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ARTICLE INFO ABSTRACT
Keywords: Background: Cancer stem cells (CSCs) are the most challenging issue in cancer treatment, because
Photothermal therapy (PTT) of their high resistance mechanisms, that can cause tumor recurrence after common cancer

Photodynamic therapy (PDT) and magnetic
hyperthermia (MHT)

Cancer stem cell (CSC)

Superparamagnetic nanoparticle

treatments such as drug and radiation based therapies, and the insufficient efficiency of common
treatments in CSCs removal and the recurrence of tumors after these treatments, it is essential to
consider other methods, including non-ionizing treatments likes light-based treatments and
magnetic hyperthermia (MHT).

Method and material: After synthesis, characterization and investigation, the toxicity of novel on
A375 and MAD-MB-231 cell lines, magnetic hyperthermia and light-based treatments were
applied. MTT assay and flow cytometry was employed to determine cell survival. the influence of
combination therapy on CD44 4 CD24 and CD133 4 CD44" cell population, Comparison and
evaluation of combination treatments was done respectively using Combination Indices (CIs).
Result: The final nanoparticle has a high efficiency in producing hydroxyl radicals and generating
heat in MHT. According to Cls, we can conclude that combined using of light-based treatment and
MHT in the presence of final synthesized nanoparticle have synergistic effect and a high ability to
reduce the population of stem cells in both cell lines compared to single treatments.

Conclusion: In this study a novel multi-functional nanoplatform acted well in dual and triple
combined treatments, and showed a good performance in the eradication of CSCs, in A375 and
MAD-MB-231 cell lines.
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1. Introduction

Nowadays magnetic nanoparticles (MNPs), owing to their unique features has been considered in various fields like biotechnology,
biomedical (in some studies as a probe for detection), materials science, and engineering [1,2]. They can serve as carrier for drugs,
contrast agent in MRI, and they can be used in hyperthermia as therapeutic agent which can induce heat [3]. Their high
surface-to-volume ratio of these particles causes nanoparticle can load a lot of chemotherapy and sensitizing drugs, or delivering MNPs
to the desired area by functionalizing them with special markers, for preventing side damage to other tissues [4]. In biological
application superparamagnetic manners of magnetic nanoparticle is more important than ferromagnetism, tissues should have high
magnetic susceptibility means that, which can quickly acquire magnetic properties and loses it by applying a magnetic field.

When it is cut off [5,6]. In biological applications it is important to use stable nanoparticle without aggregation. Several factors
affect the stability of nanostructures like superficial electrical load, surface chemistry, and particle size; smaller nanoparticles show a
smaller interparticle gravitational force [7]. Coating magnetic nanoparticle with a biodegradable material, like polyethylene glycol
(PEG), can prevent their aggregation and keep the nanoparticle structure from changing off the initial state. In addition to the
biodegradability benefits of these coatings, they can increase the drug loading or rise the chance of forming a covalent bond between
the drug and the nanoparticle, what can increase drug’s uptake and trapping [8], The type of coating, and the nature of MNP score as
well as their size, which affects their biocompatibility. For example, the cytotoxicity of iron is lower than the other ferromagnetic
materials. For this reason, in more studies, this element or its alloys are used [9]. In this study we use PEG and citric acid to increase
both biocompatibility and stability. Magnetic nanoparticle can be targeted to the region of interest via magnetic field [10]. Moreover,
that synthesis method can determine the amount of impurities and the dispersion of these impurities, hence it affects the behavior and
magnetic attributes of the particles [11].

Magnetic hyperthermia is an auxiliary method of treatment which is used in combination of the other methods like chemotherapy
and radiotherapy. In magnetic hyperthermia, an increase in temperature is the result of changes in the magnetic field in presence of
MNPs [12]. It is classified as non-ionizing and non-destructive treatments [13,14]. Kharat et al. used PEG-coated MnFe;O4in their MHT
cancer applications studies for its high heating potential [15]. In magnetic hyperthermia, the behaviors that induces this increase in
temperature are Brownian Relaxation and Néel Relaxation of the MNPs inside the magnetic field (MF). Rising temperature can cause
apoptosis, necrosis or thermal ablation [16]. The Fenton reaction is one of the reactions that occur in iron-based nanoparticles. In this
reaction, endogenous hydrogen peroxide is changed to hydroxyl radicals which can stop the growth of the tumor. In addition, magnetic
hyperthermia increases tumor acidity and also causes hypoxia [17]. Although it is used as adjuvant treatment beside conventional
therapies like chemotherapy and radiotherapy, few studies have been accomplished on the effect of MHT on CSCs [18]. CSCs are
subpopulation of tumor cells that have capability of self-renewing, repairing and can proliferate fast or being in quiescent phase [19].
They are resident to radiation and chemotherapy [20]. They have some special markers make them distinguishable. Some of these
markers are well-known CSCs markers like CD24, CD44, CD166, CD133, EpCAM [21]. Their numbers are different in different tumors
and this is the reason why some tumors are more aggressive than others [22]. In addition to magnetic hyperthermia. Studies have
shown that light-based treatments had a great effect in eradicating stem cells. Considering the lack of research in the field of
non-ionizing treatments against cancer cells, in addition to magnetic hyperthermia, photodynamic and photothermal methods were
also used in this study.

Photodynamic therapy (PDT), and Photothermal therapy (PTT (are non-ionization methods that use light sensitizers and light with
a wavelength proportionate with those sensitizers to treat cancer [23]. Both methods have few side effects and affect cancer cells more
than healthy cells [24]. In photothermal therapy light is converted to heat by photosensitizers and cause ablation in tumors, but in
photodynamic cell death mechanism is different and it is duo to (Reactive Oxygen Species) ROS production in exposed photosensitizers
[25]. Several materials can be served as PTT and PDT agents like (Protoporphyrin IX) PpIX and (Indocyanine Green) ICG, respectively.
They are utilized in various medical application for both therapy and diagnostic [26]. One of the advantages of using ICG as a
photosensitizer is being (Food and Drug Administration FDA) approved in clinical users, stimulation in the near infrared region (NIR)
around 800 nm with negligible fluorescence intrusion by biomolecules at this wavelength, and high production efficiency of the ROS
[27]. However, its rapid excretion from the blood causes to use nanoparticles to encapsulate and load it in diagnostic and therapeutic
applications to provide the necessary time for imaging and treatment [28]. Due to the negative charge of the ICG, this dye is elec-
trostatically attached to the nanoparticles [29]. The ROS produced by photosensitizers with a very short half-life has a low diffusion
rate, so after production only the adjacent cells can have a necrotic effect and other tissues are preserved. Therefore, considering the
short lifespan of the ROS, sensitizer targeting to interested tissue is important [30]. Also, this agent has high photothermal efficiency,
but it had to be used in nanosystem format in order to prevent plasma protein binding and degeneration, prolong biological half-life, be
resistant to heat and light, so these features are the reason for our choice [31]. Due to the persistence of CSCs to common treatments
such as drug-based and radiation-based treatments and the possibility of the survival of these cells after a common treatment and the
recurrence of the tumor, it is necessary to suggest other treatments, including non-ionizing treatment. In addition, due to the fact that
in our previous study, the effectiveness of treatments such as photodynamic and photothermal was proven in the annihilation of stem
cells. In this study, the effect of MHT and its effectiveness as a pre-treatment along with the mentioned treatment were evaluated. There
are many methods for the synthesis of MNPs, among which the co-precipitation method is better because it can produce particles with
uniform size and structure. The more homogeneous particle is the best for MHT applications [32]. In this study we synthesized MNPs
which were covered with citric acid and PEG to increase its biocompatibility and stability then conjugated with ICG as photothermal
sensitizer and PpIX as photodynamic sensitizer, in order to perform treatment. The treatments efficiency was evaluated by flow
cytometry test using human monoclonal antibodies like CD44, CD24, and CD133 as CSC markers.
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2. Material and methods
2.1. Chemical materials

Protoporphyrin IX (PpIX) and Indocyanine green (ICG) from Merck company, Iron (III) sulfate, Cobalt (II) chloride from Aldrich

were purchased. Other materials like RPMI 1640, DMEM, MTT, trypsin-EDTA and other material related to cell culture were bought
from Sigma-Aldrich. Three monoclonal human anti body such as FITC anti-human CD24, PERCP/Cyanine5.5 anti-human CD44 and PE
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anti-human CD133 were belong to Biolegend [33].
2.2. Cell culture

Human skin cancer cell line (A375 cultured in DMED medium) and human breast cancer cell line (MDA-MB-231 cultured in RPMI
1640) were selected for this study. Both cell lines are kept humidified air at 37 °C (5% CO2). The reason for choosing these cell lines is
their high metastasis ability. MDA-MB-231 cell line is a triple negative cancer cell line that does not respond to hormonal treatments.
Studies have shown that the more aggressive tumor is the one with the higher percentage of CSCs. Studies showed that MDA-MB-231
cell line contained ~79.5% CD44 + CD24 cells [34].

2.3. Preparation of cobalt ferrite (core) MNPs

It should be noted that this nanoparticle was synthesized in our previous article, but here we will mention the full details of each
step. 25 ml of deionized water was immersed in a three-mouth balloon for half an hour under argon flux. Iron sulfate weighing 0.499 g
was added to the water simultaneously with the application of argon flux. After 15min, 0.28 g of cobalt chloride were added to the
solution. After another 15min, NaOH was gently added to the solution at a very low rate to reach the pH of 12.4 while stirring
vigorously. The entire system was then placed in a paraffin bath and heated to 80°. The resulting cobalt ferrite nanoparticle sediment
was washed three times and dried in an oven [33,35](Fig. 1A).

2.4. Preparation of Core: citric acid MNPs

For this purpose, citric acid powder (7.5 g) was weighed and was dissolved in 15 ml of deionized water to obtain a clear solution.
Then 0.2 g of core MNPs synthesized from the previous step was added solution. The solution was placed on a stirrer (15 min at 65 °C).
Finally, the resulting solution was washed 3 times with deionized water and dried immediately at 50 °C (Fig. 1B a) [33].

2.5. Preparation of Core: citric acid: PEG MNPs

In order to coat the cobalt ferrite core with polyethylene glycol, the following procedure was carried out. Firstly, 1.5% PEG was
dissolved in 1.5 ml of deionized water. Next, 0.015 g of cobalt ferrite nanoparticles that were previously coated with citric acid lig-
uefied in deionized water (1 ml), and was placed in ultrasonic bath for 30min until a uniform solution was obtained. The solution was
then taken out of the sonicate bath and placed on a high-speed stirrer (with the heater off). At this point, the PEG solution that had been
previously prepared was added all at once and the entire solution was stirred on a high-speed stirrer for 1 h. Finally, the resulting
solution was centrifuged twice using a high-speed centrifuge (at 10000 rpm for 15min each time) and the last product was dehydrated
using a freeze dryer [33,36] (Fig. 1B b).

2.6. Synthesis of core: citric acid: PEG: ICG MNPs

To load ICG on Core: citric acid: PEG MNPs, first, 0.002 g of ICG was dissolved in 15 ml of deionized water. Next, 0.15 g of Core:
citric acid: PEG MNPs was added to the solution. The solution was foiled and placed on a magneto stirrer for 24, 48, and 72h. Based on
the UV-visible curve, it was determined that the optimal time to keep the solution on the magneto stirrer was 72h. After that, the
solution was centrifuged twice (at 10,000 rpm for 15min each time) to eliminate unbound ICG and remove the supernatant (Fig. 1B c)
[33].

2.7. Synthesis of core: citric acid: PEG: ICG: PpIX MNPs

The process for conjugating PpIX onto Core: citric acid: PEG: ICG: MNPs involved several steps. Firstly, PpIX (0.002 g) was dissolved
in 5 ml of deionized water. Next, the previously prepared nanoparticles loaded with ICG were dissolved in 15 ml of deionized water and
added to the PpIX solution. The mixture was then covered with aluminum foil and placed on a medium-speed magnetic stirrer at room
temperature for 24, 48, and 72h. The optimal stirring time of 4h was determined based on the UV-visible curve. Finally, after 4h, the
loaded nanostructure was washed twice by centrifugation (15min, 10000 rpm) to remove any unbound PpIX (Fig. 1B d). [33].

2.8. Characterization

2.8.1. Diffraction light scattering (DLS)
Poly disparity index (PDI (, hydrodynamic size distribution, and zeta potential of magnetic nanostructures in three stages of
synthesis were recorded by DLS device [33].

2.8.2. Transmission electron microscopy (TEM)
Size distribution and Morphology of nanoparticle estimate by TEM. The average size of nanoparticles was estimated from HRTEM
histogram of Core MNP in our pervious study [35]. In this study TEM was prepared from final nanostructure in 100 kV field [33].
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2.8.3. Scanning electron microscopy (SEM)

Surface structure assesses by SEM. Condition to evaluate NP in SEM was 20 kV High Voltage MIRA3 TESCAN in 1.38 pm of the field
of view. SEM was used for Core: citric acid: PEG: ICG: PpIX MNPs and its size distribution was defined by using the SEM image through
ImageJ software. SEM of Core MNP was done in our pervious study [33,35].

2.8.4. X-ray diffraction (XRD)

The X-ray diffraction (XRD) is a good way to evaluate crystal lattice structures of NP. Measurement was done in room temperature
with an X-ray diffractometer. This measurement was acquired at temperature of 550 °C and condition of 40 kV and 30 mA in a 26 range
of 20°-80° was used in our pervious study [33,35].

2.8.5. Vibrational sample magnetometer (VSM)

Analysis of magnetic materials by VSM device is the main method to study the magnetic attributes of materials. The consequence of
this analysis is obtaining the hysteresis curve or the material’s hysteresis loop. According to the examination of the VSM curve of Core
MNP and the knowledge of the existence of superparamagnetic properties of nanoparticles produced in the previous study [35], in this
study, after coating Core MNP with citric acid and PEG in each step, VSM diagrams of the created nanostructure were prepared using
superconducting quantum interference device (SQUID) magnetic system [33].

2.8.6. Fourier-transform IR (FTIR)

FTIR spectroscopy Nicolet T model AVATAR 370 FT-IR was used to confirm the attachment of different coverings layers to
nanoparticles and to recognize associated functional groups. FTIR was performed for Core: citric acid MNPs and Core: citric acid: PEG
MNPs. FTIR of Core MNP was done in our pervious study [33,35].

2.8.7. UV-visible spectroscopy

UV-visible spectrophotometer was used to evaluate the loaded ICG and PpIX optical sensitizers. The percentage of ICG loading in
the nanostructure was obtained from the ratio of the absorbance difference of the ICG stock and the supernatant acquired from
centrifuging Core: citric acid: PEG: ICG MNPs at the wavelength corresponding to the ICG peak, and the percentage of PpIX loading in
the nanostructure was obtained from the ratio of the absorbance difference of the PpIX stock and the supernatant achieved from
centrifuging Core: citric acid: PEG: ICG: PpIX MNPs at 630 nm [33].

2.8.8. Spectrofluorometric

In order to determine certain loading of the sensitizer in the nanostructure, the emission spectrum was also prepared by a spec-
trofluorimeter. In this method, since the emission spectrum of the ICG sensitizer is outside the visible range, it was only used to
investigate PpIX. Therefore, PpIX stock and the supernatant obtained from centrifuging Core: citric acid: PEG: ICG: PpIX MNPs was
excited at 404 nm and its emission was recorded in the range of 460-700 nm [33].

2.9. Magnetic hyperthermia experiments in the water medium

2.9.1. Heat efficiency of nanoparticles in a magnetic field

Samples contain different groups of nanoparticles (Core: citric acid MNPs, Core: citric acid: PEG MNPs, Core: citric acid: PEG: ICG:
PpIX MNPs) with 5 concentrations prepared in 2 ml microtubes. A magnetic hyperthermia system with a frequency of 425 kHz (B =
33.5mT, P = 4.27 kW) was used to apply heat. microtubes contain nanostructures, were irradiated with alternating field inside the coil
of the hyperthermia system for 6 min. Temperature variations curves against time were performed using a fibrous thermometer
equipped with OPTILINK software.

2.9.2. ROS production by nanoparticles in magnetic field

To monitor hydroxyl free radicals produced in aqueous medium during magnetic hyperthermia, Terephthalic acid was used as a
chemical dosimeter. For this purpose, 13.2 g of Terephthalic was dissolved in 20 ml of water and 0.2 ml of sodium hydroxide 1 M was
added to it. Aluminum foil was stretched around the material and placed on the stirrer for 6h. Then Core: citric acid: PEG: ICG: PpIX
MNPs with concentrations of 0.02 mg/ml that was prepared with Terephthalic acid. The samples were placed in a MF with a frequency
of 425 kHz (B = 33.5 mT, P = 4.27 kW) for 6 and 3 min. The pre-irradiation and post-irradiation magnetic field samples (Core: citric
acid: PEG: ICG: PpIX MNPs + Terephthalic acid and Terephthalic acid) were stimulated in a spectrofluorimeter at 310 nm and the
emission spectrum was recorded at 420 nm.

2.10. Cytotoxicity of nanoparticles
Two cell lines of MAD-MB-231and A375were seeded at a density of 8000 and 10000 cells/well in a plate and they were incubated at

7 concentrations of the nanostructure. So, MTT assay was performed to define the cell death percentage. Result of cytotoxicity of
nanoparticle are in our pervious study [33].
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2.11. Physical treatments

To perform the treatments, 400,000 cells for the MDA-MB-231 cell line and 450,000 cells A375 cell line per 35 mm Petri dish were
seeded and placed in cell incubator for 24h.Then The cells underwent the next treatments. Finally, the treatments efficacy for A375 and
MDA-MB-231 cells respectively after 48 and 24h was determined by MTT assay.

2.11.1. Magnetic hyperthermia protocol

After determining the toxicity of the nanostructures synthesized the optimal concentrations were selected for MHT. After 24hin-
cubation by different nanoparticles the treatment of MHT with nanoparticles and without nanoparticles at frequency of 425 kHz (B =
33.5 mT, P = 4.27 Kw) for 1-6 min in the presence of the Core: citric acid: PEG: ICG: PpIX MNPs and MF duration of 0 and 5min for
Core: citric acid MNPs and Core: citric acid: PEG MNPs. The temperature of the Petri dishes was measured by a thermovision camera.

2.11.2. Magnetic hyperthermia with photodynamic therapy

The cells were treated with nanoparticles including Core: citric acid MNPs, Core: citric acid: PEG MNPs and Core: citric acid: PEG:
ICG: PpIX MNPs at the concentration obtained by the toxicity test. After 24h incubation, MHT was performed at resonance frequency of
425 kHz (B = 33.5 mT, P = 4.27 Kw). After that, the Petri dish was exposed to LED light source at 630 nm (P =1 W and I = 7.25 mW/
cm?2) with the times mentioned in Table 1 and Table 2.

2.11.3. Magnetic hyperthermia with photothermal therapy

The cells were treated with synthesized nanoparticles including Core: citric acid MNPs, Core: citric acid: PEG MNPs and Core: citric
acid: PEG: ICG: PpIX MNPs. After 24h incubation, PTT was followed by MHT. The characteristics of the magnetic field used were
similar to the previous treatment but here LED of 850 nm (P = 3 W and I = 44.25 mW/cm2) was used. Exposure times and con-
centration of Core: citric acid: PEG: ICG: PpIX MNPs was the same as Tables 1 and 2 for each cell line.

2.11.4. Combination of hyperthermia, photodynamic and photothermal treatments

In this combined treatment, petri dishes were seeded with the specified concentration and incubated with Core: citric acid MNPs,
Core: citric acid: PEG MNPs and Core: citric acid: PEG: ICG: PpIX MNPs with a specified concentration for 24h. Then magnetic hy-
perthermia with the specified conditions was applied. After applying the magnetic field, the Petri dishes were irradiated to LED of 630
nm and 850 nm simultaneous. The characteristics of the magnetic field and light sources were mentioned above. The concentration and
Exposure times are similar to Table 1 and Table 2 for each cell line.

2.12. Flow cytometry analysis

First, MDA-MB-231 and A375 cell lines with density of 400,000 cells and 450,000 cells, respectively were seeded and incubated
with Core: citric acid: PEG: ICG: PpIX MNPs at a IC20 for both cell line in 35 mm petri dishes for 24 h. Then, all treatment groups (MHT,
MHT + PDT, MHT + PTT, MHT + PDT + PTT) were treated in above mentioned treatment conditions. After trypsinization and washing
twice with 20% FBS, 10° cells were poured into each flow cytometry tube. Then, 2.5 L of each conjugated antibodies (CD133, CD44,
and CD24 were added to cell containing tubes. After 30 min incubation with antibodies, cells were washed to eliminate the unbound
antibodies. Finally, the results were recorded using a flow cytometer (FACSCalibur, BD, USA).

2.13. Evaluation indexes

2.13.1. IC20 index
It is a concentration of nanoparticles that causes 20% cell death, which was achieved by MTT assay. Our experiments were done
with this concentration [33].

2.13.2. Combinational Indices (CIs)

In order to compare the efficacy of the treatments, CIs was defined to compare the groups. For this purpose, the synergistic effects of
different treatments with and without drugs were calculated for each cell line. In this way, if three factors A, B and C affect cell survival
separately or in combination with each other, the Cls are defined as follows:

L . VA x VB x VC
Combinational Indices (CIs) = ———————
VABC
Table 1
Concentration (mg/ml), LED radiation (min), magnetic field apply duration (MDA-MB-231).
Groups Concentration (mg/ml) LED time exposure (min) magnetic field apply duration (min)
Control 0-0.05 0-1-3-5 0-1-3
Core: citric acid MNPs 0-0.05 0.5 0-3
Core: citric acid: PEG MNPs 0-0.05 0.5 0-3
Core: citric acid: PEG: ICG: PpIX MNPs 0-0.05 0-1-3-5 0-1-3
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Groups Concentration (mg/ml) LED time exposure (min) magnetic field apply duration (min)
Control 0-0.025 0-1-3-5 0-1-3

Core: citric acid MNPs 0-0.025 0.5 0-3

Core: citric acid: PEG MNPs 0-0.025 0.5 0-3

Core: citric acid: PEG: ICG: PpIX MNPs 0-0.025 0-1-3-5 0-1-3

Here, Vp, Vg, V¢ are the cell survival under the separate effects of factors A, B and C. while Vg is survival of their simultaneous
combination. In this index, values greater than one, equal to one, and less than one indicate the cooperation effect, synergy effect, and
opposite effect of factors A, B, and C, respectively [37].
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Fig. 2. A) temperature changes of nanostructures include Core: citric acid MNPs, Core: citric acid: PEG MNPs, Core: citric acid: PEG: ICG: PpIX
MNPs, ICG and PpIX at a concentration of 0.16 mg/ml. B) Core: citric acid: PEG: ICG: PpIX MNPs temperature changes in different concentrations.
C)Graph of temperature changes of Core: citric acid: PEG MNPs in different concentrations. D) Graph of temperature changes of Core: citric acid
MNPs in different concentrations. (f = 425 kHz, B = 33.5 mT, P = 4.27 kW, time = 0-6 min).
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2.13.3. Statistical analysis
Normality of data checked with Kolmogorov-Smirnov test (k-s test). Then, Tukey’s test and One-way ANOVA analysis of variance
were used in statistical software SPSS23 to compare the data with a confidence level of 95%.

3. Results
3.1. Characterization of MNPs

Characteristics of synthesized nanoparticles, parameters such as hydrodynamic size, zeta potential, conductivity, and poly disparity
index of nanoparticles was measured by DLS and reported in our pervious study [33]. The size of Core MNPs was evaluated in our
pervious study by HRTEM image and it was about 10.45 nm. The shape of Core MNPs estimated to be amorphous [35]. TEM image and
SEM image of Core: citric acid: PEG: ICG: PpIX MNPs are shown in our previous study. Average size of Core: citric acid: PEG: ICG: PpIX
MNPs was determined by its histogram of SEM image and estimated about 13 nm, which was carried by ImageJ software [33]. By
investigation of the VSM curve in our pervious study superparamagnetic properties of Core MNPs were confirmed [35]. VSM curve of
Core: citric acid MNPs, and VSM curve of Core: citric acid: PEG: ICG: PpIX MNPs, which was evaluated using the SQUID magnetic
system. According to the VSM curves obtained from our perviouse study, none of the Core MNPs, Core: citric acid MNPs, and Core:
citric acid: PEG MNPs reached saturation magnetization. These VSM curves shows the no hysteresis loop of these nanoparticles [33].
FTIR of Core: citric acid MNPs and Core: citric acid: PEG MNPs, obtained in the range of 4000-500. This graphs were prepared to
ensure proper coating and connection of citric acid and PEG to Core MNPs. There are peaks in region of 3500-2800, 1580.63 and 1343
are related to Core: citric acid MNPs FTIR and peaks in the region of 3418.85 and 2872.24 are related to Core: citric acid: PEG MNPs
FTIR [33]. Absorption spectrum of ICG stock and supernatant related to Core: citric acid: PEG: ICG MNPs phase were prepared in our
pervious study, in which indications that the loading percentage of ICG in the nanostructure is 60.4%. Also absorption spectrum of
PpIX stock and supernatant related to Core: citric acid: PEG: ICG: PpIX MNPs phase demonstrates the loading percentage of PpIX in the
nanostructure is 84.64% [33]. Stability of nanoparticles was measured both with DLS and UV-visible spectrophotometer in our
pervious study [33]. According to that data Core: citric acid: PEG: ICG: PpIX MNPs was stable it shows no loss of absorption peak after
one month [33].

3.2. Magnetic hyperthermia studies in the water medium

3.2.1. Heat efficiency of nanoparticles in a magnetic field

Fig. 2A demonstrates temperature changes of nanostructures include Core: citric acid MNPs, Core: citric acid: PEG MNPs, Core:
citric acid: PEG: ICG: PpIX MNPs, ICG and PpIX at a concentration of 0.16 mg/ml. It shows highest temperature change is belonging to
Core: citric acid: PEG: ICG: PpIX MNPs (AT~15C°) then Core: citric acid: PEG MNPs (AT~13.4C°), Core: citric acid MNPs
(AT~12.6C°), PpIX (AT~10.9C°), water (AT~8.6C°) and ICG (AT~7.8C°), respectively. Fig. 2B shows Core: citric acid: PEG: ICG:
PpIX MNPs temperature changes in concentrations of 0, 0.02, 0.04, 0.08, 0.16 mg/ml. According to this graph as the concentration
increases, temperature changes increase. Fig. 2C shows temperature changes of Core: citric acid: PEG MNPs in concentrations of 0,

1000
900
800
700
600

500

?iﬂﬂﬂll

TA before HT TA+Core: citricacid: PEG: ~ TAafter HT3min  TA+Core: citric acid: PEG:  TA after HT 6min
ICG: PpIX before HT ICG: PpIX after HT 3min
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Fig. 3. Spectrofluorimeter diagram of Terephthalic acid and Terephthalic acid with a concentration of 0.02 mg/ml Core: citric acid: PEG: ICG: PpIX
MNPs under magnetic field (f = 425 kHz, B = 33.5 mT, P = 4.27 kW, time = 3 and 6 min).
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0.02, 0.04, 0.08, 0.16 mg/ml which indicates that by increasing concentration, temperature changes rise. Fig. 2D demonstrations
temperature changes of Core: citric acid MNPs in concentrations of 0, 0.02, 0.04,0.08,0.16 mg/ml so it also confirms temperature
change has correlation with concentration, high concentration brings high temperature changes. All experiment related to Fig. 2
prepared under magnetic field with a frequency of 425 kHz (B = 33.5 mT, P = 4.27 kW, and t = 6 min).

3.2.2. ROS production of nanoparticle in magnetic field

Fig. 3 shows spectrofluorimeter diagram of Terephthalic acid and Terephthalic acid with a concentration of 0.02 mg/ml Core: citric
acid: PEG: ICG: PpIX MNPs under magnetic field with frequency of 425 kHz (B = 33.5 mT, P = 4.27 kW) for 6 and 3 min. It shows that
with the increase in time duration of magnetic field, the emission intensity of Terephthalic acid and Core: citric acid: PEG: ICG: PpIX
MNPs increases. which is proof of the production of hydroxyl radicals is depends on the time of applying the magnetic field.

3.3. Cytotoxicity of nanoparticles

Cytotoxicity of these MNPs in different concentration evaluated for both cell line in our pervious study. According to cell survival
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Fig. 4. A) Comparison of cell survival changes between the control and Core: citric acid: PEG: ICG: PpIX MNPs groups at a concentration of 0.05
mg/ml Core: citric acid: PEG: ICG: PpIX MNPs in the MDA-MB-231 cell line. B) Comparison of cell survival changes between the control and Core:
citric acid: PEG: ICG: PpIX MNPs groups at a concentration of 0.025 mg/ml Core: citric acid: PEG: ICG: PpIX MNPs in the A375 cell line. (f = 425
kHz, B = 33.5 mT, P = 4.27 kW, time = 0-6 min).
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cure IC20 for MAD-MB-231 cell line is 0.05 mg/ml and for A375 cell line is 0.025 mg/ml [33].

3.4. Magnetic hyperthermia (MHT)

Heliyon 9 (2023) e19893

Fig. 4A and B shows comparison of cell survival changes between the control and Core: citric acid: PEG: ICG: PpIX MNPs groups at a
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Fig. 5. A) Comparison of temperature changes resulting from magnetic hyperthermia in the presence of Core: citric acid: PEG: ICG: PpIX MNPs with
a concentration of 0.025 mg/ml and control group in the cell environment due to the application of a magnetic field in 1-6 min (f = 425 kHz, B =
33.5mT, P = 4.27 kW). B) and C) Temperature image before and after applying magnetic hyperthermia for 6 min in Core: citric acid: PEG: ICG: PpIX
MNPs group. D) and E) Temperature image before and after applying magnetic hyperthermia for 6 min in control group.

10



B. Khalili Najafabad et al. Heliyon 9 (2023) e19893

concentration of 0.05 mg/ml Core: citric acid: PEG: ICG: PpIX MNPs in the MDA-MB-231 cell line and concentration of 0.025 mg/ml
Core: citric acid: PEG: ICG: PpIX MNPs in the A375 cell line in magnetic field with a frequency of 425 kHz, the intensity of 33.5 mT and
the power of4.27 kW in 0-6 min, respectively. In both cell line cell survival decreases with increasing time of applying magnetic field
and in both cell lines have significant difference between Core: citric acid: PEG: ICG: PpIX MNPs and control groups (P-value<0.05).
Fig. 5A shows comparison of temperature changes resulting from MHT in the presence of Core: citric acid: PEG: ICG: PpIX MNPs with a
concentration of 0.025 mg/ml and control group in the cell environment due to the application of a magnetic field with a frequency of
425 kHz (B = 33.5 mT, P = 4.27 kW) in 1-6 min. According to this graph maximum temperature change happens in 6 min of applying
of magnetic field to Core: citric acid: PEG: ICG: PpIX MNPs (AT = 35.2 °C) then 5 min (AT = 30.2 °C), 3 min (AT = 24 °C), 2 min (AT =
12.5°C) and 1 min (AT = 5.8 °C). Fig. 5B— C Temperature image before and after applying magnetic hyperthermia for 6 min in Core:
citric acid: PEG: ICG: PpIX MNPs group and it reach from 20 °C to 55.4 °C. Fig. 5D- E Temperature image before and after applying
magnetic hyperthermia for 6 min in control group which reach from 21.4 °C to 48.1 °C.

3.5. Magnetic hyperthermia with photodynamic therapy

Fig. 6A— B compare the cell survival of the control group and Core: citric acid: PEG: ICG: PpIX MNPs with a concentration of 0.05
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Fig. 6. A) and B) Compartion of cell survival of the control group and Core: citric acid: PEG: ICG: PpIX MNPs with a concentration of 0.05 mg/ml in
the MDA-MB-231 cell line and a concentration of 0.025 in the A375 cell line in the combined treatment Magnetic hyperthermia and photodynamic
therapy at different treatment times, respectively. (Magnetic hyperthermia/f = 425 kHz, B = 33.5 mT, P = 4.27 kW. Photodynamic therapy/
wavelength = 630 nm, P = 1W, I = 7.25 mW/cm?2).
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mg/ml in the MDA-MB-231 cell line and a concentration of 0.025 in the A375 cell line in the combined treatment Magnetic hyper-
thermia and photodynamic therapy at different treatment times, respectively. In both cell lines by increasing time of magnetic field and
light exposure, cell survival has significant decrease (P-value<0.001). Fig. 7A— B shows comparison of cell survival between Core:
citric acid: PEG MNPs and Core: citric acid: PEG: ICG: PpIX MNPs with a concentration of 0.05 mg/ml in the MDA-MB-231 cell line and
a concentration of 0.025 in the A375 cell line in the combined treatment Magnetic hyperthermia and photodynamic therapy,
respectively. In both cell lines there is significant decrease in survival between Core: citric acid: PEG: ICG: PpIX MNPs with other
groups (Core: citric acid MNPs, Core: citric acid: PEG MNPs) (P-value = 0). In MDA-MB-231 cell line there is major decrease in survival
between CoFe204@citric and Core: citric acid: PEG MNPs (P-value = 0.01), while there is no noteworthy difference between Core:
citric acid MNPs and Core: citric acid: PEG MNPs in A375 cell line (P-value>0.05).

3.6. Magnetic hyperthermia with photothermal therapy

Fig. 8A- B illustrates cell survival of the control group and Core: citric acid: PEG: ICG: PpIX MNPs with a concentration of 0.05 mg/
ml in the MDA-MB-231 cell line and a concentration of 0.025 in the A375 cell line in the combined treatment Magnetic hyperthermia
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Fig. 7. A) and B) Comparison of cell survival between Core: citric acid MNPs, Core: citric acid: PEG MNPs and Core: citric acid: PEG: ICG: PpIX
MNPs with a concentration of 0.05 mg/ml in the MDA-MB-231 cell line and a concentration of 0.025 in the A375 cell line in the combined treatment
Magnetic hyperthermia and photodynamic therapy. (Magnetic hyperthermia/f = 425 kHz, B = 33.5 mT, P = 4.27 kW. Photodynamic therapy/

wavelength = 630 nm, P = 1W, I = 7.25 mW/cm?2).
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Fig. 8. A) and B) Illustration of cell survival of the control group and Core: citric acid: PEG: ICG: PpIX MNPs with a concentration of 0.05 mg/ml in
the MDA-MB-231 cell line and a concentration of 0.025 in the A375 cell line in the combined treatment Magnetic hyperthermia and photothermal
therapy at different treatment times, respectively. (Magnetic hyperthermia/f = 425 kHz, B = 33.5 mT, P = 4.27 kW. Photothermal therapy/
wavelength = 850 nm, P = 3W, I = 44.25 mW/cm?2).

and photothermal therapy at different treatment times, respectively. In general, it shows the logical relationship between survival
reduction and exposure times in both cell lines. In both cell line by increasing exposure time, survival drop down. There is significant
difference between Core: citric acid: PEG: ICG: PpIX MNPs (MHT = 3 PTT = 5) with other exposure times (P-value = 0) but between
Core: citric acid: PEG: ICG: PpIX MNPs (MHT = 3 PTT = 3) and Core: citric acid: PEG: ICG: PpIX MNPs (MHT = 1 PTT = 1) groups just
in MDA-MB-231 cell line there is noticeable difference (P-value<0.05). According to Fig. 9A- B in both cell line there is a major
reduction in survival between Core: citric acid: PEG: ICG: PpIX MNPs with other groups (Core: citric acid MNPs, Core: citric acid: PEG
MNPs) (P-value = 0). In MDA-MB-231 cell line there is significant drop in survival between Core: citric acid MNPs and Core: citric acid:
PEG MNPs, (P-valve<0.05), while there is no noteworthy difference between these two group in A375 cell line (P-value>0.05).

3.7. Combination of hyperthermia, photodynamic and photothermal treatments
Fig. 10A- B shows the same behaver of these two cell line in response to exposure times. In both cell line with increasing time of LED
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Fig. 9. A) and B) Comparison of cell survival between Core: citric acid MNPs, Core: citric acid: PEG MNPs and Core: citric acid: PEG: ICG: PpIX
MNPs with a concentration of 0.05 mg/ml in the MDA-MB-231 cell line and a concentration of 0.025 in the A375 cell line in the combined treatment
Magnetic hyperthermia and photothermal therapy. (Magnetic hyperthermia/f = 425 kHz, B = 33.5 mT, P = 4.27 kW. Photothermal therapy/
wavelength = 850 nm, P = 3W, I = 44.25 mW/cm?2).

exposure and time of applying magnetic field, survival significantly drops (P-value<0.001). Fig. 11A- B is a comparative graph be-
tween Core: citric acid MNPs, Core: citric acid: PEG MNPs and Core: citric acid: PEG: ICG: PpIX MNPs, which shows the high
dependence of Core: citric acid: PEG: ICG: PpIX MNPs on the time of light irradiation and application of magnetic field compared to
other nanoparticle groups. These difference is noticeable compare to other group of nanoparticles (P-value<0.001). This exposure
dependence between Core: citric acid MNPs and Core: citric acid: PEG MNPs in MDA-MB-231 cell line ((P-value<0.001) is more than

A375 cell line (P-value<0.05).

3.8. Flow cytometry findings

The final effect of treatment (MHT, MHT + PTT, MHT + PDT and MHT + PDT + PTT) on cancer stem cells in both cell lines were
evaluated using monoclonal antibodies like CD24, CD44, and CD133. Figs. 1S and 2S shows follow cytometry image of these MDA-MB-
231 and A375 cell lines, respectively, in which CD44 + CD24 ™ cells was gated for distinguishing CSCs. Fig. 12A- B displays the result of
gating flow cytometry images in the form of a diagram. According to Figs. 12A- B in both cell line MHT + PDT + PTT has good effect on

14



B. Khalili Najafabad et al. Heliyon 9 (2023) e19893

120 M control Core: citric acid: PEG: ICG: PpIX -

=
o
o

80

1 (%)

60

rviva

40

Su

20

0 min MHT=1PDT=1PTT=1 MHT=3 PDT=3 PTT=3 MHT=3 PDT=5 PTT=5
Time (min)

120
M control W Core: citric acid: PEG: ICG: PpIX
%k 3k k

100
&

°\ 80
-
=

> 60
o

= 40
7]

20

0

0 min MHT=1PDT=1PTT=1 MHT=3 PDT=3 PTT=3 MHT=3 PDT=5 PTT=5

Time (min)

Fig. 10. A) and B) Illustration of cell survival of the control group and Core: citric acid: PEG: ICG: PpIX MNPs with a concentration of 0.05 mg/ml in
the MDA-MB-231 cell line and a concentration of 0.025 in the A375 cell line in the combined treatment Magnetic hyperthermia/photothermal
therapy/photothermal therapy at different treatment times, respectively. (Magnetic hyperthermia/f = 425 kHz, B = 33.5 mT, P = 4.27 kW.
Photodynamic therapy/wavelength = 630 nm, P = 1W, I = 7.25 mW/cm2. Photothermal therapy/wavelength = 850 nm, P = 3W, I = 44.25

mW/cm2).

elimination of CD44 + CD24 cells compare to MHT + PTT and MHT + PDT. This reduction is more significant in MHT + PDT + PTT in
A375 cell line compare to MDA-MB-231 A%5 cell line (P-value<0.001). In Fig. 12A there is a substantial difference between MHT,
MHT + PTT, MHT + PDT and MHT + PDT + PTT (P-value<0.001), while Fig. 12B indicate no noticeable difference between MHT +
PTT, MHT + PDT. Figs. 3S and 4S shows follow cytometry image of MDA-MB-231 and A375 cell lines, respectively, in which CD133 +
CD44™" cells were gated for distinguishing CSCs. Fig. 13A- B displays the result of gating flow cytometry images in the form of a
diagram. As shown in these two figures cells withCD133 4 CD44" markers in MDA-MB-231 and A375 cell lines have good response to
MHT + PDT + PTT compare to single treatments. Reduction in cells with CD133 + CD44 " markers for A375 cell line is more obvious
than MDA-MB-231 cell line. In the MDA-MB-231 cell line, the pile chart consists of 26% control group, 25% drug control, 23% MHT,
11% MHT + PDT,11% MHT + PTT and 4% MHT + PTT + PDT, while in the A375 cell line, the pile chart consists of 40% control group,
35% drug control, 14% MHT, 6% MHT + PDT,4% MHT + PTT and 1% MHT + PTT + PDT, which shows that combination groups had a

small share in the pie chart.

3.9. Evaluation indexes
3.9.1. IC20 index

IC20 index was calculated from our pervious study for both cell lines (concentration which kills 20% of cells). IC20 for MDA-MB-
231 cell line is 0.05 mg/ml and for A375 is 0.025 mg/ml [33].
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Fig. 11. A) and B) Comparison of cell survival between Core: citric acid MNPs, Core: citric acid: PEG MNPs and Core: citric acid: PEG: ICG: PpIX
MNPs with a concentration of 0.05 mg/ml in the MDA-MB-231 cell line and a concentration of 0.025 in the A375 cell line in the combined treatment
Magnetic hyperthermia/photothermal therapy/photothermal therapy. (Magnetic hyperthermia/f = 425 kHz, B = 33.5 mT, P = 4.27 kW. Photo-
dynamic therapy/wavelength = 630 nm, P = 1W, I = 7.25 mW/cm2. Photothermal therapy/wavelength = 850 nm, P = 3W, I = 44.25 mW/cm2).

3.9.2. Combination Indices (CIs)
In order to investigate effectiveness of dual and triple combined treatments, combination Indices (CIs) were calculated. The values

of CIs for each group are shown in Table 3 and Table 4.

4. Discussion

This study intended to investigate the performance of superparamagnetic Core: citric acid: PEG: ICG: PpIX MNPs nanoparticle as a
multifunctional particle for combination therapy of magnetic hyperthermia with photodynamic and photothermal therapy. Another
advantage of this nanoparticle is the ability to use it in diagnosis and treatment at the same time. Due to the high atomic number of iron
and cobalt that make up and magnetic properties of the core of this nanoparticle, this nanoparticle can be used as a contrast agent in CT
scan or MIR.

Choosing the chemical composition and size of MNP is important to control the magnetization of nanoparticles and effectively leads
to improving its performance in magnetic hyperthermia. So, co-precipitation method was used for the synthesis of Core: citric acid:
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Fig. 12. Flow cytometry analyses. A) Percentage of CD44 + CD24 cell in single or multiple treatments of MDA-MB-231 cell line. B) Percentage of
CD44 + CD24 cell in single or multiple treatments of A375 cell line.

PEG: ICG: PpIX MNPs [38].

Factors such as nanoparticle suspension concentration, scattering angle, and isotropy of nanoparticle shape can affect the size
obtained from DLS, and the exact and correct size of magnetic nanoparticles cannot be obtained with this method [39]. These MNPs
have stable kinetic energy due to their kinetic energy. Since the scattering intensity is directly proportional to the sixth order of the
particle radius, this technique is very sensitive to aggregation and is a good method to check the colloidal stability of MNPs suspension
[40]. When MNP are coated with materials that are transparent to electrons, for example, in a study where iron oxide nanoparticles
were coated with oleic acid and oleylamine acid (completely transparent) the TEM size was smaller than DLS [41,42]. This was also
true in our study. DLS of Core MNPs, Core: citric acid MNPs, Core: citric acid: PEG MNPs and Core: citric acid: PEG: ICG: PpIX MNPs
showed more than TEM size. In MNPs the smaller the nanoparticle, due to the radius of curvature effect, have significant differences in
the size between DLS and TEM. For MNPs in the size range of 20 nm as our study, irregularity in shape and poly disparity are other
influencing factors in this difference between the size of DLS and TEM [43].

Coatings such as PEG increase the colloidal stability of MNPs. Therefore, we used PEG coating to increase the stability of MNPs, i.e.
improve the PDI factor. In general, the colloidal stability of MNP depends on the polymer and coating charge used. According to the
ISO report, PDI values less than 0.5 are desirable for using nanoparticles as a drug delivery agent. In our study, the measured PDI was
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Fig. 13. Flow cytometry pie CHART analyses. A) Percentage of CD133 + CD44 " cell in single or multiple treatments of MDA-MB-231 cell line. B)
Percentage of CD133 + CD44™" cell in single or multiple treatments of A375 cell line.

less than 0.5 in all synthesis steps except for Core: citric acid MNPs. It should be noted that the high PDI can be due to the aggregation
and oligomerization of MNs. Zeta potential of MNPs is also one of the indicators of colloidal stability. At low zeta potentials (close to
zero), particles are not repelled and colloids accumulate due to surface adsorption forces. While at high zeta potentials, colloidal
accumulation is prevented. The nanostructures synthesized in this research with a zeta potential higher than 14 with a negative charge
on the surface create a repulsive force between the particles. Therefore, they prevented their accumulation and led to the stability of
nanoparticles [44]. So that after the coating of acetic acid and PEG and loading of sensitizers, the zeta potential changed from —14.6 to
—22.1, which indicated better nanoparticle stability.

TEM results demonstrated that the Core MNPs has an amorphous and irregular structure. Influences such as pH, concentration of
precursor s, reaction temperature, reflux time and the gas environment in which the reaction is performed are among the influencing
factors in the size distribution and morphology of nanoparticles that in co-precipitation method. In our study, we used pH of 12.4,
reflux time of 3 h, and argon gas flux to reach the desired size of nanoparticle. In our study the important factor that affected the shape
and morphology of nanostructures more than other factors were the temperature of the reaction solution. The low temperature (80 °C)
during the synthesis led to the creation of Core MNPs with an irregular and amorphous shape. This is consistent with the study of
Gomeshis et al. who synthesized magnetite at different temperatures. In this study, the lowest temperature of the synthesis solution
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Table 3
Combination Indices (CIs) for different combination of treatment with Core: citric acid: PEG: ICG: PpIX MNPs.
(MDA -MB-231) A375
Core: citric acid: PEG: Core: citric acid: PEG:
ICG: PpIX MNPs ICG: PpIX MNPs
Treatment Cls average + Treatment condition(min) ClIs average
condition(m SD +SD
in)
MHT=1+PDT=1 | MHT=3+PDT=3 | MHT=3+PDT=5 MHT=1+PDT=1 | MHT=3+PDT=3 | MHT=3+PDT=5
0.89 1.09 2.07 1.35£0.06 1.04 1.21 1.69 1.31+0.06
MHT=1+PTT=1 | MHT=3+PTT=3 | MHT=3+PTT=5 CIs average + | MHT=1+PTT=1 | MHT=3+PTT=3 | MHT=3+PTT=5 | CIs average
SD + SD
0.83 0.84 1.77 1.15+0.05 0.99 0.66 1.62 1.09+0.05
MHT=1+PTT=1 | MHT=3+PTT=3 | MHT=3+PTT=5+ | CIs average + | MHT=1+PTT= | MHT=3+PTT= | MHT=3+PTT=5 | CISs average
+PDT=1 +PDT+3 PDT=5 SD 1+PDT=1 3+PDT+3 +PDT=5 +SD
0.73 1.1 2.17 1.33+0.06 0.83 0.65 2.54 1.34+0.06
Table 4
Combination Indices (CIs) for different combination of treatment with Core: citric acid MNPs, Core: citric acid: PEG MNPs.
Treatment MHT=3+PDT=5 MHT=3+PTT=5 MHT=3+PDT=5+PTT=5
Core: citric acid: PEG MNPs Condltlon(mm)
CIs(MDA-MB-231) 1 0.86 0.90
CIs (A375) 0.84 0.80 0.79
Treatment MHT=3+PDT=5 MHT=3+PTT=5 MHT=3+PDT=5+PTT=5
condition(min)
Core: citric acid MNPs
CIs(MDA-MB-231) 0.82 0.80 0.75
Cls (A375) 0.89 0.85 0.75

was 120° Celsius, amorphous and irregular nanoparticles were synthesized, and more homogeneous nanoparticles were formed at
higher temperatures. The chemical composition and size of magnetic nanostructures are very effective in improving the heating ef-
ficiency of magnetic hyperthermia [45,46]. Therefore, in our study, we used iron and cobalt for synthesis. And in addition, the final
MNP size was ~13 nm, which leads to better thermal efficiency.

The size obtained from the SEM of Core: citric acid: PEG: ICG: PpIX MNPs was in the range of 13 nm using Image j software.
According to these image, Core: citric acid: PEG: ICG: PpIX MNPs (Final NP) has an irregular shape. The reason for the larger size
displayed in SEM images compared to TEM may be due to aggregation, which is the result of van der Waals forces between particles.
MNPs are agglomerated due to high surface energy between nanoparticles and magnetic dipole-dipole interactions.
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By examining the XRD pattern of cobalt ferrite, the XRD peak at 62 at 35.7° indicates the Core MNPs crystal plates with an
interlayer distance of 3.83 A. Therefore, the Core MNPs crystal size by the maximum peak (311) was calculated about 11.67 nm [35].
Our finding was conforming with Humbe et al. study which get nine peak in XRD of their NiCuZnFe204 nanoparticles (the same as our
peaks in XRD). Their sharp peak was 311 like our study but they get crystal size of 23-34 nm [47]. In this study like Sandeep work, XRD
parameters were measured in the angle range of 20-80° for their ZnMgFeGdx04 nano ferrites. they also find a sharp peak in 311 [48].

According to VSM curve of Core: citric acid MNPs and Core: citric acid: PEG MNPs absence of Mr and Hc confirm that both of them
are superparamagnetic [49]. VSM without hysteresis loop is one of properties of superparamagnetic material which can happen for
small nanoparticles with increase surface area. Our MNPs with size of ~13 nm obey this law too [50].

Presence of citric acid on the surface of Core MNPs is confirmed in the FTIR spectrum through the peaks in the region of 3500-2800
which are related to the functional groups of citric acid attached to the Core MNPs. In general, to confirm the existence of citric acid on
the surface of cobalt ferrite NPs, the FTIR spectrum would show characteristic peaks related to the functional groups present in citric
acid. Citric acid contains carboxylic acid groups (-COOH), hydroxyl groups (-OH), and carbonyl groups (C=0). Therefore, in the FTIR
spectrum of ferrite-citric acid NPs, we would expect to observe absorption peaks around: The carboxylic acid group: A broad peak
between 3393 cm and 1 due to the stretching vibration of -COOH. The hydroxyl group: A broad peak around 3393 cm-1 due to the
stretching vibration of ~OH. The carbonyl group: A peak around 1612 cm-1 due to the stretching vibration of C=0. The presence of
these characteristic peaks in the FTIR spectrum would indicate the existence of citric acid on the surface of cobalt ferrite NPs [51].. The
broad peak located at 3418.85 cm ™! is related to the stretching vibration of the hydroxyl group of polyethylene glycol, which overlaps
with the peak of the OH group on the surface of CoFe204 MNPs. Meanwhile, the existence of a set of peaks at 2872.24 cm ™! is related to
C-H stretching vibrations of aliphatic polyethylene glycol. So PEG contains repeating units of ethylene oxide (-CH2-CH2-0O-) and has
characteristic peaks at:C-H stretching vibrations: Peaks around 2873 cm-1. C-O stretching vibrations: A peak around 1100-1300 cm-1.
C-0O-C stretching vibrations: Peaks around 1105 cm-1. The presence of these PEG-related peaks in the FTIR spectrum would confirm
the existence of PEG on the surface of cobalt ferrite NPs [52]. Citric acid coating was chosen for several reasons. Citric acid provides a
good platform for PEG binding, and the PEG itself subsequently causes better loading of ICG and PpIX. This particle is multifunctional
and is also considered for intra-body applications in future, so the issue of selective cell absorption was also considered in its design.
The citric acid cycle plays important rule in aerobic respiration, and creating energy for in mitochondria. Includes eight chemical
reactions in which citrate is one of that products. Both citrate and citric acid inhibit tumor cell propagation and growth [53,54]
spatially in breast cancer cells by increasing lipid biosynthesis and causing cell aging [55]. Cancer cells or cancer stem cells have a high
metabolism to fulfill augmented energy demands for their, differentiation, proliferation, and progress, in which citrate acting an
essential role in it [56]. Metabolism -targeted therapy is new strategy to overcoming cancer [57,58]. Citrate has important role in
metabolic regulation [59]. So that extracellular citrate execution can have not only inhibitory effects on cancer cells, but also have
synergism effect when it used with other conventional treatments. Using of high-dose citrate rise the intracellular citrate that cause
antitumor effects. While low concentration of citric acid cause cell aging which can weakens tumor progress and improves the results of
other treatment. Due to the fact that citrate plays an important role in providing intracellular energy [60,61], we propose a theory that
having citric acid coating of nanoparticles can cause the selective uptake of the nanoparticles into CS and CSC due to the difference
among the metabolic needs of normal cells and cancerous or cancer stem cells and this itself causes the passive targeting of this
nanoparticle into the cancer cells [62].

Temperature increase in MHT be influenced by on the shape, size, nanoparticle coating and the composition of the nanoparticle,
concentration and external factors such as field strength frequency, the duration of the MF applied and the viscosity of the solvent [63].
Considering the stability of external factors, our synthesized MNPs with a size of ~13 nm and a shape of cubic, in concentrations
between 0.02 and 0.16 causes an increase in temperature with increasing concentration. This increase in temperature is significant in
Core: citric acid: PEG: ICG: PpIX MNPs compare to Core: citric acid: PEG MNPs and it is more than Core: citric acid MNPs. Because there
are many interfering factors and exceptions in magnetic hyperthermia, this may not be true for nanoparticles with other sizes and other
concentration. MNPs in a larger size, under a threshold size (for magnetic iron oxide NP is about 128 nm), become single-domain, and
called superparamagnetic (like our study NPs size range), unlike large nanoparticles, which have hysteresis loss, this super-
paramagnetic NPs have Néel and Brownian relaxation for loss electromagnetic energy and converted to heat like our MNPs [64]. So in
very high concentrations, because the phenomenon of aggregation has occurred and the distance between particles decreases and
Because dipole-dipole interaction is more depend on the Néel relaxation time and Brownian relaxation is much less sensitive to the
concentration, the increasing concentration from a certain limit, increases Néel relaxation and SAR and as a result of the decreased
temperature. For this reason, in order to have noticeable temperature raise, optimum concentration should be founded. So any factor
causes aggregation can have inverse affect in SAR. Our Core: citric acid: PEG: ICG: PpIX MNPs has good combination of PDI and zeta
potential and the result of those curves feet our expectation. Alexander et al. FluidmagDX iron oxide nanoparticle with TEM size of
~84 nm, magnetic field strength of 10 mT, frequency of 140 kHz, time of ~45 min and concentration of 5 mg/ml demonstrated
AT~9C° [65], While in our study with Core: citric acid: PEG: ICG: PpIX MNPs with size~ 13 nm, magnetic field strength of 33.5 mT,
frequency of 425 kHz, time of 6 min and concentration of 0.16 mg/ml we achieved AT~15C°. This study was in agreement with our
study. In both of them increase in temperature was dependent on the concentration. Beside that our Core: citric acid: PEG: ICG: PpIX
MNPs has cubic shape, which enormous studies show better efficiency of cubic NPs in comparison to spherical NPs (Core: citric acid
MNPs, and Core: citric acid: PEG MNPs). Our finding is in agreement with Song et al. study who compare heat efficacy on quasi-cubical
and spherical Fe304nanoparticles [66]. Like concentration, for viscosity of solvent there is the optimal domain in with before and after
that heating behavior of magnetic nanoparticle change. Brownie relaxation was more affected by viscosity than Néel relaxation. At
high viscosities, it is eliminated and the SAR decreases [67]. In order to keep the viscosity variable constant, we carried out all the
aquatic environment studies in water. Song et al. showed that In contrast, at very low particle concentrations (like our paper) the
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particles stand far from each other and inter-particle dipolar interaction declines radically [68]. Also conductivity of coating and its
thickness is another important factor affects SAR and heat production. Gonzalez et al. covered magnetic iron oxide nanoparticle
(MIONs) with SiO2 which has little heat conduction result in reduction of heating efficiency [69]. Liu et al. evaluated the effect of
nanoparticle thickness on heating efficiency. They used polyethylene glycol (PEG) with different thickness (2000 to 20,000 Da). They
conducted that thinner layer has good heat conductivity and dispensability in comparison to thick shell that because of the increased
Brownian loss [70]. We also used thin layer of PEG in our study in order to increase dispensability and biocompatibility of MNPs. So
MNPs with PEG layer has better heat efficiency according to Fig. 2. By looking at result of conductivity, it can conclude that reduction
in conductivity in Core MNPs after covering by citric acid and PEG showed that these coatings have been successfully drawn on Core
MNPs s and this reduction cause lower heat transition (Fig. 2). Beside the ability of increasing temperature, ROS production of Core:
citric acid: PEG: ICG: PpIX MNPs were evaluated. According to studies MNPs can act as peroxidase and be able to produce hydroxyl
radicals (°OH) by catalyzing Hydrogen peroxide (H202) [71]. Ziya et al. showed that even in absence of magnetic hyperthermia MNP
can produce amount of ROS (especially °OH). They use N,N-dimethyl-p-phenylenediamine (DMPD) probe (°OH detector) and F304
NPs with the size of 20-30 nm. They showed that in concentration around 0.1 mg/ml, absorbance of solution (F304 NP + DMPD) was
around 0.6 [72]. While we sense among of °OH with Terephthalic acid + Core: citric acid: PEG: ICG: PpIX MNPs in presence of
magnetic field and achieve high amount of °OH production in with combination of MNPs and magnetic field. Fig. 8 shows that Core:
citric acid: PEG: ICG: PpIX MNPs -induced production of °OH in magnetic field has a direct relationship with the time of application of
the magnetic field. Terephthalic acid alone is non-fluorescent and becomes fluorescent when combined with hydroxyl radical (°OH).
So, high level of °OH in solution, indicates the high level of fluorescence caused by this compound [73].

Toxicity of MNPs is depend on concentration of MNPs. Mohammadi et al. evaluate toxicity of CoFe204MNPs) size~10 nm) they
find no toxicity up to concentration of 0.04 mg/ml in 24h for MAD-MB-231. In our study with the same cell line and core but with
different coating we found viability of 96%,89% and 82% for Core: citric acid MNPs, Core: citric acid: PEG MNPs and Core: citric acid:
PEG: ICG: PpIX MNPs, respectively [33]. Therefore, it can be concluded that citric and PEG coatings cause more penetration of
nanoparticles into the cell and increase its toxicity and by looking at cell viability this effect with PEG coating is more than acid. It was
agreed in both cell line in our study Abudayyak et al. estimate the toxicity of Core MNPs (size~39) in NRK-52E kidney they found that
in concentration up to 0.1 mg/ml viability was between ~ 85 and 100 [74]. It is somehow agreed with our study Momin et al. worked
on toxicity of Core MNPs (size 8-10 nm) on human lymphocytes and found that in concentration of 0.1 mg/ml cell viability was ~75%
[75], while we achieved this viability in lower concentration. Core MNPs toxicity still argued and mostly it depends on kind of cell line.

According to Fig. 2 in both cell lines cell survival depends on time of applying magnetic field in constant concentration, magnetic
file strength and frequency. It is agreed with study of Kekalo et al. they showed that increase in temperature depends on the strength of
the magnetic field and the time of MF application, and in a constant magnetic field, the temperature rises with time [76]. Fig. 4 can be
explained according to Fig. 5. We observed AT = 19.6 °C between 0 and 3 min of irradiation and AT = 35.2 °C between 0 and 6 min in
Fig. 11. It means that 3 min irradiation here is threshold pint for hyperthermia-induced effect. Up to 3 min temperature reached
maximum ~41.6 and for 6 min irradiation temperature achieved ~57.2 taking into account that the initial temperature was 22 °C. At
temperatures lower than 46 °C, the functions of intracellular proteins are disrupted and cause apoptosis [77], but temperatures above
46° cause direct cell death through thermal ablation consist of necrosis, coagulation or carbonization [78]. So in survival cure of MHT
cell survival dramatically drop to 15.55% and 17.21% in MAD-MB-231 and A375, respectively.

In all combination therapy include MHT + PDT, MHT + PTT, and MHT + PTT + PDT we observed a decrease in survival depending
on the duration of light radiation and magnetic field. In both cell lines cell survival in Core: citric acid: PEG: ICG: PpIX MNPs were
lower than Core: citric acid MNPs and Core: citric acid: PEG MNPs. High thermal efficiency of the PEG coating in the MF due to the
better stability of the nanoparticle compared to the citric causes a better temperature increase and more cell death. Good zeta potential
and conductivity of Core: citric acid: PEG: ICG: PpIX MNPs in compare to Core: citric acid: PEG MNPs and Core: citric acid MNPs
prevent aggregation and making large NP and prepare best heat transform, so it causes the best efficiency (decrease cell viability) in all
treatment groups in both cell lines (P-value<0.001). In the presence of Core: citric acid: PEG: ICG: PpIX MNPs in MDA-MB-231 cell line
there is synergism effect in MHT = 3 + PDT = 3 and MHT = 3 + PDT = 5, while there is synergism effect in all combination groups of
MTH + PDT in A375 cell line. Combinational treatment groups of MTH + PTT in A375 and MDA-MB -231 cell lines just MHT = 3 +
PTT = 5 has synergism effect. The percentage of photothermal agent loading was lower than photodynamic so efficiency of photo-
thermal treatments seems to be lower than that of photodynamic. Unlike A375 cell line which showed synergism in only in MHT = 3 +
PTT =5+ PTT =5, MDA-MB -231 cell line also demonstrated synergism in MHT = 3 + PTT = 3 4+ PTT = 5. In contrast Core: citric acid
MNPs and Core: citric acid: PEG MNPs proved no synergism effect in any combination groups, just for MDA-MB -231 cell line additive
effectin MTT = 3 + PDT = 5 was seen. Therefore, efficiency of Core: citric acid: PEG: ICG: PpIX MNPs has been better than other MNPs
in combined treatments. These cell survival results obtained from MTT assay and were well agreed with flow cytometry outcome.
shows some study used single or combination therapy on cancer cell or tissue and were confirm the benefits of multiple treatment in
comparison to single treatment. In general, according to the studies, the combination of methods such as MHT with PTT and PDT
improves the disadvantages of each of the individual therapies. For example, magnetic hyperthermia removes the limitation of
penetration depth related to photothermal treatment and the use of these two results in better temperature increase. The simultaneous
use of photodynamic with MHT also multiplies the effect of these combined treatments due to the PDT-Induced radical toxicity by
weaken theheat-shock cellular defense [79,80]. In addition, the dose of the nanoparticle, frequency and magnetic field, light exposure
dose used in the combined treatments are much less than individual treatments, and itself helps to maintain healthy tissue in next in
vivo studies [81]. Also these combination therapies showed good effect on reduction of CD44 + CD24 and CD133 + CD44" cells
which are well-known surface biomarkers of CSCs [82]. This reduction in CD44 + CD24 in A375 cell line was more significant be-
tween single treatment and combined treatments (P-value<0.001), but there was no substantial difference between MHT + PDT and
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MHT + PTT (P-value>0.05), while for all groups of treatment in MDA-MB -231 cell line there was noticeable variance. According to
Fig. 13 these combined treatment act well for eradication of CD133 + CD44" in A375 cell line than MDA-MB -231 cell line. Some
studies demonstrate effect of MHT on CSCs as shown in Table 18S. Table 2S shows some studies using MHT and MNPs on CSCs or NCSs.
Several studies have been done in the field of photodynamic and photothermal alone or together with chemotherapy and radiotherapy
on cancer stem cells, but in relation to combined photodynamic and photothermal treatments with magnetic hyperthermia, no study
has been done on cancer stem cells. In our study, for the first time, we investigated the effect of combined treatments of magnetic
hyperthermia with photodynamic, magnetic hyperthermia with photothermal and combination treatment of magnetic hyper-
thermia/photothermal/photodynamic therapy on eradication of cancer stem cells. Table 1S shows some studies using single or
multiple treatments on cell or tissue and Table 2S demonstrates some research information using MHT and MNPs on CSCs or NCSs.

5. Conclusion

We successfully synthesis a novel multi-functional magnetic nanoparticle which is capable to be used simultaneously in photo-
dynamic and photothermal hyperthermia treatments. ICG and PpIX are photosensitizers that are used in photothermal, respectively
that play the role of light-based treatment of this nanoparticle and ferrite cobalt is magnetic core of this nanoparticle which is
responsible for the magnetic hyperthermia. The navel synthesized Core: citric acid: PEG: ICG: PpIX MNPs has a high efficiency in
creating heat and producing hydroxyl radicals in magnetic hyperthermia. In addition, the obtained results showed that when magnetic
hyperthermia is used together with light-based treatments, due to the synergistic created effect that, the effect of combination
treatment is greater than that of single treatments. Therefore, it is highly effective in reducing the population of CSCs compared to
single treatments in both cell lines Then, because of the resistance of stem cells to common cancer treatments such as drug-based and
radiation-based treatments, and the favorable results obtained from the combinational effects of photodynamic, photothermal and
magnetic hyperthermia treatments on CSCs, more attention should be given to non-ionizing methods in this regard. Studies such as
gene expression and signaling pathways regarding the use of these treatments should also be done in order to understand the benefits
of this issue and to find a suitable method to solve the problem of tumor recurrence.
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