrasound redispersion.
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Table 2. The mean hydrodynamic size of the samples.

Sample PI Z-Average Distribution Form

γ-Fe2O3 NPs 0.340 138.0 nm Broad polydisperse
γ-Fe2O3 NPs _TPPS 0.414 453.1 nm

Zeta potential values (Table 3) indicated good stability for γ-Fe2O3 NPs (50.9 mV)
and an excellent one for γ-Fe2O3 NPs_TPPS suspension (−90.9 mV) in slightly acidic
dis-tilled water (due to dissolved CO2 from the atmosphere). This result can be explained
by the electrostatic adsorption of the negatively charged surface porphyrin onto the iron
oxide nanoparticles surface. A schematic diagram explaining the process was pro-posed in
Figure 6.

Table 3. Zeta potential values for the γ-Fe2O3 NPs and γ-Fe2O3 NPs_TPPS samples

Sample γ-Fe2O3 NPs γ-Fe2O3 NPs_TPPS

Zeta Potential (Mean) 50.9 mV −90.9 mV
Electrophoretic Mobility Mean 0.000394 cm2/Vs −0.000704 cm2/Vs
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Figure 6. Schematic diagram of the adsorption process of the TPPS of the γ-Fe2O3 surface.

3.1.2. Spectroscopic Analysis

Absorption Spectroscopy

In Figure 7, the absorption spectrum for a TPPS solution in distilled water at concen-
tration 0.004mg/mL is shown in comparison with the absorption spectrum for the water
suspension of γ-Fe2O3 nanoparticles functionalized with TPPS (0.0138 mg/mL concentra-
tion of iron nanoparticles). The absorption features of porphyrin with maxima at 413 nm,
518 nm, 555 nm, and 649 nm are clearly present in the spectrum of nanoparticles suspen-
sion and proves the γ-Fe2O3 NPs and TPPS functionalization. In the inset of Figure 7,
the standard curve for TPPS determined by the absorbance values for the peak at 413 nm at
several concentrations is shown. Taking into account the absorbance of 1.04 for the γ-Fe2O3
NPs_TPPS suspension at 413 nm (background given by NPs diffusion subtracted), we can
extrapolate from the standard curve a TPPS concentration of 0.0025 mg/mL in the γ-Fe2O3
NPs_TPPS complexes.
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Figure 7. The absorption spectra for investigated samples: TPPS solution in distilled water at
0.004 mg/mL, γ-Fe2O3 NPs_TPPS water suspension, RB solution at 0.004 mg/mL in distilled water.
In the inset, the standard curve of TPPS absorbance versus concentration is shown.

The samples were investigated by FTIR spectroscopy to highlight the functionalization
of the nanoparticles with the TPPS.

Figure 8 displays the FT-IR spectra of TPPS, γ-Fe2O3 NPs, and complex γ-Fe2O3
NPs_TPPS.

Pharmaceutics 2021, 13, x FOR PEER REVIEW  13 of 30 
 

 

 

Figure  7.  The  absorption  spectra  for  investigated  samples:  TPPS  solution  in  distilled water  at 

0.004mg/mL, γ‐Fe2O3 NPs_TPPS water suspension, RB solution at 0.004 mg/mL in distilled water. 

In the inset, the standard curve of TPPS absorbance versus concentration is shown. 

The  samples  were  investigated  by  FTIR  spectroscopy  to  highlight  the 

functionalization of the nanoparticles with the TPPS. 

Figure  8  displays  the  FT‐IR  spectra  of  TPPS,  γ‐Fe2O3 NPs,  and  complex  γ‐Fe2O3 

NPs_TPPS. 

 

Figure 8. FT‐IR spectra of TPPS, γ‐Fe2O3 NPs, and γ‐Fe2O3 NPs_TPPS. 

The  characteristics  IR  vibration  of  TPPS molecule were  identified  based  on  the 

existing  literature  [42–45]  and  the  calculation  molecular  structure  using  Gaussian09 

software. Table 4 presents the vibrational extracted from the experimental and theoretical 

spectra and their corresponding mode of vibration. 

   

Figure 8. FT-IR spectra of TPPS, γ-Fe2O3 NPs, and γ-Fe2O3 NPs_TPPS.

The characteristics IR vibration of TPPS molecule were identified based on the existing
literature [42–45] and the calculation molecular structure using Gaussian09 software. Table 4
presents the vibrational extracted from the experimental and theoretical spectra and their
corresponding mode of vibration.

The IR spectra of TPPS presents the characteristic vibrations of the TPPS ring and the
four SO3

− groups connected to the molecule phenyl moiety [42–45]. The N–H stretching
vibration is identified at 3196 cm−1 and 3133 cm−1 and C–H stretching vibration is observed
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at 3056 cm−1 and 2907 cm−1. The bands at 1490 cm−1 and 1643 cm−1 are attributed to
the stretching vibration of C−C and C=C bonds in the benzene ring corresponding to
sulfonatophenyl radical and TPPS ring. The in-plane deformation vibration of C=C and
C=N from the TPPS ring is observed at 1398 cm−1. The band at 1250 cm−1 represents the
C−C stretching vibration between the aryl groups and the TPPS ring. The asymmetrical
SO3 stretching vibrations are identified in the 1200–1100 cm−1 spectral range, with two
intense bands at 1165 cm−1 and 1117 cm−1 [42]. The 1003 cm−1 and 738 cm−1 are assigned
to N−H wagging vibration, whereas the band with peak at 624 cm−1 is attributed to the
C−H wagging vibration of the benzene rings and deformation vibration of the TPPS ring.

Table 4. Experimental and theoretical vibration frequencies for TPPS with their corresponding modes of vibrations.

Wavenumber (cm−1)
Mode of VibrationExperimental Theoretical

1643 1620 stretching vibration of C−C and C=C bond (sulfonatophenyl radical)
1544 1559 stretching vibration of C−C and C=C bond (porphyrin ring/sulfonatophenyl radical)
1490 1477 stretching vibration of C−C and C=C bond (porphyrin ring/sulfonatophenyl radical)
1443 1436 stretching vibration of C−C and C=C bond (sulfonatophenyl radical)
1418 1416 stretching vibration of C−C and C=C bond (porphyrin ring)
1398 1346 in-plane deformation vibration of C=C and C=N (porphyrin ring)
1250 1252 C−C stretching vibration
1226 1213 C−H deformation vibration
1165 1154 symmetrical stretching vibrations S−O
1117 1124 asymmetrical stretching vibrations S−O
1025 1036 N−H and C−H deformation vibrations
998 1003 N−H wagging vibration

984 985 N−H and C−H deformation vibrations (porphyrin ring)/deformation vibrations of
4 neighbouring H-atoms (sulfonatophenyl radical)

855 839 deformation vibrations of 4 neighbouring H-atoms (sulfonatophenyl radical)

805 804 deformation vibrations of 4 neighbouring H-atoms (sulfonatophenyl radical)
C−C skeletal vibration (porphyrin ring)

760 767 deformation vibrations of 4 neighbouring H-atoms (sulfonatophenyl radical)
734 740 deformation vibrations of 4 neighbouring H-atoms (sulfonatophenyl radical)
681 683 N−H wagging vibration
645 647 C−C skeletal vibration (sulfonatophenyl radical)
624 618 N−H wagging vibration
581 576 S−O wagging vibration

The IR spectrum of NP shows a broad peak at 3417 cm−1 attributed to intermolecular
hydrogen bond stretching vibration as the nanoparticle surface adsorbed the water. Further,
this is supported by the appearance of the band with a peak at 1608 cm−1 representing
the O–H bending vibration of water molecules adsorbed on iron nanoparticles [46–48].
The bands with peaks at 2957 cm−1, 2925 cm−1, and 2870 cm−1 correspond to the C–H
stretching vibration, whereas the peaks at 1377 cm−1 and 1360 cm−1 are attributed to the
C–H deformation vibration. In the range 770-450 cm−1 is observed the stretching mode
characteristic to Fe-O bond vibrations, with a peak at 560 cm−1.

In the γ-Fe2O3 NPs_TPPS complex IR spectrum are identified the characteristic bands
of TPPS at 1488 cm−1, 859 cm−1, 768 cm−1, 620 cm−1 and of γ-Fe2O3 are identified at
1601 cm−1, 1374 cm−1, and 1355 cm−1. The biggest changes are observed for the C–H and
N–H vibrations of the TPPS ring. The bands at 1643 cm−1 and 734 cm−1 from the TPPS
spectrum, related to stretching vibration of C−C/C=C and to N−H wagging vibration
bonds from the TPPS ring, are shifted to 1697 cm−1 and 768 cm−1 in the γ-Fe2O3 NPs_TPPS
complex IR spectrum. This indicates the interactions of TPPS with the surface of γ-Fe2O3
NPs that results in the stiffening of the TPPS ring [42,49] due to functionalization. More, a
new band at 1247 cm−1 appears that indicates the functionalization of TPPS to γ-Fe2O3
due to the interaction of –OH of γ-Fe2O3 with -NH from the TPPS ring.
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Singlet Oxygen Generation

Figure 9 shows the transient phosphorescence decay curves measured at 1270 nm for
the singlet oxygen generated by the TPPS solution in distilled water, γ-Fe2O3 NPs_TPPS
water suspension, and RB solution at 0.004 mg/mL in distilled water used as reference.
The last has a known value of oxygen singlet quantum yield in water of 0.75 [50].
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The phosphorescence signals were registered in the same experimental configuration
and conditions for all investigated samples and averaged over 1000 laser shots. To avoid
saturation effects, low energy of the laser excitation radiation of 3 mJ per pulse was used.

Using Φ∆
ref value for RB in water of 0.75 [50] and Equation (1), we determined the

quantum yield for singlet oxygen generation by γ-Fe2O3 NPs_TPPS complexes in water
suspensions of 0.6. Also, the quantum yield of singlet oxygen generation by TPPS in water
was found to be 0.8.

3.2. ADME-Tox Predictions

Since the compound is carried using the NP (so the Absorption and Distribution of
the molecule may change), we focused on his toxicity. AdmeSAR and pkCSM predict that
TPPS is soluble in water. TPPS has a 0.43 probability to be subcellular localized in the
lysosome. Predictions show that this compound has a RatLD50 of 2.47 mol/kg according to
admeSAR and 3066 mg/kg according to ProTox-II. This compound has a low toxicity class
and probably is inactive as a carcinogen, immunotoxic, cytotoxic or mutagenic compound.

TPPS is inactive on the AhR receptor, the activation of this receptor being linked
to immunosuppression, thymic involution, and immunotoxicity via transcriptional al-
terations [51]. The decrease of the mitochondrial membrane potential is associated with
apoptosis [52], the prediction of inactivity of the TPPS derivative on mitochondrial mem-
brane potential could suggest that this compound may not produce apoptosis.

TPPS is also inactive on p53 and ATAD5. Regarding hepatotoxicity, pkCSM and
ProTox-II web services reported that this compound is not hepatotoxic. Overall, according
to predictions made, TPPS is a non-toxic compound. We present the predicted results in
Table 5.
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Table 5. Toxicity predictions for TPPS4, using admeSAR pkCSM and ProTox-II webservices.

pkCSM

Model Predicted Values Unit

Water solubility −2.892 log mol/L
Hepatotoxicity No Yes/No

admeSAR

Model Results Probability

Subcellular localization Lysosome 0.4395

Model Predicted values Unit

Aqueous solubility −3.3743 LogS
Rat Acute Toxicity 2.4748 LD50, mol/kg

ProTox-II

Model Predicted values Unit

Predicted LD50 3066 mg/kg
Predicted Toxicity Class 5 1-bad 6-good

Model Results Probability

Hepatotoxicity Inactive 0.65
Carcinogenicity Inactive 0.68
Immunotoxicity Inactive 0.96

Mutagenicity Inactive 0.62
Cytotoxicity Inactive 0.75

Aryl hydrocarbon Receptor (AhR) Inactive 0.78
Mitochondrial Membrane Potential Inactive 0.85

Phosphoprotein p53 Inactive 0.86
ATPase family AAA domain-containing protein 5 (ATAD5) Inactive 0.94

3.3. Molecular Docking Simulations

Molecules with estimated binding energy greater than−6 kcal/mol have no biological
action on that target [53,54]. When TPPS interacts with Pro-caspase3, our results show that
it has the lowest predicted binding energy −9.31 kcal/mol (Table 6).

Table 6. Predicted lowest free energy of binding expressed in kcal/mol and inhibition constant (KI)
expressed in nanomolar (nM) for pro-caspase 3 and caspase 3.

Target Estimated Lowest Free Energy of Binding (kcal/mol) KI (nM)

Pro-caspase 3 −9.31 150.72
Caspase 3 −7.74 2120

Pro-caspase 3 has the lowest predicted binding energy compared to caspase 3, im-
plying that TPPS will most likely bind to pro-caspase (Table 6). In both cases, between
TPPS and caspases, we obtained favorable interactions as follows: (i) non-classical carbon-
hydrogen bound, (ii) electrostatic interactions, (iii) charge interactions: salt bridge, and
attractive charge; (iv) Pi-charge: Pi-cation and Pi anion; (v) hydrophobic: Pi- Alkyl, Pi-
Sigma interactions; and (iv) miscellaneous Pi-sulphur interactions (Figure 10).

The interaction situs in both cases is quite similar both pro-caspase 3 and caspase 3
form favourable interactions with amino acid residues: Ala200, Arg241, Ile 262, Cys264, Ile
265 (Figure 10).
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3.4. In Vitro Biological Studies
3.4.1. Phototoxicity and Cell Morphologic Alterations

The photodynamic activity of γ-Fe2O3 NPs_TPPS complexes was evaluated in com-
parison with that of the individual components of the system and performed by MTT
assay. After 24 h after treatment, the Mel-Juso cells were washed and then irradiated at
405 nm at 2 different power densities of 1 mW/cm2 (Figure 11) and respectively, 2 mW/cm2

(Figure 11b) for different time intervals (0.5, 1, 2.5 and 5 min). After irradiation, cells were
incubated for another 24 h. As demonstrated in Figure 11, the phototoxicity of TPPS and
γ-Fe2O3 NPs_TPPS on melanoma cells increased with the elevation of led power density
and irradiation time. Moreover, the suppression of cell viability was dependent on the TPPS
concentration. For example, the viability of cells ex-posed to 1 µg/mL TPPS decreased
by 40% compared to control after 5 min irradiation with 1 mW/cm2 power density and
by 80% when exposed to 2 µg/mL in the same conditions. The results revealed that none
of the applied conditions had a significant effect on cells treated with free γ-Fe2O3 NPs,
except for a slight increase corresponding to the dose of 2.75 µg/mL, thus demonstrating
their biocompatibility. However, the phototoxicity of TPPS was significantly enhanced in
the presence of NPs. A pronounced reduction of cell viability was observed starting with a
dose of 0.5 µg/mL TPPS in cells incubated with γ-Fe2O3 NPs_TPPS compared with the
one with free TPPS. As shown in Figure 11b, at 2 mW/cm2 power density, regardless the
irradiation time, cells that were treated with a concentration higher than 1 µg/mL TPPS
presented a very significant decrease of cellular viability. In comparison, at 1 mW/cm2

power density, a higher per-centage of cells survived only when irradiated for 0.5 and
1 min. Based on these results, irradiation of cells at 1 mW/cm2 power density for 1 min
was considered the most suitable setup for the next determinations.
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Figure 11. Variation of Mell-Juso cell viability depending on irradiation time (min), led power density (mW/cm2) and
treatment dose. Cells were incubated for 24 h with γ-Fe2O3 NPs, TPPS and their complex at different concentrations
and then irradiated for 0.5, 1, 2.5 and 5 min at (a) 1 and respectively (b) 2 mW/cm2 power densities. After 24 h from
irradiation cell viability was evaluated by MTT assay. Data (n = 3) were expressed as percentages related to control (100%)
± standard deviation (SD). The results were considered statistically significant when * p < 0.05; ** p < 0.01; *** p < 0.001
(sample vs. control).

Using these selected parameters, we evaluated the morphologic aspect of Mel-Juso
cells and their viability after incubation with γ-Fe2O3 NPs_TPPS complexes and LED
irradiation (Figure 12a,b). The morphologic aspect of non-irradiated cells was similar to
that of the control, which is characteristic for epithelial cells presenting smooth, unruffled
borders. When cells were irradiated for 1 min, the cells changed their aspect dependent
by TPPS concentration. A significant decrease of cell density was noticed after incubation
of cells with γ-Fe2O3 NPs_TPPS complexes starting from a dose of 0.5 µg/mL TPPS. As
observed in Figure 12a, plenty of cells detached from the substrate acquiring a round
shape with irregular borders. Non-specific cell extensions and apoptotic vesicles were also
detected at a dose higher than 0.75 µg/mL TPPS.
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viability of treated Mel-Juso cells. (a) Bright-field images of Mel-Juso cells after 24 h exposure to different concentration
of γ-Fe2O3 NPs_TPPS complex: (1) 0.5 µg/mL NPs and 0.1 µg/mL TPPS; (2) 2.75 µg/mL NPs and 0.5 µg/mL TPPS;
(3) 4.16 µg/mL NPs and 0.75 µg/mL TPPS; (4) 5.5 µg/mL NPs and 1 µg/mL TPPS and subjected or not to led irradiation.
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NPs_TPPS complex at different concentrations. Data (n = 3) were expressed as percentages related to control ± standard
deviation (SD). The results were considered statistically significant when * p < 0.05; *** p < 0.001 (sample vs. control).

The alterations noticed in the microscopic images were confirmed by MTT assay
(Figure 12b). Without irradiation, exposure of Mel-Juso cells to γ-Fe2O3 NPs_TPPS com-
plexes or free TPPS generated no significant toxicity except for the dose of 1 µg/mL
γ-Fe2O3 NPs_TPPS complexes where viability slightly decrease by 10%. When irradiated,
melanoma cells incubated with γ-Fe2O3 NPs_TPPS complexes presented a 45% viability
compared to control at a dose of 0.75 µg/mL TPPS. However, no significant changes were
observed for cells incubated with free TPPS.

3.4.2. ROS Production and Antioxidant Protection

PDT-induced cell death generally occurs through the generation of intracellular ROS.
Therefore, we measured intracellular ROS levels in melanoma cells to evaluate the photo-
dynamic activity of synthesized complexes. As shown in Figure 13, under irradiation, the
ROS production increased significantly in a dose-dependent manner in cells treated with
γ-Fe2O3 NPs_TPPS complexes starting with a dose of 2.75 µg/mL NPs and 0.5 µg/mL
TPPS respectively. Interestingly, no change of ROS level was detected in cells treated with
free TPPS or γ-Fe2O3 NPs excepting the highest dose of NPs where a slight elevation of
ROS production was found. In non-irradiated conditions, the level of ROS in treated cells
was similar to that of control.

In order to evaluate the antioxidant defense response of treated cells exposed or not
to irradiation, the intracellular GSH level was measured (Figure 14). When irradiation
was applied for 1 min, the GSH level increased significantly by 55% and 31% respectively
compared to control in cells treated with the two selected doses of γ-Fe2O3 NPs_TPPS. In
cells that were not exposed to LED light, we found that the GSH content of treated cells
was almost similar to the one measured in control cells.
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Figure 13. Intracellular ROS production after incubation for 24 h with different concentrations of γ-Fe2O3 NPs, TPPS and
their complex and exposure to no irradiation vs. 1 min irradiation (λ ~ 405 nm, 1 mW/cm2) conditions. Data (n = 3) were
expressed as percentages related to control ± standard deviation (SD). The results were considered statistically significant
when *** p < 0.001 (sample vs. control).
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Figure 14. Variation of reduced glutathione (GSH) content in Mel-Juso cells incubated for 24 h
with 2 different doses of γ-Fe2O3 NPs, TPPS and their complex and submitted or not to 1 min led
irradiation (λ ~ 405 nm, 1 mW/cm2). Data (n = 3) were expressed as percentages related to control
± standard deviation (SD). The results were considered statistically significant when * p < 0.05;
*** p < 0.001 (sample vs. control).

3.4.3. Protein Expression of Proliferation, Cell Adhesion and Apoptosis-Related Markers

To demonstrate the anti-tumor potential of γ-Fe2O3 NPs_TPPS in combination with
LED irradiation, Western blotting analysis was performed on three apoptosis-related
proteins, caspase 3, Bax and NF-kB, a proliferation marker MCM-2 and a com-ponent
of adherens junctions, that promotes cell adhesion, β-catenin (Figure 15). The results
showed a significant decrease of MCM-2 and β-catenin protein levels dependent on TPPS
concentration in the Mel-Juso cells treated with γ-Fe2O3 NPs_TPPS and irradiated for
1 min at 1 mW/cm2 power density. A slight decrease was also noticed in cells treated with
free TPPS in a dose of 0.75 µg/mL. No significant changes in the ex-pression of these two
proteins were observed in any of the other conditions. The protein level of pro-caspase 3
decreased concomitantly with the increase of caspase 3 ex-pression, resulting in apoptosis
activation in Mel-Juso cells treated with γ-Fe2O3 NPs_TPPS complexes and exposed to
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irradiation. Elevation of Bax expression, a pro-apoptotic protein, was observed only in
cells treated with the higher dose of γ-Fe2O3 NPs_TPPS (0.75 µg/mL TPPS). For the same
condition, we observed an inhibition of NF-kB protein expression compared to control cells,
which confirm induction of apoptosis and suppression of proliferation. For non-irradiated
cells, using the same doses and exposure intervals, no significant changes in the expression
of the analyzed proteins were found.
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Figure 15. The protein expression of Pro-caspase 3, caspase 3, Bax, NF-kB, MCM-2 and β-catenin in Mel-Juso cells after
24 h incubation with 2 different concentrations of γ-Fe2O3 NPs, TPPS and their mixture and exposure to no irradiation vs.
1 min irradiation (λ ~ 405 nm, 1 mW/cm2) conditions. (a) Blot bands corresponding to control (Ctr), γ-Fe2O3 NPs (a. 2.75;
b. 4.16 µg/mL), TPPS (c. 0.5; d. 0.75 µg/mL) and γ-Fe2O3 NPs_TPPS complex (a+c, b+d); (b) Quantification of blot images.
Data (n = 3) were normalized to β-actin and expressed as percentages related to control (100%) ± standard deviation (SD).
The results were considered statistically significant when * p < 0.05; ** p < 0.01; *** p < 0.001 (sample vs. control).

4. Discussion

To evaluate the potential of the newly synthesized γ-Fe2O3 NPs_TPPS complexes in
melanoma PDT, their anti-tumoral activity was investigated on amelanotic Mel-Juso cells
exposed to 405 nm LED irradiation. The blue light treatment at 450 nm wavelength and
10 J/cm2 had better results than red light in an in vitro melanoma study [55]. The efficiency
and the safety of red (635 nm) and blue (400 nm) light in PDT of basal cell carcinoma seems
to be equally safe and effective [56], but porphyrins expect to deliver better results at 410 nm
than in red light [57]. In melanoma PDT treatment, flavin mononucleotide shows good
results after blue light irradiation (450 nm), resulting in an 85–90% inhibition of tumour
growth [58]. Although the low depth penetration of blue light (at 400 nm of 1 mm [59]), the
low expression of melanin pigment present in Mel-Juso cells [60,61] can suggest that the
405 nm LED light only induces the activation of porphyrin derivate, without its absorption
by melanin. Our results indicated the efficiency of the PDT procedure at 405 nm in vitro on
Mel-Juso melanoma cells. Although, the low skin penetration depth that characterizes blue
light limits the PDT impact in vivo, it can be applied to superficial tumors. The blue light
was already used in clinical trials to treat actinic keratoses [62,63] and it was suggested
that blue light improved skin texture and smoothness and that can be used for treating
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photodamaged skin. The blue light is potentially safe and effective and could be employed
for treatment of acne, acne rosacea, and sun-damaged skin [62]. Also, in [58] has been
reported a melanoma xenograft regression in mice (85–90%) after blue light photoactivation.
Taking into account all of these, future research is worth to be carried out for increasing
the outcome of blue light PDT by controlling the PS activation and the reactions in the
tegument tissue layers.

Previous studies showed that synthetic anionic porphyrins present high photoactivity
and, accumulate rapidly and preferentially in tumor cells [64,65]. However, their use has
been associated also with several disadvantages including aggregation, dark toxicity (in the
absence of light) and side effects (e.g., neurotoxicity) which has impeded its development
as a PS [65]. Using iron oxide nanoparticles as a vehicle can solve these disadvantages.
Apart from being a PS agent, TPPS also improved the stability of the γ-Fe2O3 NPs_TPPS
suspension and its aggregation significantly decreased. Moreover, using γ-Fe2O3 in com-
bination with PS can significantly enhance the PDT efficiency, apart from eliminating the
side effects of simple PS. Also, due to the magnetic properties of these vehicles they can be
used as a targeted method, thus increasing the selectivity of the PDT [11]. The strategy to
combine porphyrin with NPs may lead to an increase of the delivery of this compound
within the target cells, thus leading to the enhancement of the porphyrin photoactivity in
PDT at smaller doses and to the reduction of systemic toxicity.

Our results showed that γ-Fe2O3 NPs_TPPS has an increased phototoxicity compared
with free TPPS. The preliminary cytotoxicity studies revealed that the phototoxicity of
γ-Fe2O3 NPs_TPPS is highly dependent on irradiation time, LED power density, and TPPS
concentration. The Mel-Juso cell viability decreased dramatically with over 80% from
control upon irradiation with 1 and 2 mW/cm2 power densities for 5 min in the presence
of γ-Fe2O3 NPs_TPPS corresponding to a TPPS concentration ≥0.5 µg/mL. A different
response was obtained in cells treated with free TPPS, in the same conditions. Here, the
phototoxicity was significantly lower compared to the one of functionalized TPPS. No
significant alteration of cell viability was noticed in cells incubated with free NPs which
attests their high biocompatibility but also might suggest their capability of no interference
in PDT. Considering these results, optimal experimental conditions for further analysis
were established at 1 min irradiation and 1 mW/cm2 power density.

Furthermore, we found that in the absence of irradiation, the melanoma cell viability
has not been altered by incubation with TPPS or γ-Fe2O3 NPs_TPPS up to a concentration
of 1 µg/mL TPPS. Also, we showed that unfunctionalized TPPS did not exert toxicity under
irradiation up to a concentration of 1 µg/mL. These results might indicate a threshold
of TPPS cytotoxicity in the melanoma cells subjected or not to irradiation at 1 µg/mL. A
dose of 0.75 µg/mL of functionalized TPPS was necessary to reduce approximately half
of the melanoma cell population (IC50 dose) after 1 min irradiation followed by 24 h of
incubation. A similar study showed that a 50% lethal concentration for TPPS applied on
human skin melanoma G361 cells was 4.24 ± 0.12 µM, after 50 s of irradiation with a
dose of 1 J/cm2 and 24 h incubation of cells [66]. After a microscopic examination, we
noticed significant morphologic alterations of melanoma cells incubated with γ-Fe2O3
NPs_TPPS which correspond to dead cells including unspecific cell extensions, ruffle
borders shrinkage, blebbing or apoptotic vesicles. Many detached cells floating in the
culture media were also present.

Despite the fact that TPPS is a good photosensitizer with a quantum yield of singlet
oxygen generation of about 80% (determined via phosphorescence detection at 1270 nm),
at concentrations up to 1 µg/mL and at a very low dose of light irradiation (1 mW/cm2

and 1 min exposure), it did not show a PDT effect, in contrast with the iron oxide nanopar-
ticles having the same TPPS loading. Our studies showed that γ-Fe2O3 NPs has led to a
significant increase of TPPS photodynamic activity.

The photophysical studies showed for γ-Fe2O3 NPs_TPPS, a quantum yield of sin-
glet oxygen generation of 60%, slightly lower than the porphyrin alone. These suggest
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that the significant ROS increase is due to the ability of synthesized NPs to deliver the
photosensitizer intracellularly.

The photooxidation efficiency of TPPS in melanoma cells increased in a concentration
dependent manner when it was added in combination with NPs. These results are in
correlation with the above cytotoxicity results and might suggest the contribution of NPs in
the TPPS cell internalization and its accumulation in the cytosol. Our assumption is based
on previous studies regarding the internalization of iron oxide NPs. It was shown that
endocytosis is the most frequent mechanism of cellular uptake for this kind of nanoparti-
cles [67]. More intracellular uptake pathways of iron oxide NPs were proposed including
passive diffusion, micropinocytosis, receptor-mediated endocytosis, clathrin-mediated en-
docytosis, caveolin-mediated internalization, and other clathrin and caveolin-independent
endocytosis [68]. Furthermore, several research studies indicated that the incubation with a
higher concentration of NPs results in a higher internalization that could reach a maximum
after 24 h of exposure [69]. In melanoma cells, it was shown that internalization of super-
paramagnetic iron oxide nanoparticles coated with polyvinyl alcohol and functionalized
with amino groups is visible after 24 h of continuous exposure [70]. In another study,
on human melanoma cells, it was shown that exposure to ultrasmall superparamagnetic
iron oxide nanoparticles induced a clathrin-mediated uptake with the involvement of the
endosomal-lysosomal pathway [71].

Iron oxide NPs are internalized into cells usually by endocytosis and digested to iron
ions inside lysosomes where also NP-functionalized compounds are released in cytosol.
This localization might contribute to the increase of efficiency of γ-Fe2O3 NPs_TPPS on
cancer cells. The PDT efficacy might be also partly due to a release of lysosomal constituents
such as cathepsins to the cytosol along with TPPS [72]. The released iron ions could also
enhance PDT efficacy by contributing to the increase of ROS production. Iron ions are
involved in catalyzation of the Fenton reaction, which produces highly reactive hydroxyl
radical (OH•) from peroxide (H2O2) and superoxide anions (O2

−).
In cells, ROS production is balanced by enzymatic and non-enzymatic antioxidant

defense systems. An excess of ROS induces the loss of antioxidant capacity and macro-
molecular damage thus triggering oxidative stress. In this direction, we further evaluated
the intracellular GSH level in melanoma cells. This most abundant endogenous thiol
compound, is a non-enzymatic antioxidant with important roles in maintaining redox
homeostasis through direct scavenging or enzymatic catalysis of electrophilic and oxidant
species [73,74]. The elevated GSH level found in tumor cells confers them therapeutic resis-
tance by preserving the levels of cysteine and detoxification of xenobiotics [75]. Previous
studies suggest that overexpression of GSH might be also correlated with resistance to
PDT [76,77]. In the current study, we found that the treatment with γ-Fe2O3 NPs_TPPS
under 1 min irradiation induced a slight elevation of GSH synthesis compared to control
as a response to high ROS production. Moreover, we noticed that the increase of GSH
content was inversely proportional with the increase of ROS level. These data indicate
that the cells were not able to efficiently counteract the oxidative stress. Once installed, the
oxidative stress can lead to significant oxidative modifications, including protein oxidation,
lipid peroxidation, DNA damage, inflammation, perturbation of signaling pathways and
activation of cell death mechanisms [78].

To further investigate the anti-tumor mechanisms triggered in melanoma cells follow-
ing photodynamic activation of functionalized TPPS, we analyzed some specific protein
markers involved in different cellular processes such as apoptosis, proliferation and cell ad-
hesion. We obtained a decrease of pro-caspase 3 protein level in parallel with the activation
of caspase 3 in cells incubated with γ-Fe2O3 NPs_TPPS at 0.5 µg/mL and 0.75 µg/mL TPPS
and irradiated for 1 min. These results indicate activation of apoptosis in melanoma cells
as cell death mechanisms. Additionally, in the same cells, we found a slight upregulation
of Bax protein, a major member of the pro-apoptotic group of the Bcl-2 family, which can
activate caspase-3 through the intrinsic apoptotic pathway. Because of the small increase
of Bax protein expression, we assume that activation of caspase 3 in Mel-Juso cells was
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achieved possibly by multiple pathways. Inhibition of NF-kB (nuclear factor kappa-light-
chain-enhancer of activated B cells) in these cells also confirmed the induction of apoptosis
but also the suppression of proliferation [79]. NF-kB plays a critical role in the cellular
response to different stimuli including stress, free radicals and ultraviolet irradiation and
controls signaling pathways involved in cell survival. The TPPS-mediated apoptosis was
reported also in human gastric cancer HGC27 and SNU-1 cells treated with a dose of
6.25 µM TPPS derivate and irradiation by a laser at 650 nm with 12 J/cm2 [80].

In cells, DNA replication process is assisted by minichromosome maintenance proteins
(MCMs), considered also proliferation markers and key tools in the diagnosis and prognosis
of cancer [81]. Very recently, it was found that melanoma is characterized by elevated
expressions of MCM-2–6 and MCM-10 proteins [82]. Moreover, MCM-2-index is correlated
with lower survival rates and this protein in association with COX-2 and p-Akt1 contribute
to cell-cycle dysregulation in melanoma [83]. Considering this, we have analyzed the
expression of MCM-2 protein to evaluate the status of the proliferative capacity of tumor
cells under tested conditions. The bands revealed on blot membranes showed a decreased
expression of MCM-2 protein in Mel-Juso cells exposed to γ-Fe2O3 NPs_TPPS followed by
irradiation, which confirmed the inhibition of melanoma cells proliferation. These results
were also in correlation with the cytotoxicity evaluation and morphologic examination data.
We assume that the decrease of MCM-2 protein expression may be a consequence of ROS
overproduction induced in melanoma cells through TPPS activation after 1 min irradiation
in the presence of γ-Fe2O3 NPs_TPPS. It is well known that overproduction of ROS is
positively correlated with cell cycle arrest and apoptosis. ROS are highly active oxygen-
containing molecules that play an essential role in cell cycle progression by regulating
the ubiquitination process via intermediate phosphorylation of cyclins-dependent kinases
(CDKs) and cell cycle regulatory molecules. MCM-2 is one of the molecules that regulate
cell proliferation and the cell cycle via G1/S phase arrest. The regulatory mechanisms that
modulate and control its activity are diverse and complex, particularly, phosphorylation by
multiple kinases [84]. Compelling evidence showed that the decrease of MCM-2 expression
may be a consequence of downregulation of CK2α the catalytic subunits of protein kinase
CK2 [85], or a result of Notch-mediated cell cycle arrest and its dependent kinases [86].

Furthermore, the protein expression of β-catenin, a structural component of cell–cell
adhesions was also investigated. The role of β-catenin in melanoma is not completely
understood. It’s up-regulation has been linked to the suppression of melanoma cell in-
vasion [87], but also was reported that blockade of β-catenin in metastatic melanoma
cell lines induces apoptosis and inhibits proliferation, migration and invasion but not in
primary melanoma cell lines [88]. In the current study, we found that protein expression
of β-catenin was pronouncedly down-regulated in our primary melanoma cells when
incubated with γ-Fe2O3 NPs_TPPS and then irradiated. A slight decrease in its expression
was also registered in the irradiated cells treated with free TPPS at the highest concentra-
tion. The reduction of β-catenin protein expression may result following ROS generation.
Previously, it was shown that the degradation of β-catenin in epidermal cells is caused by
ROS accumulation through caspases activation. Simultaneously, damage of cell adhesion
may induce ROS production and caspase activation, indicating a loop mechanism involved
in cell death [89].

Taking all results into consideration, we tend to believe that in this case, suppression
of β-catenin contributes to the induction of apoptosis, suppression of proliferation and
reduction of cell adhesion.

5. Conclusions

This study proved the anti-tumoral effect of the newly synthesized γ-Fe2O3 NPs func-
tionalized with 5,10,15,20-(Tetra-4-sulfonatophenyl) porphyrin on human melanoma cells
subjected to PDT by 405 nm LED irradiation. The NPs were synthesized by laser pyrolysis
and their nanometric size and crystallinity were confirmed by DLS, XRD and TEM analyses.
The loading efficiency of NPs with TPPS was estimated by using absorption spectroscopy.
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The γ-Fe2O3 NPs_TPPS complexes showed a good efficiency for singlet oxygen gener-
ation, a quantum yield of 60% being determined by measurements of 1O2 phosphorescence
at 1270 nm.

Predicted toxicity results suggested that this compound is probably safe to use, but
future tests are needed. The low binding energy between TPPS and pro-caspase 3 suggests
a possible affinity of TPPS to the inactive form of caspase.

The biological investigations showed that γ-Fe2O3 NPs has led to a significant increase
of TPPS photodynamic activity for a very low irradiation dose (1 mW/cm2 irradiation
intensity and 1 minute of exposure). Despite the fact that TPPS is a good photosensitizer
with a high quantum yield of singlet oxygen generation, it did not show a PDT effect at
our low light dose, in contrast to iron nanoparticles loaded with the same concentration of
TPPS. This could possibly indicate a good cell internalization rate of newly synthesized
γ-Fe2O3 NPs functionalized with TPPS.

A threshold of TPPS cytotoxicity in melanoma cells exposed or not to blue light radia-
tion was found at 1 µg/mL. Moreover, we showed that photoactivated γ-Fe2O3 NPs_TPPS
could trigger apoptosis in melanoma cells and might suppress tumor proliferation and cell
adhesion by modulating the MCM-2 and β-catenin pathways.
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