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Abstract
Background

The use of magnetic nanozymes with the ability to synchronize gas therapy through photodynamic and
chemotherapy in the treatment of breast cancer has received much attention. Results

Hence, in this study, we designed a bovine lactoferrin-coated iron sul�de nanozymes containing
doxorubicin (FeS-Dox@bLf NZs) by wet chemical synthesis that can respond to tumor acidity. Then, the
physicochemical properties of synthesized NZs were investigated by TEM, SEM, DLS and spectroscopic
methods. Likewise, the level of Fe2+ release, H2S and Dox from FeS-Dox@Lf NZs under acidic conditions

was evaluated. It was observed that Fe2+ and S2- caused signi�cant OH and H2S release through the
Fenton reaction. Also, the toxic effects of FeS-Dox@Lf NZs on 4T1 cancerous cells were investigated by
MTT and �ow cytometry assays. After intravenous injections of NZs and laser irradiation, signi�cant
effects of FeS-Dox@Lf NZs on mice weight and tumor status were observed. Afterwards, not only the
distribution of Dox in the body was examined by �uorescent, but also the time of Fe clearance and the
amount of Dox and Fe retention in vital tissues were determined. The �ndings con�rm that FeS-Dox@Lf
NZs, in addition to targeted drug distribution in tumor tissue, resulted in superior therapeutic performance
compared to free Dox due to reduced Dox side effects in vital tissues, and increased level of free radicals
in 4T1 cells.

Conclusion

Overall, FeS-Dox@Lf nanozymes with the ability to synchronize chemotherapy and gas therapy raised
hopes for more effective treatment of breast cancer.

Introduction
Breast cancer is one of the most challenging diseases in women that the use of new techniques based on
nanoplatforms with less invasiveness has increased the hopes of treatment [1, 2]. In this regard, the use
of magnetic nanoparticles (NPs) with enzyme-like behaviors for producing radicals [3, 4] along with the
provision of imaging [5], photothermal therapy (PTT) [6], photodynamic therapy (PDT) [7] and
chemotherapy [8] have received much attention. The enzymatic-like activity of magnetic NPs induces
apoptosis by persuading radicals in cancerous cells through damage of fat, protein and DNA [9, 10]. For
this purpose, several papers have been published based on iron nanozymes (Fe NZs) that show the
formation of radicals through the Fenton reaction on hydrogen peroxide (H2O2) inside and outside of
cells [11-13]. However, the results demonstrate that the amount of H2O2 in cancerous cells, especially
breast cancer, is not high enough to generate reactive oxygen species (ROS) by Fe NZs [4, 14, 15]. On the
other hand, several results exhibit that cancerous cells use enzymatic and non-enzymatic antioxidant
defense systems to inhibit the generation and accumulation of radicals [16, 17]. Therefore, development
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of free radicals-based therapeutic platforms to control breast cancer cells have received a great deal of
interest, recently.

Gas therapy through hydrogen, nitric oxide (NO) and hydrogen sul�de (H2S) are modern and effective
methods in medical activities for antibacterial [18], cardiovascular [19], neurological [20], anti-
in�ammatory [21] and anti-cancer activities [22, 23]. Conventionally, H2S and NO gases have been
reported in the human body, especially in the mitochondria, which can enhance their use in medical
practice [24]. The reports reveal that H2S kills breast cancer cells by stopping the cell cycle through
damage to mitochondria and miRNA [25, 26]. On the other hand, H2S inhibits catalase activity
dramatically [27]. Because, H2S donors induce toxicity through the rapid release of gas, some bio-
alternatives approaches are recommended.

Furthermore, the lack of a completely successful strategy in the application of iron sul�de (FeS) NZs, the
use of anti-cancer drugs such as doxorubicin (Dox), and the formation of coatings on NZs to reduce
toxicity and improve targeting can increase the likelihood of success. Despite the ambiguities in the use
of Dox in the treatment of breast cancer, several reports indicate that Dox causes breast cancer cell death
by increasing ROS and overexpression of Fass, Bax and caspase-3 [6, 8, 28, 29]. On the other hand,
various results show that the challenge of Dox toxicity on heart cells [8, 30] and on the other hand the
drug resistance of cancer cells by nanocarriers with bovine lactoferrin (bLf) coating is signi�cantly
reduced [31, 32].

In this study, not only the synthesis of FeS-Dox@bLf NZs was investigated to synchronize chemotherapy
and gas therapy, but also the toxicity and drug loading along with the level of H2S and radical release
were investigated. Also, in this study, the condition of the tumor, the amount of Dox and Fe retention in
non-target tissues, and possible damage in non-target tissues were investigated. In fact, we aimed to
provide a biocompatible platform for integrating therapeutic activities with minimally invasive approach
in order to reduce the therapeutic resistance of breast cancer cells and their effective treatment (Fig. 1).

Materials And Methods
2.1. Materials

Fe(NO3)3·9H2O, chloroacetic acid, NaOH, thiourea, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC),
N-hydroxysuccinimide (NHS), dimethyl sulfoxide (DMSO), methylene blue (MB), and polyvinylpyrrolidone
were prepared from the Merck (Germany). Dulbecco’s Modi�ed Eagle Medium (DMEM) cell culture, MTT
powder [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] and fetal bovine serum (FBS) were
bought from Gibco (Scotland). bLf and Dox were obtained from the Sigma Aldrich (USA) and Annexin-V
kit was purchased from Iq products, Poland.

2.2. Synthesis of FeS@bLf NZs
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Initially, a three-core Fe was provided to produce FeS NZs. In this regard, A chloroacetate solution
produced from ClCH2COOH (5 g, 54 mmol) and NaOH (2.2 g, 55 mmol) in 100 ml of water was gradually
added to 11 mL of Fe(NO3)3·9H2O (11 g, 27.5 mmol) solution. After 3 hours, the red solution was cleaned
up and the separated material was kept at 21°C for 2 weeks. Then, the precipitated red crystals were
washed with cold methanol and air-dried. The resulting red crystals (420 mg; 0.45 mmol) were dissolved
in 35 ml of water, followed by addition of 10 ml of aqueous solution containing 110 mg (1.45 mmol) of
thio-urea and 700 mg of polyvinylpyrrolidone by stirring. Afterwards, the clear solution was kept into an
autoclave with 150°C for 14 h. Finally, the FeS NZs was gathered via centrifugation, washed several times
with methanol, and air-dried. The FeS NZs synthesis process was performed under oxygen-free
conditions in a nitrogen atmosphere, as well as in oxygen-free water produced by boiling the solution and
cooling it under a stream of free nitrogen.

Then, a mixture of 15 mg/ml EDC, 300μl of 15 mg/ml NHS, and 10 μl of 1 M NaOH were used to organize
carboxyl linkers on the FeS NZs for creating bLf. In this �eld, 1 mg of FeS NZs was sonicated for 20 min
in 300 μL of the solution prepared. Then, surplus EDC and NHS was removed using PD-10 column
attenuated with 10 mM PBS solution. Afterwards, 300μl of 1 mg/ml bLf was inserted to the activated FeS
NZs and preserved overnight at 21°C. Finally, centrifugation (5000g, at 5 min) and DI water were applied
to detach the FeS@bLf. After the production of FeS@bLf, 3 mg of FeS@bLf was mixed with 3 ml of
DMSO solution containing 3 mg of Dox for loading the Dox into the NZs. Then, the NZs were dried under
vacuum for 24 hours. Ultimately, PBS was applied to wash the NZs 3 times to remove the discharged
Dox.

2.3. Characterization of FeS-Dox@bLf NZs

The FeS-Dox@bLf morphology was considered using a �eld emission scanning microscope (FE-SEM,
JEOL-6700, Japan). As well, transmission electron microscope (TEM) image was provided on a high-
resolution TEM (HRTEM, JEM-2010) at an accelerating voltage of 200 kV. Moreover, a dynamic light
scattering (DLS) using Zetasizer (Malvern Instrument, United Kingdom) recognized the hydrodynamic
sizes of FeS and FeS-Dox@bLf in aqueous solution. Furthermore, infrared spectra with a Nicolet model
759 FTIR spectrometer were evaluated in wavenumbers from 4000 to 500 cm−1 by applying a KBr wafer.

2.4. Hydroxyl radical catalysed by FeS-Dox@bLf

The photocatalytic degradation of MB by FeS-Dox@bLf was performed at 22°C using 40 mL MB aqueous
solution (6×10-6 M) containing 30 mM NaHCO3 and 11 mM H2O2, and 20 mg of FeS-Dox@bLf with
continuous stirring in a dark �ask for 30 min to light irradiation. Then, suspension was brightened with
the tungsten halogen lamp (200 W). During the determined time periods, 3 mL of the aliquot was
removed from the mixture and centrifuged and the dye concentration was measured with an UV-vis
spectrophotometer in the range of 500-800 nm.

2.5. Fe+, H2S and drug release
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To determine the level of Fe+ released, 450 μL of FeS-Dox@bLf (6 mM) was added into a dialysis bag
with PBS buffer (60 mL, 12 mM) at pH 6.5 and 7.2. The solutions were maintained stirring at 37°C and 3
mL was collected for analysis at 0, 0.5, 1, 2, 5, 8, 16, 24, 48, and 72 hours. The Fe elements were
quanti�ed using atomic absorption spectrophotometry. Likewise, for evaluating H2S, 450 μL of FeS-
Dox@bLf NZs (6 mM) was added into a dialysis bag with HEPES buffer (60 mL, 12 mM) at pH 6.5 and
7.2. Then, 2 mL of the solution was gathered for H2S analysis at 0, 1, 2, 5, 10, 20, 30, 40, 50, 60 min. H2S
concentration was evaluated using a standard MB method based on the description of Lin, et al. [33]. In
this regard, 120 μL of the solution with 120 μL of 1% (w/v) zinc acetate, 24 μL of DMPD (21 mM in 7.3 M
HCl) and 24 μL of FeCl3 (32 mM in 1.3 M HCl) were mixed, maintained at 21°C for 20 min, and the optical
density at 665 nm was calculated. A standard curve was �xed with predetermined H2S concentrations.
Then, the calibration curve was applied to estimate the H2S concentration.

To investigate the possibility of in vitro drug release from NZs, the FeS-Dox@bLf NZs were incubated at
37°C for 15 hours in PBS at different pH (6.5 and 7.2). Generally, certain amounts of NZs were diffused in
10 mL of PBS and put in the dialysis bag (MWCO 3500). Afterwards, the bag was dialyzed against 45 mL
of the same buffer at 120 rpm. At designated times, 6 mL of solution the dialysis bag was withdrawn for
the investigation via absorbance at 490 nm and was replaced by an equal volume of the same buffer.
The Dox cumulative release was assessed based on the following Eq. (1): See equation 1 in the
supplementary �les.

Where, Ci and Cn refer to the of Dox concentration at time i and n, respectively.

2.6. In vitro trials

The 4T1 cells were seeded in DMEM medium with 10% FBS, 100 U/mL of penicillin, and 100 μg/mL of
streptomycin and preserved in an incubator with 5% CO2 at 37°C and 95% humidity. To transfer 4T1
cancerous cells to a new culture medium, the cells were trypsinized with 0.25% trypsin-EDTA and re-
suspended in DMEM medium.

2.6.1. In vitro combination therapy

The 4T1 cells were cultured at a density of 3×105 cells per well into 96-well plate and then incubated for
12 hours at 37º C with 5% CO2. After 12 h, the 4T1 cells was treated and incubated for 24 hours (main
incubation) with different concentrations of free Dox (5, 10, 15, 20, and 25 μg/mL), FeS@bLf NZs and
FeS-Dox@bLf NZs (12.5, 25, 37.5, 50 and 62.5 μg/mL) without or with laser irradiation (150 J/cm2

�uence and 100 mW/cm2 irradiance) for 7 min in 8th hour after main incubation. In the following, the
medium was eliminated by PBS, and 0.6 mg/mL MTT was diffused in media and incubated for 4 hours
(50 μL per well). After incubation, the culture medium was removed and the residual crystals were
dissolved in 100 μL DMSO by shaking for 2 min. Then, cells were evaluated at λ=570 nm by applying the
Eq (3): See equation 3 in the supplementary �les.
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Where, NSabsorbance is the individual absorbance of the free Dox, FeS@bLf NZs, FeS-Dox@bLf NZs
without and with laser irradiation loaded well and NCabsorbance is the mean absorbance of control well.
Mean standard deviations were calculated for each well.

2.6.2. Cellular concentration of hydroxyl radical and H2S

Similar to the 2.6.1 section, 4T1 cells (5×105 cells per well) were harvested into 6-well plates and
incubated for 12 hours at 37º C and 5% CO2. Subsequently, the medium was treated by FeS@bLf NZs
(12.5, 25, 37.5, 50 and 62.5 μg/mL) and incubated for 24 hours. During the incubation, the 4T1 cells were
treated by laser irradiation for 7 min in the 8th hour after incubation. Ultimately, the medium was
eliminated and the �uorescence probe (30 μM of non-�uorescent DCFH-DA) was supplemented to reduce
hydroxyl radical (•OH) for 30 min. Eventually, the �uorescent intensity of dichloro�uorescein (DCF) was
investigated using a �uorescence spectrometry with a wavelength of excitation and emission of 495 and
525 nm, respectively. For intercellular H2S, 5×105 4T1 cancer cells per well were cultured into 6-well plates
for 12 hours. After incubation, WSP-1 (15 μM) was applied as H2S probe for 30 min and the same time
4T1 cells were treated with 12.5, 25, 37.5, 50 and 62.5 µg/mL of FeS@bLf without or with laser irradiation
in 8th hour of main incubation. Consequently, the 4T1 cells were washed with PBS and evaluated by
�uorescent technique.

2.6.3. Apoptosis and ROS assays

To evaluate of apoptosis in the presence of free Dox (20 µg/mL), FeS-Dox@bLf NZs and FeS-Dox@bLf
NZs+Laser (50 µg/mL), �ow-cytometry was used. Based on the method described above, 4T1 cells
(5×105 cells per well) were located into a 6-well plate and treated with drugs and NZs with (in 8th hours of
main incubation) or without laser irradiation in the incubator for 24 hours. Then, the cells were gathered
with 3000g centrifugation at 4°C for 3 min, and washed with PBS. Then, the 4T1 cells were resuspended
in 100 μL per tube of containing Annexin V binding buffer (HEPES buffer: 0.1 M, NaCl 1.4 M, CaCl2 25
mM, pH 7.4). In the following, 2 μL of Annexin V conjugated Alexa Fluor 488 was added to the cells
solution and retained in dark for 15 min at 21°C. Afterwards, 400 μL of the binding buffer and 5 μl of 50
μg/ml propidium iodide were added to the solution and reserved in ice. Finally, samples were analysed by
FACscan (BD Bioscience, USA).

Similar to •OH assay in 2.6.2 section, to determine intracellular ROS in the presence of free Dox (20
µg/mL), FeS-Dox@bLf NZs and FeS-Dox@bLf NZs+Laser (50 µg/mL), 5×105 4T1 cancerous cells per well
were cultured into 6-well plate for 24 hours. Then, the �uorescent intensity based on DCF measurement
was evaluated.

2.7. In vivo trials

For in vivo studies, 40 mice in 5 groups were used according to the animal care policy adopted by the
Research and Ethics Committee of the Islamic Azad University. For this purpose, 7-weekly mice, weighing
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25.6±1.3 g were kept at 25ºC with 12 hours of light, 55% of humidity and free access to water and feed.
The cultured 4T1 cancerous cells (1×106 cell) according to 2.6 section were injected subcutaneously (150
μl, intraperitoneally) at the end of the mammary gland on the right side of the mice. After the tumors
reached a size of 144.1±2.4 mm3, they were treated with free Dox and FeS-Dox@bLf NZs with and
without laser irradiation.

2.7.1. Body weight and tumour size

The mice were orderly monitored for abnormal behavior and were weighed every four days. Also, to
measure the tumor volume (TV), the mice were evaluated in each measurement by the digital vernier
caliper (Mitutoyo, Japan) based on Eq (4): see equation 4 in the supplementary �les.

Furthermore, mice were sacri�ced on day 18, and the tumours were collected and weighed.

2.7.2. Photodynamic therapy (PDT)

For PDT assay, the tumor was illuminated for 7 min with light of a 150 J/cm2 �uence and 100 mW/cm2

irradiance by applying a diode laser. Light with a wavelength of 570 nm to the entire tumor was set up to
prevent possible damage.

2.7.3. Dox distribution

For studying the Doxo concentration in main organs including heart, spleen, liver, lung and breast tumor
tissues, the samples were collected, washed with cold saline and dried. Then, tissues were homogenized
in an acetonitrile and water (50:50) mixture for liquid-liquid phase extraction explained by Zhang, et al.
[34].

Fluorescent imaging with FlouVision (16MP CCD camera) device was used to investigate the bio-
distribution of the Dox in the whole body and main organs. For this purpose, to determine the distribution
of the Dox in the whole body, after 8 hours from drug injection, the mice were anesthetized and
�uorescence imaging was performed with excitation 485 nm and emission 590 nm. Likewise, to image
the Dox distribution in vital organs, mice were sacri�ced in 8 hours after injection and their vital organs
were collected and after washing with 0.9% NaCl, ex vivo �uorescence was used with the same device
settings.

2.7.4. Excrete and distribution of Fe

In order to evaluate the concentration of excreted Fe, the animals were placed in metabolic glass cages.
Faecal and urinary samples were collected 48 hours and Fe concentration was determined on days 0 (to
determine the background level), 8 and 16 days after FeS-Dox@bLf NZs administration. The amount of
Fe in the samples was determined using atomic absorption spectrophotometry. Moreover, to evaluate the
Fe distribution in tissues of tumor, heart, lung, spleen and liver, microwave digestion technique with
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mixture HNO3:HClO4 (5:1) was applied. Then, 0.2 g of digested samples was diluted with 50 ml of
deionized water, and �nally Fe elements were measured by atomic absorption spectrophotometry.

2.7.5. Histological assay

For histopathological evaluation of major organs including heart, liver, spleen, lung, and tumor, the mice
were sacri�ced and their organs were collected at the end of experiments. Formaldehyde (10%) was used
to �x the tissue samples and then continued by passage and embedding in para�n. To perform the
hematoxylin and eosin (H&E) staining operation, para�n blocks were partitioned by 3 μm thickness.
Slides were studied at the microscopic (Olympus-BX51 microscope), then an Olympus-DP12 camera was
used to gain digital photos and graded by the Scharff-Bloom-Richardson Scale.

2.7. Statistical analysis

Statistical analysis was carried out with one-way ANOVA followed by least square means and statistical
differences were measured at level of *P<0.05, **P<0.01 and ***P<0.001.

Results
3.1. FeS-Dox@bLf NZs characterization

The morphological properties of the FeS-Dox@bLf NZs produced were initially investigated by SEM and
TEM. As shown in Fig. 2A and B, the FeS-Dox@bLf NZs are spherical with a size of 35 nm, and also the Lf
coating covers them well. The SEM and TEM images show the relatively normal distribution of FeS-
Dox@bLf NZs during synthesis. On the other hand, the particle size diagram obtained by the DLS method
in Fig. 2C shows that the size of FeS with dimensions of 5 to 70 nm with an average of 29±2.85 nm in the
presence of bLf increased to 10 to 75 nm with an average of 36±3.48 nm. Therefore, the formation of bLf
coating on FeS can be con�rmed by increasing the particle size up to 7 nm. In this regard, the results of
FT-IR on FeS, Dox, bLf and FeS-Dox@bLf con�rm the loading of drug and bLf on the NZs. FT-IR spectra in
Fig. 2D showed that Dox had a peak on 3382 cm-1 (N-H), 2923 cm-1 (C- H), 1719 cm-1 (C=O), bending
1516 cm-1 (N-H), 1413 cm-1 (C-C), 1288 cm-1 (C-O-C), 1073 cm-1 (C-O), and 891 or 782 cm-1 (N-H)
indicates. Nonetheless, when Dox was conjugated on the FeS-Dox@bLf, the C=O peaks which was
observed in the Dox spectrum was disappeared. Also, the bonds of amide in bLf represented the main
feature of bending and stretching vibrations as amide I, II, III, and A (1635, 1539, 1069, and 3266
respectively), which the intensity of amide I and II peak were reduced in the FeS-Dox@bLf.

The metallic nanozymes organize the catalysts for Fenton reaction in the blood, which can use H2O2 in

tumors to produce •OH. In order to explore the peroxidase-like behavior of FeS-Dox@bLf NZs, after adding
NZs to a solution containing MB and H2O2 for 180 min, it was found that FeS-Dox@bLf NZs as a
nanozyme change blue color and gradually reduce the peak in the range of 600 to 700 nm by digesting
MB (Fig. 2E). Color change with reducing methylene blue con�rms the time-dependent enzymatic activity
of FeS-Dox@bLf.
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3.2. Fe2+, H2S and Dox release

To evaluate the degradability of FeS-Dox@bLf NZs in blood and tumor tissue, NZs were examined in
aqueous medium with pH 6.5 and 7.2. As shown in Fig. 2F, FeS-Dox@bLf NZs not only decompose faster
in an acidic environment, but also release higher Fe2+. For example, after 8 hours, the level of Fe2+

released in the acid medium was higher than 80%, while the level of Fe2+ released in the neutral medium
was up to 40%. However, the level of Fe2+ release from 8 h onwards is almost constant in both neutral
and acidic conditions. This result indicates the possibility of Fe2+ release in 4T1 tumor cells.

Likewise, to survey H2S release, FeS-Dox@bLf NZs were dispersed in PBS at pH 6.5 and 7.2 for 60 min.
The results of Fig. 2G show a signi�cant increase in H2S release by changing the acidity of the
environment from neutral to acidic. As expected, FeS-Dox@bLf NZs in an acidic environment H2S release

faster and more than in a neutral medium in line with the release of Fe2+. Therefore, the release of H2S
dependent on environmental acidity by FeS-Dox@bLf NZs allows the intelligent treatment and diagnosis
of cancerous tumors.

As well, by examining the release of the drug at pH 6.5 and 7.2 at 37°C, it was determined that the Dox
release from the FeS-Dox@bLf NZs based on Fig. 2H follows a time-dependent diffusion pro�le. The
results indicated that the drug release rate in pH>7 due to the function of bLf as a bio-gate is higher than
neutral (83.3 vs. 46.4 during 900 min). Despite the burst release of the Dox from FeS-Dox@bLf NZs, the
rate of drug release over time is relatively constant and increasing. Above 80% Dox release from FeS-
Dox@bLf NZs in acidic condition is a very good potential for drug release in cancerous tissues with pH 6
to 6.6.

3.3. In vitro trials

Examination of free drug or NZs toxicity on 4T1 cancerous cells based on MTT technique revealed that
free Dox, FeS@bLf, FeS-Dox@bLf NZs and FeS-Dox@bLf NZs+laser have a negative effect on 4T1 cells
(Fig. 3A). Despite the high toxicity of FeS-Dox@bLf NZs on 4T1 cancer cells, the results of Fig. 3A show
that there is no signi�cant difference between the toxicity of free Dox and FeS@bLf at different
concentrations on 4T1 cancer cells. On the other hand, the use of FeS-Dox@bLf NZs+laser exposed the
most toxicity for 4T1 cancerous cells compared to other groups. Overall, the results revealed that
increasing the concentration of NZs and the free drug increased their toxicity.

Since part of the therapeutic effects of FeS-Dox@bLf NZs in this study are based on H2S and •OH release,

the death rate of 4T1 cancerous cells death based on H2S and •OH were investigated and reported in Fig.

3B. As seen, the most toxic effects of FeS@bLf NZs on 4T1 cells death are based on •OH concentration,
which with increasing FeS@bLf NZs concentration, the •OH effect is constantly reduced and added to the
H2S. On the other hand, the use of lasers on FeS@bLf NZs in this study showed that •OH accounts for a

large proportion of cancer cell death (*P≤0.05). It is generally observed that the effects of •OH are much
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more powerful than H2S production. However, laser irradiation of NZs increases the H2S activity in them,

which indicates an increase in S2- release and induction of more enzymatic reactions with the released
Fe2+.

In order to con�rm the greater toxicity of FeS-Dox@bLf NZs with and without laser therapy compared to
free Dox in therapeutic activities, apoptosis and ROS experiments (Fig. 3C and D) demonstrated that FeS-
Dox@bLf NZs with and without laser provided the highest toxicity and cancer cell death compared to free
Dox. For instance, apoptotic cells percentage in 4T1 cancer cells after 24 h indicated that FeS-Dox@bLf
NZs, compared to the free Dox group, increased the induction of apoptosis in Q2 and Q3 quarters from
25.1 to 29.2% (***P≤0.001) and from 28.6 to 31.7% (***P≤0.001), respectively. Whereas the use of laser
signi�cantly increased 4T1 cells death and induced apoptosis from 29.2 to 42.8% (Q2) and from 31.7 to
33.4% (Q3). In this regard, our results in Fig. 3D con�rmed the toxicity of FeS-Dox@bLf NZs compared to
the free Dox by increasing the intracellular ROS. It can also be seen that the ROS level in the use of laser
on the platform of FeS-Dox@bLf NZs is almost 3.03 folds than that of the control group, 1.84 times that
of free Dox and 1.35 folds than that of FeS-Dox@bLf NZs.

Finally, the results of morphological changes in 4T1 cancerous cells such as color changes, cell volume
reduction and deformation in Fig. 3E showed that the use of FeS-Dox@bLf NZs with laser had the highest
level of cell death compared to other groups.

3.4. In vivo trials

 Because the results of the in vitro method were considered favorable, cancer mice were used to evaluate
the therapeutic effects of FeS-Dox@bLf NZs with or without laser irradiation in vivo condition. There was
no signi�cant difference in the weight of mice during the experimental period (Fig. 4A). However,
compared to other groups, control mice had a higher rate of tumor growth. The results of Fig. 4B revealed
that the integration of chemotherapy with gas therapy by FeS-Dox@bLf NZs causes a signi�cant
difference compared to the control and free Dox groups. In this regard, the use of laser irradiation on the
platform of FeS-Dox@bLf NZs according to raising ROS increased the e�ciency of treatment and
signi�cantly reduced the volume of breast tumors compared to free Dox and even FeS@bLf NZs.
Furthermore, the results of Fig. 4C and D con�rmed that the combination of chemotherapy and PDT
reduces tumor volume by up to ~6.2 fold than the control group, ~2.84 fold than the free Dox and ~1.77
times the FeS-Dox@bLf NZs at the end of experimental period.

As shown in Fig. 5A, Dox accumulation by FeS-Dox@bLf NZs was signi�cantly increased in tumor tissue
compared to free Dox. Although the use of nanocarriers increased drug delivery from non-target tissues to
the tumor, it signi�cantly reduced drug levels in heart, spleen and lung tissues. Likewise, the �uorescent
intensity results in Fig. 5B revealed that Dox-wide distribution throughout the whole body using the FeS-
Dox@bLf NZs focuses on tumor tissue. While the distribution of free Dox throughout the body is more
widespread. On the other hand, the intensity of �uorescent in vital organs shows that the use of FeS-
Dox@bLf NZs increases the intensity of �uorescent in tumor tissue and decreases the intensity of
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�uorescent in the organs of the heart and spleen (Fig. 5C). However, no signi�cant difference in
�uorescent intensity was observed in liver and lung tissue. Therefore, the use of FeS-Dox@bLf NZs can
reduce the level of toxicity of the Dox by reducing their accumulation in vital tissues. Overall, the results
of Fig. 5 show the successful targeting of nanoplatform-based drugs.

In the following, the results of Fig. 6A show an increase in Fe accumulation in tumor tissue compared to
the control group. Whereas, despite the lack of signi�cant differences in Fe accumulation in liver and lung
tissues, the results expose that heart and spleen tissues were effective in Fe retention. In addition, to
evaluate Fe excretion, the results of Fig. 6B show that the injected NZs can be excreted from the body
within 24 hours, considering the amount retained in the tissues of the spleen, lungs and heart. This result
therefore explains that the amount of Fe received from the body is excreted and the level of toxicity is
greatly reduced.

Finally, a histological method was used to evaluate cytotoxicity in the liver, heart, lung and spleen organs.
As shown in Fig. 6C, the use of free Dox causes adverse changes in heart tissue. While the use of FeS-
Dox@bLf NZs with and without irradiation laser shows, the adverse effects of the drug on heart tissue are
greatly reduced. It was also found that the use of different treatments did not cause signi�cant damage
to liver, spleen and lung tissue. However, analysis of tumor tissues reveals that the most important
morphological changes in 4T1 tumor cells are caused by FeS-Dox@bLf NZs+Laser. However, changes in
tumor tissue in the FeS-Dox@bLf NZs group versus free Dox are signi�cant and remarkable. Staining
results showed that the tumor tissue structure had disappeared in free Dox, FeS-Dox@bLf NZs with and
without laser irradiation, and that some of the remaining breast cancer cells had shrunk (Fig. 6C).
Typically, cancer cells appear brown with a state of necrosis or apoptosis, and live cells appear pink.

Discussion
Nowadays, the use of magnetic NPs with protein coating to target in medical activities due to the ability
to synchronize an auxiliary’s therapies such as PTT, PDT, with chemotherapy are highly regarded [35-37].
Therefore, to control and therapy breast cancer, we designed relatively uniform FeS NZs based on the
results of the SEM, TEM and DLS (Fig. 2), which was con�rmed by the FTIR results (Fig. 2D). The
physicochemical properties of FeS NZs were consistent with the �ndings of Sathiyaraj and Thirumaran
[38] and Yang, et al. [39]. On the other hand, the results of SEM, TEM and FTIR similar to the outcomes of
Shankaranarayanan, et al. [40] and Shari�, et al. [8] showed that bLf and Dox were loaded on FeS NZs.

Metallic NPs such as Fe, manganese (Mn), copper (Cu), etc. as nanozymes are able to perform chemical
reactions in biological solutions [9, 41, 42]. On the other hand, it has been con�rmed that amorphous
metallic NZs especially Fe NZs perform better Fenton reactions than bare NZs due to higher ionization
and release of metal ions [43]. Therefore, parallel to the activities of He, et al. [44] who showed that NH2-
MIL-88B(Fe) NZs change the color of MB by producing •OH caused by Fenton reactions, in this study it
was found that FeS@bLf NZs over time cause the digestion of MB in the presence of H2O2 and
discoloration (Fig. 1E). Digestion of MB in the presence of FeS-Dox@bLf indicates the peroxidase-like
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activity of NZs with the release of Fe2+, which was in agreement with the �nding of Xie, et al. [45].
Furthermore, the outputs of this report (Fig. 1E) similar to the results of Maji, et al. [46] exhibit that the
enzyme-like activities of FeS@bLf NZs are highly dependent on the duration of the presence of NZs, such
as concentration, crystalline nature and particle size of NZs [47, 48].

Since it has been proven that the release of metal ions increases their enzyme-like activity [47], inducing
the release of Fe2+ in cancerous cells increases the possibility of therapeutic activities. In this regard, in
accordance with the results of Xie, et al. [45], this study revealed that FeS-Dox@bLf NZs release Fe2+ in
acidic conditions in a favorable manner, which has been signi�cantly effective in therapeutic activity (Fig.
2F). Likewise, He, et al. [26] explained that MnS@BSA NZs increased enzyme-like activity by releasing
Mn2+ under acidic conditions. In this regard, the H2S release at pH 6.5 indicated an increase in the release

of Fe2+ along with S2- from FeS-Dox@bLf NZs (Fig. 2G). Similar to our �ndings, Ma, et al. [49] and Kou, et
al. [50] explained that release of Cu2+ and Fe2+ from the metal-organic framework and Fe@carboxymethyl
cellulose NPs, respectively, increase gas release in acidic condition compared to neutral condition.
Moreover, comparable to the results of other �ndings [26, 45], this report suggests that the use of protein
coatings such as bLf delays the burst release of H2S to further load NZs into cancer cells. Along with Fe2+

release, releasing H2S from FeS-Dox@bLf NZs in acidic condition is more than neutral, which can be very
important in cancer treatment activity due to the tumor microenvironmental acidic conditions. In addition
to the release of Fe2+ and H2S, Dox loaded on FeS-Dox@bLf NZs will be very effective on therapeutic
activity. In agreement with the results of Singh, et al. [51], Shari�, et al. [6], and Shari�, et al. [8] Fig. 2H
shows that the release of Dox from FeS-Dox@bLf NZs increases with decreasing environmental acidity.
Analogous to the release of Fe2+ and H2S, the mechanism of release of Dox from FeS-Dox@bLf NZs into
cells can be related to the effect of lysosome activity, the acidic condition of the tumor microenvironment,
and endosome activity.

The toxic effects of FeS-Dox@bLf NZs with and without laser irradiation in Fig. 3A indicated that their
negative effects on 4T1 cancer cells are dose-dependent. This �nding, together with the results of the
effect of NZs on the increase of •OH and H2S through Fe2+ catalytic activity (Fig. 3B), are in agreement
with the results of Xie, et al. [45] and Xiao, et al. [52], which generally all point to the induction of
apoptosis via ROS with intracellular biological changes such as DNA damage and mitochondrial
dysfunction [53]. Although the lethal level of H2S on 4T1 cancerous cells is less important than •OH, H2S

induces apoptosis by increasing the intracellular ROS through the Fenton reaction of Fe2+ due to the
cessation of catalase activity [54] and excessive accumulation of H2O2 [55]. Moreover, in line with the
result of Chang, et al. [56], this study revealed that the synergy of chemotherapy with PDT increases
intracellular ROS and apoptotic cellular death.

In vivo evaluations in this study (Fig. 4) are similar to the studies of She, et al. [57] and Xie, et al. [45]
con�rming the signi�cant effects of FeS-Dox@bLf NZs on the size and volume of breast tumors.
Numerous anti-tumor activities of drug-containing Fe NPs in breast cancer have been published parallel
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to this report [6, 8, 58-60], which in addition to reducing drug resistance through intelligent drug delivery
increased the performance of anti-cancer activity by synchronizing PTT or PDT. Increased performance of
FeS-Dox@bLf NZs is not only related to PDT to induce apoptosis through H2S, but also the results of Fig.
5 show that increasing the load of Dox via FeS-Dox@bLf NZs on breast tumors indicates that they are
more effective in treating breast cancer. Consistent with this �nding, Shari�, et al. [6] and Shari�, et al. [8]
showed that Dox focused more on breast cancer tissue using Fe NPs compared to the control group.
However, the positive effect of using PDT on metallic NZs containing drug in tumor therapy is similar to
the �nding of Fang, et al. [61] who showed that the effect of gas therapy to reduce drug resistance is very
signi�cant.

Subsequently, in vivo evaluation based on the results of Fig. 5A demonstrated that Dox accumulation
was signi�cantly reduced in non-target tissues, especially in the heart, by targeting the drug with FeS-
Dox@bLf NZs, which was in line with the outcomes of Tang, et al. [62] and Wang, et al. [63]. This
reduction signi�cantly eliminates the side effects of chemotherapy. Meanwhile, Shari�, et al. [8] explained
that the use of bLf coating increases the drug loading level in breast cancer tissue by twice to three times.
Lack of accumulation of Fe NPs in lung and liver tissues, and excessive increase in Fe accumulation in
tumor tissue can con�rm the accumulation of Dox in tumor tissue. As well, the removal of Fe NPs from
the body within 48 hours (Fig. 6A) analogous to the result of Mn rapid clearance from the body of mice
described by He, et al. [26] indicates a reduction in the severity of toxicity of the use of FeS in long-term
activity. In another part of the study, comparable to the reports of Shari�, et al. [6] and Luo, et al. [64], it
was shown (Fig. 6C) that the synchronization of PDT with chemotherapy signi�cantly destroys the
cellular structure of breast tumors and enhances therapeutic activity.

Conclusions
In general, a new type of amorphous FeS-Dox@bLf NZs sensitive to environmental acidity was designed
by a wet chemical method that has the ability to synchronize chemotherapy and PDT to enhance H2S
production for the treatment of breast cancer. During synthesis, it was determined that FeS-Dox@bLf NZs
show peroxidase-like activity in acidic condition by releasing Fe2+ and S2- to produce •OH and H2S,
respectively. Therefore, the use of FeS-Dox@bLf NZs in the treatment of breast cancer with relatively
acidic microenvironments can be bene�cial by increasing free radicals and gas. For this purpose,
evaluations of intracellular ROS and their effects on apoptotic cellular death con�rmed the effects of FeS-
Dox@bLf NZs for the treatment of 4T1 cancerous cells, which was enhanced by the synchronization of
chemotherapy and PDT. Furthermore, FeS-Dox@bLf NZs with targeted transfer and further release of Dox
on breast tumors based on the tumor microenvironment acidic condition have allowed the drug to be
loaded, which causes less toxicity in other tissues, especially in the heart. In vivo evaluations in this study
also revealed that FeS-Dox@bLf NZs are highly biocompatible for long-term treatments due to the
removal of Fe from the body within 48 hours and the concentration of FeS-Dox@bLf NZs on the target
tissue. Overall, all the in vitro and in vivo observations in this study determined that FeS-Dox@bLf NZs are
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not only successful in treating and controlling breast cancer with minimal side effects, but also it
provided a clear way to synchronize different therapies such as chemotherapy, PDT, and so on.
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Figure 1

Graphical representation of the fabrication of FeS-Dox@bLf NZs and effect on breast cancer therapy with
chemo and photodynamic combination therapy.
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Figure 2

FE-SEM (A) and TEM (B) images of FeS-Dox@bLf, (C) FeS and FeS-Dox@bLf sizes distribution
determined by DLS, (D) FTIR spectra of bLf, Doxo, FeS and their conjugates, (E) Photographs of solutions
and time dependent absorbance spectral change of aqueous solution of methylene blue catalyzed by 20
mg FeS-Dox@bLf NZs adding to H2O2 (9 mM)/NaHCO3 (25 mM) solution under light irradiation for 180
min, (F) Levels of Fe+ released from FeS-Dox@bLf in PBS buffer of pH 6.5 and 7.2. (G) Levels of H2S gas
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released from FeS-Dox@bLf NZs at HEPES buffer of pH 6.5 and 7.2, and (H) Quantitative analyses of
Dox release at 37°C from FeS-Dox@bLf NZs at pH 6.5, and 7.2.

Figure 3

(A) Cytotoxicity test of free Dox, FeS NZs, and FeS-Dox@bLf NZs with or without laser irradiation (LR), on
4T1 cells by MTT assay, (B) Mortality of 4T1 cancerous cells triggered by •OH radicals and H2S gas after
treated with FeS@bLf with or without laser irradiation (LR) for 24 h, (C) Two-dimensional contour density
plots of 4T1 cells obtained by �ow cytometry-based assays. a: Control, b: free Dox, c: FeS-Dox@bLf NZs,
and d: FeS-Dox@bLf NZs+LR. Cell necrosis and apoptosis were measured using propidium iodide (PI)
and Annexin V-FITCH dyes, (D) The effects of a: Control, free Dox, FeS-Dox@bLf NZs, and FeS-Dox@bLf
NZs+LR NZs on the ROS production, and (E) optical microscopy images of 4T1 cells treated with
different therapeutic; a: Control, b: free Dox, c: FeS-Dox@bLf NZs, and d: FeS-Dox@bLf NZs+LR NZs.
Statistical differences were measured at level of *P<0.05, and **P<0.01.
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Figure 4

(A) Body weight change of mice, (B) Tumor volume curves of different groups after treatment, (C) Mean
weight, and (D) digital photographs of tumor on day 20. a,b,c,d,eLS means with different letters in
superscripts are different at *P<0.05.
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Figure 5

(A) Concentration of Dox in tumor and major organs, (B) Biological distribution of Dox in whole body, and
(C) Major organs in mice by �uorescence imaging, 8 h after they were i.v. injected with free Dox, and FeS-
Dox@bLf NZs. Statistical differences were measured at level of *P<0.05, and **P<0.01.
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Figure 6

(A) The content of Fe element in mice excrements after injection of FeS-Dox@bLf, (B) Biological
distribution of Fe in major organs, and (C) Histological observation of treated breast tumor tissues and
major organs include of heart, lung, liver and spleen visualized using H&E staining. a,b,c,d,eLS means
with different letters in superscripts are different at *P<0.05. Statistical differences were measured at
level of **P<0.01, and ***P<0.001.


