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ABSTRACT: Metal ion-chelated natural melanin nanoparticles exhibit strong potential for theranostic
applications. However, cross-effects resulting from modifications, whether introduced externally or occurring
spontaneously during application, such as the influence of metal ion chelation on photothermal therapy (PTT)
efficiency and the effect of PTT-induced temperature changes on MRI contrast, remain poorly understood. This
study investigates these interrelated effects through computational modelling and in vitro experiments. Melanin
nanoparticles (MNPs) and metal ion-chelated MNPs are synthesized, characterized, and evaluated for
cytotoxicity in PC-3 cells. The PTT performance of the less cytotoxic iron-chelated MNPs is compared to that of
the unchelated form using COMSOL simulations and in vitro models. MRI contrast is also assessed before and
after PTT. Both computational and experimental results show that Fe3*-chelated MNPs exhibit enhanced PTT
performance compared to unchelated MNPs, along with a measurable decrease in MRI contrast following
treatment. These findings suggest that Fe3*-chelated MNPs are promising theranostic agents capable of
delivering effective PTT while enabling MRI-based dosimetric monitoring during cancer therapy.

Keywords: Natural melanin nanoparticles, photothermal therapy, cancer therapies, contrast agents, magnetic
resonance imaging

0Z: Dogal melanin nanopargaciklarinin (MNP) metal iyonu ile selatlanmis formlari, teranostik uygulamalar igin
gl¢ll bir potansiyel sergilemektedir. Bununla birlikte gerek disaridan uygulanan modifikasyonlarin, gerekse
uygulama sirasinda kendiliginden ortaya ¢ikan degisimlerin yol actigi capraz etkiler (metal iyon selatlamasinin
fototermal terapi (PTT) verimliligi Gzerindeki etkisi veya PTT kaynakh sicaklik degisimlerinin manyetik rezonans
goruntl (MRG) kontrastina etkisi gibi) yeterince anlasilamamistir. Bu ¢alisma, s6z konusu karsilikh etkileri
hesaplamali modelleme ve in vitro deneylerle incelemektedir. Bu ¢alismada MNP'ler ve metal iyonu ile
selatlanmis MNP'ler sentezlenmis, PC-3 hiicrelerinde karakterize edilmis ve sitotoksisiteleri degerlendirilmistir.
Dusuk sitotoksisite gosteren demir-selatlanmig MNP'lerin PTT performansi, selatlanmamis form ile COMSOL
similasyonlari ve in vitro modeller kullanilarak karsilastirilmistir. Ayrica PTT 6ncesi ve sonrasinda MRG kontrasti
degerlendirilmistir. Hesaplamali ve deneysel bulgularin her ikisi de Fe3*-selatlanmis MNP'lerin selatlanmamis
MNP'lere kiyasla daha yiiksek PTT performansi sergiledigini ve tedavi sonrasinda MRG kontrastinda 6lgulebilir
bir azalma meydana geldigini géstermistir. Bu bulgular, Fe**-selatlanmig MNP'lerin etkili bir PTT saglarken ayni
zamanda kanser tedavisi sirasinda MRG tabanli dozimetrik izleme olanagi sunan umut verici teranostik ajanlar
oldugunu diistindiirmektedir.

Anahtar Kelimeler: Dogal melanin nanopargaciklari, fototermal terapi, kanser terapileri, kontrast ajanlari,
manyetik rezonans gorintileme.
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Theranostic Potential of Natural Melanin Nanoparticles in Cancer

| 1. INTRODUCTION

Creating nanoplatforms that are both highly biocompatible
and biodegradable while effectively integrating diagnostic
and therapeutic (theranostic) capabilities is crucial for the
targeted and accurate treatment of diseases. Melanin, a
natural biopolymer found in many living organisms,
including bacteria, fungi, plants, and animals, is a suitable
nanomaterial for photothermal therapy (PTT) of cancer
due to its high biocompatibility at the nanoscale and its
strong absorption in the visible light spectrum (Solano,
2017; Caldas et al., 2020; Cordero and Casadevall, 2020).
Moreover, melanin nanoparticles (MNPs) exhibit strong
chelation ability toward metal ions such as Cu?*, Fe¥*, and
Mn?*, enabling the use of metal ion-chelated MNPs as a
positive contrast agent for magnetic resonance imaging
(MRI) by shortening T1 relaxation times (Ju et al., 2013; Xu
et al., 2017; Chen et al., 2020; Baysoy et al., 2024).

There are theranostic studies in the literature in which
melanin and melanin-like nanoparticles have been used
simultaneously for both PTT and MRI. For instance, Sun et
al. investigated the feasibility of Mn-chelated MNPs as a
multifunctional nanoplatform for PTT, combining MRI and
photoacoustic dual-modal imaging. According to the
results of the study, the nanoparticles presented great
laser (808 nm) absorbing capability, negligible cytotoxicity
for both in vitro and in vivo experiments, high T1 relaxivity
rates, and a good photoacoustic signal (Sun et al., 2018).
Similarly, Miao et al. designed PEGylated polydopamine
(PDA) nanoparticles chelated with Mn?* to enhance the T1
shortening effect in MRI and achieve photothermal
ablation of cancer cells. These nanoparticles generated
high contrast under a 9.4 T MRI scanner and exhibited
effective PTT on Hela cells when irradiated with a 2 W, 808
nm laser for 10 minutes (Miao et al., 2015). In another
study by Kang et al., Mn?**-doped PDA nanoparticles, which
are sensitive to near-infrared light, were designed as
multifunctional nanoplatforms for cancer treatment.
These nanoparticles demonstrated potential as a
combined platform integrating photothermal,
photodynamic, and chemotherapeutic effects, providing
T1-weighted MR imaging contrast, and were shown to be
effective in targeted drug delivery and tumour ablation
(Kang et al., 2020). Similarly, Dong et al. synthesized PDA
nanoparticles and used them as a platform capable of
loading multiple therapeutic and imaging agents. The
authors successfully implemented a combination of
chemotherapy and PTT with MRI guidance (Dong et al.,
2016). These studies collectively highlight the versatility of
MNPs for both imaging and therapeutic applications.
However, the cross-effects of the manipulations for
theranostic applications, such as the effect of metal ion
chelation on PTT effectivity, and the impact of PTT-induced
temperature increase on MRI contrast have not yet been
explored.

This study aimed to investigate the PTT and MRI
performance of metal ion-chelated MNPs. Therefore,

MNPs and metal ion-chelated MNPs were synthesized,
characterized, and evaluated for cytotoxicity in PC-3 cells.
The PTT performance of the less cytotoxic iron-chelated
MNPs was compared to that of the unchelated form using
COMSOL simulations and in vitro models. MRI contrast of
iron ion-chelated MNPs was also assessed before and after
PTT.

| 2. MATERIALS AND METHODS

2.1. Synthesis of the MNPs

MNPs were obtained from cuttlefish (Sepia officinalis) ink
sacs, following the method reported in the literature (Eom
et al.,, 2017). Ink sacs were immersed in preheated distilled
water at 60°C and incubated for 5 minutes. This was
followed by the ejection of the dark ink from the sacs using
a bistoury, and then the ink was diluted, washed, and
centrifuged. The resultant suspension was diluted fivefold,
subjected to vortex-mixing, and centrifuged at 10,000 rpm
for 20 minutes. After centrifugation, the supernatant was
discarded, and the resulting pellet was washed with
deionized water. To remove salt and other impurities, the
washing and centrifugation process was repeated three
times. The collected pellet was then dried in an oven at
80°C for 1-2 days. Dried MNPs were resuspended at a
concentration of 1 mg/mL for subsequent experiments and
sonicated overnight in a bath sonicator prior to use. During
the metal ion chelation process, Mn?* and Fe3* salts were
individually mixed with MNP suspensions at final mass
ratios of 0.5:1 (Mn:MNP) and 0.1:1 (Fe:MNP), respectively.
For each formulation, metal salt solutions (1 mg/mL) were
added to 1 mg/mL MNP suspensions in appropriate
volumes to achieve the desired ratios, followed by
incubation at room temperature for 4 hours. After
incubation, the mixtures were centrifuged at 10,000 rpm
for 20 minutes, and the supernatants were collected for
further analysis.

2.2. Cytotoxicity Experiments

The PC-3 prostate cancer cell line available in our stocks
was thawed, maintained, and passaged under routine
culture conditions at Bogazigi University. For toxicity
experiments, cells were seeded into 96-well plates at a
density of 1 x 10* cells/well and incubated for 24 hours at
37°Cin a 5% CO, environment. At the end of this period,
the cells were incubated for an additional 24 hours with
different concentrations of MNP, MNP-Fe*, and MNP-
Mn?2*, At the end of the experiment, the cells were analyzed
using the MTT assay.
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Figure 1. The overview of the study.

2.3. Characterization of the MNPs

The particle size and morphology of MNPs and MNP-Fe3*s
were characterized using scanning electron microscopy
(SEM) and dynamic light scattering (DLS). SEM provided
absolute particle size, while DLS was used to determine the
hydrodynamic diameter, polydispersity index (PDI), and
zeta potential. Given the tendency of melanin to
aggregate, both techniques were employed for reliable
characterization. For SEM analysis, nanoparticles were
diluted to 0.025 mg/mL, sonicated for 1 hour, drop-cast
onto glass slides, air-dried, and sputter-coated with Au—Pd
alloy. For DLS, samples were suspended in deionized water
(0.025 mg/mL), sonicated for 1 hour, and analyzed at 25°C
using quartz cuvettes. Chemical compositions of MNP and
MNP-Fe3* were assessed by ATR-FTIR spectroscopy. Finally,
the absorbance spectra of the nanoparticles were
measured using a NanoDrop  2000c  UV-Vis
spectrophotometer. Elemental composition analyses were
performed using X-ray photoelectron spectroscopy (XPS;
Thermo Scientific K-Alpha, UK) to confirm the presence of
Fe3* on the nanoparticle surfaces. The chemical structure
of MNP-Fe3* was analyzed using ATR—FTIR spectroscopy
within the range of 4000-1000 cm™.

2.4. Simulation of the Nanoparticles and Light Irradiation

The effects of nanoparticle size and iron chelation on light
absorption, as well as resulting heating capacity, are
difficult to investigate experimentally. First, controlling the
size of the synthesized nanoparticles is challenging.
Second, absorbance values are highly dependent on
concentration; thus, any variation in the amount of MNP or
MNP-Fe3* during weighing can alter the results and
introduce errors. To develop a reliable method, model
validation was conducted through simulations using the
finite element method in COMSOL Multiphysics. This
process involved constructing geometry, defining the
relevant physics and boundary conditions, generating the
mesh, performing the simulation, and evaluating the
outcomes. First, the specific physical and chemical
characteristics of MNP, such as size, shape, material
density, specific heat capacity, and properties of the
environment (distilled water), as well as thermal
conductivity, were defined. The characteristics of the laser

source and the distance between the laser source and the
optical absorption and diffusion variables were selected
consistently with real experiments. After defining the
boundary conditions and mesh structure, simulations were
conducted to investigate temperature increases in distilled
water starting from 20°C, following 30 minutes of
irradiation with these nanoparticles using 530 nm, 633 nm,
and 785 nm light sources. The power density was taken as
100 mW/cm? The results were compared with
experimental data to evaluate the model’s accuracy.

2.5. Temperature Measurement with a Thermocouple
During Laser Application

The non-toxic concentrations of synthesized natural MNP
and MNP-Fe?*, as determined in the previous experiment,
were dissolved in distilled water and placed in an ultrasonic
bath for approximately one hour to ensure homogeneous
distribution. The solutions were irradiated for 30 minutes
using light sources at 530 nm, 633 nm, and 785 nm, each
adjusted to a power density of 100 mW/cm?2 The
temperature of the solution was measured every 2.5
minutes using a thermometer (Voltcraft DT-300). The same
laser irradiation procedure was applied to distilled water
without nanoparticles as a control.

2.6. Photothermal Therapy Experiments

Although previous results showed that 530 nm and 633 nm
light generated more heat in combination with natural
MNPs, 785 nm light was chosen for the PTT experiments
due to its superior tissue penetration, as reported in the
literature (Stolik et al., 2000; Clement et al., 2005). The 785
nm light source available in our laboratory (CNI Laser MDL-
111-785) was set to a power density of 350 mW/cm?, and
irradiation was applied for two durations: 10 and 20
minutes. In every plate, there were only nanoparticles and
only light groups to consistently show that the potential
PTT effect originated from the combination of the NP and
light instead of the cytotoxicity of a high dose of
nanoparticle or light. During irradiation, the plates were
placed on a hot plate set to 37°C. The results of the
experiments were analyzed using the MTT assay to
determine which application resulted in more effective cell
death.
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2.7. Effect of Laser Irradiation on MRI Contrast of MNP-
Fe3*s

To observe the effect of light irradiation on the MRI
visibility of MNPs-Fe3* ion solution, we used a 7.0 T MR
animal scanner (MR Solutions, MRS*DRYMAGMR) with T1-
weighted sequences to image a custom-made phantom.
The phantom contained laser-irradiated (785 nm, 350
mW/cm?, 20 minutes) and non-irradiated MNP-Fe3* ion
solutions (200 pg/mL), as well as a saline control (NaCl
0.9%). A fast spin echo sequence was performed for axial
imaging of solutions with a 1 mm slice thickness and matrix

| 3. RESULTS

3.1. Cytotoxicity Experiments

The cytotoxicity assessed by MTT assay was significant
compared to the control group for MNP and MNP-Fe3*
after 200 pg/mL concentration, as shown in Figure 2a and
b. However, the MNP-Mn?*'s decreased the survival
significantly after 25 pg/mL (Figure 2c), and accordingly,
MNP-Mn?*s was removed from the study.

a)
15 MNP

— == T

B

*

Normalized Survival
o
n

*
*
T T T
50 100 200 300 400 500
Concentration (pg/mL)

159 MNP-Fe®*
- -

[l

50 100 200 300 400 500
Concentration (ug/mL)

Normalized Survival
o
o
T

154 MNP-Mn2*

Normalized Survival

5 10 25 50 100 200
Concentration (pg/mL)

Figure 2. Cell viability of PC-3 cells was determined by
MTT assay following a 24-hour incubation with (a) MNPs,
(b) MNP-Fe*, and (c) MNP-Mn?* at various
concentrations. The data was normalized to the no-
treatment control, indicated by dashed lines. Statistically
significant differences (p < 0.05) compared to the no-
treatment control are indicated by an asterisk (*).

size of 256x256, while TR: 250, 300, 350, 400, 500, 600 ms,
TE: 11 ms, and flip angle: 90°. To quantify and compare the
contrast-to-noise ratio (CNR) of solutions, the acquired MR
images were analyzed via a DICOM Viewer (MicroDicom
Ltd., Sofia, BG).

2.8. Statistical Analysis

Figures and analyses were realized using GraphPad Prism
Version 10.4.1. To analyze the difference between
experimental groups in cytotoxicity and PTT results,
ANOVA was followed by Tukey’s multiple comparison test.

3.2. Characterization of the Nanoparticles

The extracted MNPs and their manganese-chelated and
iron-chelated counterparts were subjected to repeated
washing and centrifugation steps. The resulting pellets
were analyzed by scanning electron microscopy (SEM) to
investigate their size distribution and morphological
characteristics. As shown in Figure 3, the nanoparticles
exhibited predominantly spherical shapes with rough
surface textures. Due to van der Waals interactions at the
nanoscale, a tendency for particle aggregation was
observed. Size distribution analysis was performed using
the Imagel) software by evaluating multiple SEM images
(Figure 3). Based on random measurements, the average
particle diameters of the MNPs and Fe-chelated MNPs
were determined to be 179.3 £ 40 nm (n=100) and 152.4 +
42 nm (n=720). To assess the hydrodynamic behavior of
nanoparticles, DLS analysis was carried out. The
hydrodynamic diameters of the MNPs and MNP-Fe3* were
found to be 206 *+ 3 nm (n=3) and 214 + 1.8 nm,
respectively. The polydispersity index (PDI) values were
0.032 + 0.019 for MNPs and 0.036 + 0.029 for MNP-Fe3*,
indicating monodisperse particle distributions for both
formulations, according to data (Table S1, Supporting
Information). Fe-chelation did not significantly alter the
particle size or hydrodynamic behavior of the
nanoparticles.

The deconvolution of the C 1s spectra for MNP-Fe3*
revealed three distinct peaks at 284.7 eV, 286.0 eV, and
287.8 eV. The peak at 284.7 eV corresponds to C—C bonds,
while the signal at 286.0 eV is attributed to C—O—C and C-
OH functionalities. The peak observed at 287.8 eV indicates
the presence of carbonyl groups (C=0) (Figure 4a). The N
1s spectra displayed a well-defined peak at approximately
399.7 eV, corresponding to nitrogen atoms in amine or
indole-type environments, which are characteristic of the
eumelanin backbone (Figure 4b). The O 1s spectra showed
two distinct peaks at 531.1 eV and 532.2 eV, associated
with C=0 and C-O bonds, respectively, confirming the
presence of carbonyl and hydroxyl functionalities within
the polymeric matrix (Figure 4c). The successful
coordination of Fe3* ions was confirmed by the appearance
of Fe 3p peaks in the XPS spectra of MNP-Fe3* (Figure 4d).
Although the intensity of this metal-specific peak was
relatively low, semiquantitative analysis of the XPS survey
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spectra revealed an atomic concentration of 0.16% for Fe.
This low signal intensity can be attributed to the limited
amount of metal ions introduced during the chelation
process, in which the metal-to-melanin ratios were 0.1:1
for Fe. Despite their low abundance, the presence of these
peaks confirms the successful incorporation of Fe3* into the
melanin nanoparticle matrix. Importantly, no significant
shifts in binding energy or changes in peak intensity were
observed in the C 1s, N 1s, or O 1s spectra between the two

formulations. These findings indicate that metal ion
chelation does not substantially alter the local chemical
environments of carbon, nitrogen, or oxygen atom:s,
thereby preserving the structural integrity of the melanin
core. Accordingly, the detection of characteristic C-C, C—
OH, C=0, and C—N signals in the XPS spectra is consistent
with the intrinsic chemical structure of melanin and
confirms the successful surface characterization of the
synthesized nanoparticles.
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Figure 4. High-resolution XPS spectra of MNP-Fe3* corresponding to C 1s, N 1s, O 1s, and Fe 3p regions.

FTIR analysis was performed on both MNP and MNP-Fe3*

to investigate potential structural changes following metal
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ion chelation. The resulting spectra exhibited highly similar
profiles for both formulations, with characteristic
absorption bands associated with eumelanin’s indolic and
pyrrolic substructures. A broad band around 3303 cm™ was
attributed to O—-H and N-H stretching vibrations, while
additional peaks at 2926 cm™ (aliphatic C—H stretching),
1550 cm™ (aromatic C-N stretching), and 1329 cm™
(pyrrole ring deformation) were consistently observed.
Notably, no distinct peaks corresponding to Fe—O or Fe—N
bonds were detected in the MNP-Fe3* spectrum. This
absence is likely due to the broad and intense absorption

features of melanin, which can obscure subtle signals
associated with low concentrations of coordinated metal
ions. The complete FTIR spectrum for both samples is
presented in Supporting Information, Figure S1.

3.3. Simulated Absorbance Response of Melanin NPs to
Size and Iron Chelation

The results of the simulation show that the light absorption
property of both MNPs and MNP-Fe*'s increases with
nanoparticle size and iron chelation (Figure 5).

a) b)
nm degC
250 426.5

20004

200

150 — 200 nmMNP+Fe

1500

T
E
£
5.0 ,‘: — 200 nm MNP
100 5
§
50 240 g — 150 nmMNP+Fe
0 % 1000 150 nm MNP
e ]
230 ¢ ]
.50 <‘-:'i — 100 nm MNP+Fe
- 2 100 nm MNP
" 1 4 =3
100 g 500 \
-150 < \
21.0 .
-200
(1] T - T i
=260 04 500 600 700 800

*19.9
350 -300 -250 200 -150 -100 -50 0 50 100 150 200 250 300 nm Wavelength (nm)

Figure 5. a) An example diagram from COMSOL that shows the simulation of an MNP during laser irradiation. b) Absorption
cross-sections of MINPs (lighter colors) and MNP-Fe3* (darker colors) with diameters of 100 nm (blue), 150 nm (green), and
200 nm (red), shown between 500 and 800 nm.

Table 1. Simulation results of 30 minutes of nanoparticle irradiation in distilled water, starting at an initial temperature of

20 °C
Wavelength 100 nm 150 nm 200 nm 100 nm 150 nm 200 nm
(nm) (MNP) (MNP) (MNP) (MNP-Fe3*) (MNP-Fe3*) (MNP-Fe)
530 22.8°C 26.5°C 31.5°C 23.4°C 27.8°C 33.9°C
633 22°C 24.8°C 28.5°C 22.5°C 25.9°C 30.5°C
785 22°C 24.6°C 28.2°C 22.2°C 25.1°C 29°C

3.4. Temperature Measurement with a Thermocouple
During Laser Application

Experimental results correlate with the simulations,
revealing that 530 nm light caused the highest
temperature increase, and MNP-Fe** groups reached
higher temperatures than MNPs at the end of the
irradiation for all light sources (Figure 6).
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3.5. Photothermal Therapy Experiments (785 nm)

As shown in Figure 7, PTT applied to PC-3 cells for 10 and
20 minutes resulted in a significant decrease in cell survival
compared to the control groups, with the most

28+ a) PTT Using MNP

H.l I'a'fr L!ﬂlllﬂrﬁ' Il-|:1Fll 5 iminy FET

pronounced effect (approximately a 75% reduction)

observed in the group treated with MNP-Fe**-mediated
PTT for 20 minutes.
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Figure 7. PTT results using a) 200 pg/mL MNPs and b) 200 pg/mL MNPs-Fe3*. A 785 nm light source with an energy density of
350 mW/cm? was used in the “Light Only” PTT groups. Statistically significant differences (p < 0.05) compared to the no-
treatment control are indicated by an asterisk (*). ns stands for “Not significant”.

3.6. Effect of Laser Irradiation on MRI Contrast of MNP-
Fed*s

Image analysis using the DICOM viewer revealed that laser-
irradiated and non-irradiated MNP-Fe3* solutions at 200
ug/mL concentration presented higher CNR compared to
the control (saline water) in a 7.0 T animal MRI scanner,

with mean values of 1046.15 * 70.75, 971.08 + 76.95, and
896.67 + 75.19, respectively (Figure 8). Consistent with the
T1 shortening effect of MNP-Fe® ion solutions that are
presented in our previous studies, MNP-Fe3* solutions
provided better CNR intensities compared to the saline
water (Baysoy et al., 2023; Baysoy et al., 2023; Bayrak et
al., 2025). There is a slight decrease in CNR values of the
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MNP-Fe3* ion solution after laser exposure compared to
the non-exposed MNP-Fe3* ion solution at all slices

11-June-2025 O
MRI 'FSE27' Scan

obtained with varied TR values, including 250, 300, 350,
400, 500, and 600 (Figure S2, Supporting Information).
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Figure 8. CNR measurements of the saline water (indicated in yellow font as NaCl 0.9%) and MNP-Fe3* ion solutions at 200
ug/mL concentration before (indicated in yellow font as 200 pg/mL MNP-Fe) and after laser irradiation (indicated in yellow
font as 200 pg/mL MNP-Fe®* Laser) using DICOM Viewer.

4. DISCUSSION

There are studies in which MNPs chelated with metal ions
were used simultaneously for imaging and therapy, i.e., for
theranostic purposes. However, the influence of metal ion
chelation on the PTT performance of MNPs and the effects
of PTT application on MR contrast remain insufficiently
understood. This study aims to investigate these effects
through both silico modeling and experimental
approaches.

In the initial stage of the experiments, nanoparticles-
chelated with both manganese and iron were produced;
however, manganese-bound MNPs, which were found to
be cytotoxic at 50 upg/mL (p = 0.016) and higher
concentrations, were excluded from the subsequent
experiments. Results also confirmed that MNP-Fe3*s were
not significantly cytotoxic at any concentration tested. In
contrast, concentrations of the MNPs higher than 200
ug/mL were significantly cytotoxic compared to the no-
treatment control (see Figure 2). The characterization of
both MNPs and Fe-chelated MNPs exhibited spherical
morphology with rough surfaces and monodisperse size
distributions. SEM and DLS analyses confirmed average
particle sizes of approximately 179 nm and 152 nm,
respectively, along with hydrodynamic diameters of 228
nm and 214 nm. Fe-chelation did not significantly affect
particle size or colloidal stability. XPS analysis confirmed
the successful incorporation of Fe3* ions without altering
the local chemical environments of carbon, nitrogen, or
oxygen within the melanin structure. Simulation results
presented in Figure 5b suggested that nanoparticle size is
directly proportional to light absorption and that iron-

chelated nanoparticles absorb light more effectively than
non-chelated ones. In line with this finding, experiments
showed that MNP-Fe3* increased the solution temperature
more than unchelated MNPs during irradiation.
Additionally, the experimentally observed temperature
increases after 30 minutes of irradiation were comparable
to the simulation results, indicating that the computational
model accurately simulates the heat generation property
of the nanoparticles. For example, the temperature
increase suggested by the simulation for 150 nm
nanoparticles after irradiation at 785 nm was 4.6°C for
MNP and 5.1°C for MNP-Fe3*. The experimental results for
the same conditions were 4.6°C (MNP) and 4.8°C (MNP-
Fe3*). Subsequent experiments demonstrated that both
types of synthesized nanoparticles induced cell death
through PTT, and, consistent with previous results, iron-
chelated melanin was found to have superior PTT efficacy.
However, for both nanoparticles, the duration of light
irradiation did not significantly affect the survival of cells.
In summary, all results indicate that chelation with iron
does not reduce the PTT efficacy of MNPs; rather, it may
enhance it. This enhancement may be due to increased
light absorption resulting from the formation of metal—
melanin complexes, which can alter the electronic
structure of melanin and improve its photothermal
conversion efficiency. Previous studies have shown that
chelation of metal ions, such as Fe3*, can lead to changes in
the optical properties of melanin by narrowing the
bandgap, thereby enhancing heat generation upon
irradiation (Zou et al., 2020; Mavridi-Printezi et al., 2023).

Finally, the change in contrast of MNP-Fe®*s after PTT was
examined, and a consistent decrease in CNR in the
irradiated group was observed for all acquired T1-weighted
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images with various TR values. The presence of a high
amount of O and OH groups in the MNPs’ chemical
structure, as well as the production of singlet oxygen (O
reduction) under light irradiation, has been previously
reported (Umur et al., 2024; Obukhova et al.,, 2025).
Probably, the Oz reduction after light irradiation affects the
H binding capability of MNPs-Fe nanoparticles in the
surrounding water, leading to an increase in T1 relaxivity
rates and a slight reduction in CNR. Although further
evaluation is necessary, these results suggest that MNP-
Fe3* nanoparticles remain detectable by MRI during PTT
and that the measurable decrease in their contrast may be
used for PTT dosimetry.

One of the major limitations of this study is the absence of
in vivo experiments; thus, factors such as circulation,
immune system interactions, and light attenuation are not
reflected in the results. A second limitation is that the
simulations were conducted using a single nanoparticle.
Future studies will focus on utilizing MNP-Fe3* in in vivo
experiments, integrating drug delivery methods, and
enhancing  simulations to incorporate  multiple
nanoparticles.

4. CONCLUSIONS

Results showed that while ferric ion-chelation does not
increase cytotoxicity, manganese chelation significantly
decreases the survival rate of PC-3 cells. Both
computational modeling and experimental results indicate
that chelation with ferric ions increases the photothermal
efficacy of the MNPs. PTT applied to PC-3 cells for 10 and
20 minutes resulted in a significant reduction in cell
viability compared to control groups, with the greatest
reduction, more than 70%, observed in the 20-minute
MNP-Fe3*-mediated PTT group. Finally, the MRI
experiment results revealed that the MRI contrast of MNP-
Fe3*s decreased slightly after irradiation with light.

This research aimed to investigate the PTT and MRI
performance of metal ion-chelated natural melanin MNPs,
and the results suggest that MNP-Fe3* causes less
significant toxicity and higher PTT efficacy than MNPs.
Furthermore, the MRI contrast of MNP-Fe3*s decreases
after laser irradiation, which suggests that these
nanoparticles can be used for real-time monitoring of PTT
in theranostic applications. Future studies should focus on

testing MNP-Fe3* using improved
computational and experimental models, such as
simulating the interactions of multiple nanoparticles
and performing an MRI-guided PTT on animal disease
models.
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