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Abstract 

Doxorubicin (DOX) is the most common treatment for breast cancer, but its effec-
tiveness is limited by drug resistance and dose variability. Evidence suggests 
that nanozymes can significantly improve drug penetration and effectiveness 
in breast cancer treatment, owing to their stable and targeted catalytic properties. 
However, their varied responses and concentration-dependent toxicities present 
challenges. After developing pH-sensitive Fe3O4/MnO2@DOX hybrid nanozymes 
(FMDHN) and evaluating their physicochemical and functional properties, their efficacy 
was investigated on MCF-7 cells using both two-dimensional and spheroid mod-
els. Our findings reveal that FMDHNs, sized 150–270 nm, inhibit MCF-7 cell growth 
through drug release triggered by acidity and photothermal therapy (PTT). The 
catalytic efficiency of FMHN in generating O2 and ·OH further enhances cancer cell 
suppression. Doubling the effective concentrations of FMHN and DOX by transitioning 
from two-dimensional to spheroid cell structures could adversely affect normal cells, 
while a synergistic approach combining the DOX and FMHN effectively inhibits MCF-7 
cell growth at non-toxic dose. Combining FMDHN with PTT enhances this inhibi-
tion, lowering the effective dose to 1.08 μg/mL and effectively managing toxicity. The 
cytotoxicity mechanism in MCF-7 spheroids shows that PTT with FMDHN significantly 
elevates pro-inflammatory cytokines, including TNF-α, CASP9, CASP7 and CASP3. Opti-
mizing the concentration of pH-sensitive nanozymes based on their synergistic effects 
can minimize side effects and maximize their breast cancer treatment potential.
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Graphical Abstract

Introduction
Breast cancer is currently one of the deadliest cancers in women, with around a third 
of affected women dying even after mastectomy. The main treatment involves drugs, 
which have been very effective in improving survival rates. However, about half of 
patients undergoing drug therapies suffer a relapse (Wang et al. 2014). The main rea-
son for treatment failure is resistance to anticancer drugs, caused by poor drug pen-
etration due to significant hypoxia and blockages in tumor areas (Sharifi et al. 2022). 
Alongside traditional treatments like surgery, chemotherapy, and radiation therapy, 
nanozymes are being investigated as a less invasive option with catalytic properties 
(Falahati et al. 2024). In addition to their ability to targeted release of drugs in tumor 
environments with a pH 6.5, nanozymes exhibit promise in drug-resistant tumors 
treatment by increasing O2 levels to improve drug penetration, producing radicals 
(O2¯ and ·OH), and synergizing with photothermal therapy (PTT) (Falahati et  al. 
2022; Cui et al. 2024). Among nanozymes mimicking peroxidase and catalase (Yang 
et  al. 2022; Zhang et  al. 2024), the use of Fe3O4 in tumor therapy is interesting due 
to high compatibility and Fenton reactions (Chen et al. 2019; Tang et al. 2021; Dong 
et  al. 2022). Fe3O4 nanozymes are amazing for producing ·OH in acidic conditions 
through peroxidase-like activity on H2O2, as well as generating hydrogen peroxy radi-
cals in neutral and alkaline conditions, similar to catalase-like activity for the produc-
tion of O2 and H2O (Sun et al. 2022; Gao et al. 2007; Lei et al. 2023; Liu et al. 2022). To 
enhance the catalytic performance of Fe3O4 nanozymes, the incorporation of MnO2 
nanozymes is proposed (Zhang et al. 2021). The addition of MnO2 not only effective 
in Fe2+ regeneration, but also reduces tumor hypoxia by converting H2O2 to H2O 
and O2 in acidic conditions (Chen et al. 2023a; Tang et al. 2022). Despite challenges 
like low selectivity and biocompatibility linked to MnO2 (Sisakhtnezhad et al. 2023), 
its capacity to convert superoxide into ·OH and H2O2 during catalysis has increased 
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its potential for use in cancer therapy (Zhang et al. 2021; Chen et al. 2023a; Li et al. 
2022). Furthermore, Fe3O4 and MnO2 nanoparticles exhibit enhanced catalytic path-
ways under photothermal and photodynamic therapy activities, as evidenced in stud-
ies by Du et al. (2023), Chen et al. (2023b), Cun et al. (2022) and Zhang et al. (2021). 
The utilization of PTT technique to enhance thermal energy from laser irradiation 
in the tumor microenvironment is a non-invasive and precise method that can boost 
confidence in cancer treatment through synergistic interaction with nanozymes (Tang 
et al. 2024; Liu et al. 2024). It has been found that the heat generated by PTT enhances 
the glucose oxidase activity for starvation, peroxidase- and catalase-like activities 
of nanozymes to generate ·OH and O2, and also restricts cancer cell growth by acti-
vating the extrinsic apoptosis pathways (Melo-Diogo et  al. 2017; Lv et  al. 2021; Wu 
et al. 2021; Chen et al. 2022a). As a result, it is anticipated that the treatment of drug-
resistant tumors will be expedited through the inherent functionality of nanozymes 
and the cascading amplification of radicals, O2, and heat production induced by PTT.

In addition to the significance of nanozymes and PTT in the therapeutic effects on 
breast cancers, the selection of the drug type is crucial. The standard treatment for 
advanced breast cancers involves doxorubicin (DOX), an anthracycline antibiotic (Sohail 
et  al. 2021). DOX disrupts DNA and RNA centers, offering a reliable treatment route 
for solid tumors (Sritharan and Sivalingam 2021). However, its usage is restricted due to 
heart tissue toxicity (Sharifi et al. 2020), and drug resistance to DOX remains inevitable 
(Ye et al. 2024). Therefore, extensive research is required to reduce DOX toxicity in non-
target tissues while maintaining high efficacy in tumor tissues. Numerous studies dem-
onstrate that nanozymes with DOX effectively inhibit the growth of breast cancer cells 
(Ning et al. 2021; Fan et al. 2021; Cheng et al. 2019).

The screening of anticancer drugs has traditionally been carried out using two-dimen-
sional cell cultures due to their cost-effectiveness, speed, and multiple assays (Mó et al. 
2020). However, two-dimensional cultures do not accurately represent cell–cell and 
cell–extracellular matrix (ECM) interactions (Carvalho et  al. 2015). As a result, drug 
functions in this system can lead to false predictions of tumor response and clinical 
failures. Thus, it is noted that only around 5% of anticancer compounds advance to the 
clinical phase because of inadequate pharmacokinetics or uncertain efficacy (Wilhelm 
et al. 2016). Meanwhile, some argue that nanotechnology is on an uncertain path, rely-
ing on animal models without a full understanding of the intricate interactions of drug-
resistant cancer cells events and the various biological barriers in human tissues (Sharifi 
et al. 2022). To address this challenge, three-dimensional cell culture from human cancer 
cells, known as spheroid models, have been recommended to better mimic the uniform 
tissue of cancer cells (Carvalho et al. 2015; Chen et al. 2022b). Despite limitations such 
as lack of interaction with the extracellular environment, lower physical resistance, and 
insufficient cell diversity, studies have shown that therapeutic responses in this model 
closely resemble in vivo conditions (Zhang et al. 2021; Cheng et al. 2019; Mó et al. 2020; 
Al-Kattan et al. 2020). In different scenarios, it has been revealed that the lack of com-
plete penetration of therapeutic compounds due to high cell density and the presence 
of ECM, the change of oxygen gradient from the surface to the center, and the over-
expression of anti-apoptotic proteins in the center of spheroids, anti-tumor therapeutic 
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responses are significantly different compared to two-dimensional cultures (Zhang et al. 
2021; Reynolds et al. 2017; Law et al. 2020; Emami et al. 2021).

In this research, we developed Fe3O4/MnO2@DOX hybrid nanozymes (FMDHN) with 
dual functionality for drug delivery and catalytic activity to inhibit MCF-7 cells. We then 
explored their anti-tumor effects in two-dimensional and spheroid models. Alongside 
analyzing the FMDHN’ physicochemical characteristics and DOX loading/release capa-
bilities, we investigated the enhanced efficacy against MCF-7 cells through synergistic 
actions with PTT. Our findings suggest that using FMDHN with catalytic properties and 
targeted drug release can create a new therapeutic opportunity for treating drug-resist-
ant cells. However, focusing on cell organizational structures is crucial for advancing 
therapeutic objectives.

Material and methods
Materials

All chemical and biological materials utilized in this research were procured from 
Merck, Germany. Human breast cancer MCF-7 cells were acquired from Shahroud Uni-
versity of Medical Sciences.

Synthesis of FMDHN

The Fe3O4 nanozymes were synthesized using the solvothermal approach. Iron (III) 
chloride (3.25 g) and tri-sodium citrate (1.3 g) were dispersed in 100 mL of ethylene gly-
col and stirred continuously for 30 min. Subsequently, sodium acetate (6.0 g) was added 
to the mixture and sonicated for 1 h. The resulting solution was then transferred to an 
autoclave set at 220  °C and left for 10  h. Following cooling, the product was washed 
three times with ethanol and distilled water before being dispersed in deionized water. 
Next, poly (acrylic acid) (PAA) (20  mg, 0.2  g/mL) and 150  μL of NH4OH (5  M) were 
added to the Fe3O4 solution. The mixture was stirred for 20 min. Subsequently, 80 mL of 
isopropanol was gradually introduced to the solution with vigorous shaking to produce 
Fe3O4@PAA. Following this, 100  μL of Mn (II) acetate tetrahydrate (50  mg/mL) was 
carefully dripped into the solution and stirred for 3 h. The resulting Fe3O4/MnO2 hybrid 
nanozymes (FMHN) were separated by centrifugation and washed with deionized water. 
The resulting precipitate was dried at 60  °C, and the FMHNs were then calcined at 
450 °C in an N2 atmosphere for 4 h. To load DOX (doxorubicin), 10 mg of FMHNs were 
added to 25 mL of dimethyl sulfoxide solution with 9 mg of DOX and kept for 24 h with 
gentle agitation. The FMDHN were subsequently air-dried for 24 h at room temperature 
and washed with PBS for further use.

Characterization of FMDHN

To analyze the surface morphology and internal structures, field-emission scanning elec-
tron microscopy (FESEM; MIRA3, TESCAN) and high-resolution transmission electron 
microscopy (TEM; HRTEM, JEM-2010) were utilized with an acceleration voltage of 
200 kV. The Zetasizer system (Malvern Instruments, UK) was employed to determine 
hydrodynamic size and zeta potential at 25 °C. N2 absorption isotherms of the samples at 
liquid nitrogen temperature (-196 °C) were measured using Nova’s Quantachrome auto-
matic gas absorption system to assess the nanozyme cavities. The pore size distribution 
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was considered from the desorption branch of the isotherm through the Barth–Joyner–
Holland process. X-ray diffraction patterns of nanozymes were obtained through the 
XRD method. X-ray examination was conducted with a D/max- using Cu Kα radiation 
(Rigaku, Japan) in continuous scan mode ranging from 20° to 70° with a step size of 0.02° 
and speed of 2°/min. Energy dispersive X-ray spectroscopy (EDS) and elemental map-
ping studies were carried out on a JEOL JEM2010 electron microscope at 100 kV. Also, 
the peroxidase-like activity of nanozymes were assessed (an UV–vis spectrometer, Shi-
madzu UV-2600) by studying the oxidation of TMB (3,3′,5,5′-tetramethylbenzidine) 
as a reaction substrate. To do this, 2 μL of 100 μg/mL Fe3O4 nanozymes, FMHN, and 
FMDHN without and with PTT (808 nm laser light: 2 W/cm2 for 3 min) were mixed 
with 500 μL of sodium acetate buffer at pH 6.5, along with 2 μL of 20 mg/mL TMB and 
2 μL of 30% H2O2. Subsequently, the solutions were incubated in darkness for 10 min 
to carry out the peroxidase-like activity. Furthermore, the rise in ambient temperature 
due to the use of PTT (808 nm laser light: 2 W/cm2 for 3 min) on FMHN (5 mg/mL 
in water distiller) were monitored with a thermometer while being exposed to 808 nm 
wavelength irradiation at various intervals: 0, 5, 10, 20, 40, 80, 160, 320, and 640 s.

Loading and validation tests, and drug release study

To determine the loading capacity, 100 μg of FMHN was placed in drug solution with 
concentrations of 30, 60, 90, 120 and 150 μg for 24 h at room temperature with gentle 
shaking (at 100 rpm). After separation of FMDHN by magnet and washing by PBS, the 
remaining solution was assessed and analyzed (based on Eq. 1) by fluorescence spectros-
copy as the initial solution (Hitachi F 2500 spectrometer).

To explore drug loading, thermogravimetric analysis (TGA) was assessed using Per-
kin-Elmer TGA-7 under N2 at a heating rate of 5 °C/min in the range of 70–450 °C. A 
superconducting quantum interference device (SQUID, MPMS-XL) was used to assess 
the magnetic properties of FMDHN, ranging from − 8000 to + 8000 G at 298 m. In the 
following, in vitro DOX release from FMDHN were conducted at 37  °C in a shaker at 
150 rpm in PBS solution with pH of 7.2 and pH of 6.5 with and without PTT (808 nm 
laser irradiation: 2 W/cm2 for 3 min). At specified time intervals (0.37, 0.75, 1.5, 3, 6, 12 
and 24 h), 2 mL of the sample was withdrawn from each container and replaced with 
an equal volume of PBS to maintain a constant volume. The drug release extent was 
assessed by measuring the absorbance at 428  nm using a UV–vis spectrophotometer. 
The total DOX release was calculated using the following Eq. (2):

(1)

Loading efficiency (%) = [(DIS− DRS)/DRS] × 100;

DIS is the total amount ofDO

× in initial solution andDRS is the amount ofDO

× remaining in the solution.

(2)
Cumulative DOX release (%) =

5×
∑n−1

i−1 ci + 50× cn

weight of DOX on FMDHN
× 100;

Ci and Cn denote the DOX

concentrations at times i and n, respectively
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O2 and ·OH generation

O2 generation in aqueous solutions was assessed using a portable dissolved oxygen 
meter (Seven2GO pro S9 DO, Mettler Toledo). To conduct the experiment, 100 μg/mL 
of Fe3O4 nanozymes, FMHN, FMDHN with and without PTT (808 nm laser irradiation: 
2 W/cm2 for 3 min) were introduced into 10 mL of sodium acetate buffer with 200 μL 
of 30% H2O2. The O2 production (mg/mL) was measured at various intervals: 0, 18, 37, 
75, 150, 225, 300, 450, and 600  s. Also, terephthalic acid was utilized to measure the 
·OH level. Following the interaction of terephthalic acid with Fe3O4 nanozymes, FMHN, 
FMDHN with and without PTT (808 nm laser irradiation: 2 W/cm2 for 3 min), and its 
conversion to 2-hydroxy terephthalic acid, the ·OH level was assessed at a wavelength of 
430–435 nm.

Cell culture

The NIH3T3 and MCF-7 cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) (GIBCO, New York) with 10% fetal bovine serum (FBS, AusGeneX) and 1% 
penicillin/streptomycin. Cell flasks were maintained in an incubator at 37  °C with 5% 
CO2 and 95% humidity. For cell transfer to new culture medium, trypsinization (0.25% 
trypsin–EDTA) and re-suspension in DMEM medium were performed.

Toxicity evaluation

Cytotoxicity tests were conducted using the MTT method on NIH3T3 and MCF-7 cells. 
Initially, a density of 8 × 103 NIH3T3 and MCF-7 cells were plated in a 96-well plate 
and incubated for 12 h at 37  °C in 5% CO2. Subsequently, NIH3T3 cells were exposed 
to specific concentrations of 0.27, 0.54, 1.08, 2.16, 4.32, and 8.65 μg/mL of FMHN. Also, 
MCF-7 cells were exposed to various concentrations of DOX (0.31, 0.62, 1.25, 2.5, 5, and 
10 μM), FMHN (0.27, 0.54, 1.08, 2.16, 4.32, and 8.65 μg/mL), and FMDHN (0.27, 0.54, 
1.08, 2.16, 4.32, and 8.65 μg/mL). Additionally, a set of MCF-7 cells received treatment 
with an 808-nm laser at 2 W/cm2 for 3 min following an 8-h exposure to FMDHN (0.27, 
0.54, 1.08, 2.16, 4.32, and 8.65  μg/mL). Then, the cells were then incubated for 48  h. 
Afterward, they were rinsed and 100 μL of fresh medium containing 20 μL of MTT solu-
tion (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide: 0.5  mg/mL) 
was introduced into each well. The culture medium was once again incubated in dark-
ness at 37 °C for 4 h. The resultant purple formazan crystals were dissolved in 100 µL of 
DMSO (dimethyl sulfoxide), and the absorbance was assessed at 570 nm with a multi-
well plate reader. The survival rates of treated and control cells were calculated using 
Eq. 3.

Apoptosis and ROS assays

To further study the inhibition of MCF-7 cell growth by FMHN and DOX, the apoptosis 
level was assessed using the Annexin-V/PI Apoptosis Analysis Kit (Yeasen, Inc., China) 
and flow cytometry. MCF-7 cells were seeded in a 6-well plate at a density of 5 × 105 as 
described in "Cell culture" Section. And then incubated for 12 h. Afterward, the old cul-
ture medium was replaced with a new one containing DOX (2.5 μM), FMHN (2.16 μg/
mL), and FMDHN (2.16 μg/mL) with and without PTT (808 nm laser irradiation, 2 W/

(3)Cell viability (%) = [[Optical density of dosing cells−Optical density of blank]

÷ [Optical density of control−Optical density of blank]] × 100
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cm2 for 3 min) onto the plates. The MCF-7 cells were then cultured at 37  °C with 5% 
CO2 for 48 h. After incubation, MCF-7 cells were harvested by centrifugation at 1000 g 
(5 min) and washed thrice in cold PBS. The cells were trypsinized, resuspended in 200 µL 
of binding buffer, and then stained with Annexin V-FITC/Alexa Fluor 488 (5  µL) and 
propidium iodide (PI: 10  µL) following the manufacturer’s instructions. Subsequently, 
the stained cells were analyzed using flow cytometry in the absence of light.

To assess intracellular ROS levels, 5 × 105 cells per well were seeded in a 6-well plate. 
After 12  h of incubation at 37  °C with 5% CO2, the cells were treated with DOX (2.5 
Μm), FMHN (2.16 μg/mL), FMDHN (2.16 μg/mL) without or with PTT (808 nm laser 
irradiation, 2 W/cm2 for 3  min). The MCF-7 cells were re-incubated for 48  h. Subse-
quently, the cells were rinsed with PBS and treated with 10 μM 2,7-dichlorodihydroflu-
orescein. After a 30-min incubation period, the cells underwent two PBS washes. The 
level of ROS was then assessed using FACscan (BD Bioscience, USA) by measuring the 
fluorescence intensity of 2,7-dichlorofluorescein produced through the oxidation of 
2,7-dichlorodihydrofluorescein.

MCF‑7 spheroids formation, cytotoxicity and morphometry

To generate MCF-7 3D spheroids, a method involving reducing FBS levels on non-
adherent surfaces was employed. Briefly, MCF-7 cells were cultured at a density of 103 
cells in ultra-low-attachment 24-well plates with DMEM medium supplemented with 
high glucose, 0.5% FBS, and 2% penicillin–streptomycin (all sourced from Gibco, USA) 
at 37  °C in a 5% CO2. The MCF-7 spheroids were then incubated for six days. After-
wards, the MCF-7 spheroids were exposed to varying concentrations of DOX (0.31, 
0.62, 1.25, 2.5, 5, and 10 μM), FMHN (0.27, 0.54, 1.08, 2.16, 4.32, and 8.65 μg/mL), and 
FMDHN (0.27, 0.54, 1.08, 2.16, 4.32, and 8.65 μg/mL) for 48 h. Moreover, a set of MCF-7 
spheroids received treatment with an 808-nm laser irradiation at 2 W/cm2 for 3 min fol-
lowing an 8-h exposure to FMDHN (0.27, 0.54, 1.08, 2.16, 4.32, and 8.65 μg/mL). Pro-
liferation and viability of MCF-7 spheroids were evaluated 48  h post-treatment with 
therapeutic compounds utilizing Alamar Blue cell viability reagent. As per the manufac-
turer’s instructions, 10 μg/mL (one-tenth of the total culture medium volume) of Alamar 
Blue was added to each MCF-7 spheroid and kept to incubator for 24 h. Subsequent to 
the incubation period, fluorescence intensity was measured on plates at 535 nm excita-
tion and 595 nm emission using a DTX 880 microplate reader from Beckman Coulter 
in Brea, CA. Furthermore, to study the growth inhibition of MCF-7 spheroids by DOX 
(1.25 and 5 μM), FMHN (1.08 and 4.32 μg/mL), FMDHN (1.08 and 4.32 μg/mL) with-
out or with PTT (an 808-nm laser irradiation at 2 W/cm2 for 3 min), the dimensions of 
spheroids were evaluated using images with ImageJ software on the 6th day (equivalent 
to the first day of treatment) and the 11th day (5 days after treatment).

Mechanisms of cytotoxicity

Total RNA extraction was performed using the Trizol reagent (Sinaclon Bio Science, 
Iran) on spheroids 5-day post-treatment. The concentration and purity of RNA sam-
ples were assessed using a Nanodrop spectrophotometer (Thermo Fisher Scientific, 
USA). DNase I was utilized to eliminate genomic contamination from the isolated RNA. 
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Complementary DNA (cDNA) was generated using the BONmiR™ qRT-PCR miRNA 
Detection Kit (Stem Cell Technology Research Center, Tehran, Iran) following the 
manufacturer’s instructions. Quantitative real-time PCR was conducted using SYBR 
Premix Ex Taq™ II (Takara Bio, Japan) and monitored with the Applied Biosystems® 
StepOneTM instrument and ABI7500 thermocycler following this protocol: initial acti-
vation at 95 °C for 5 min, 40 cycles of denaturation at 95 °C for 5 s, and annealing/exten-
sion at 60 °C for 30 s. The primer sequences are listed in Table 1. β-Actin served as the 
internal reference gene for normalizing gene expression. mRNA expression level was 
determined using the 2−(ΔΔCT) method. All reactions were conducted in triplicate.

Statistical analysis

The data were analyzed using one-way analysis of variance. Statistical significances were 
assessed with the Statistical Package for Social Science (version 20) and Tukey’s multiple 
comparison tests. P-values below 5% were deemed statistically significant.

Results
Morphology and chemical properties

The morphology and size features of the engineered hybrid nanozymes, as revealed by 
SEM (Fig. 1A and B) and TEM (Fig. 1C) analyses, indicate that the FMDHN, ranging 
from 150 to 270 nm, consist of two fused nanospheres with surface cavities. While the 
DLS results indicate that the size of FMDHN ranges vary from 90 to 370 nm, the high-
est concentration can be seen in the range of 140–270  nm (Fig.  1D). Meanwhile, the 
porous structure of the FMHN was verified through nitrogen absorption and desorp-
tion output, as depicted in Fig. 1E. The N2 adsorption–desorption isotherm outcomes 
exhibit type IV behavior with noticeable residual rings within the 0.30–0.44, 0.45–0.78 
and 0.79–0.97 P/P0 range. The surface area of the FMHN was calculated at 65.266 m2/g, 
featuring cavities ranging from 1.2 to 34.7 nm with an average size of 7.34 nm (Fig. 1F). 
Moreover, the zeta potential measurements reveal that Fe3O4 nanozymes and FMHN 
exhibit -3.14  mV and -25.2  mV values, respectively, under neutral conditions, dem-
onstrating the effective incorporation of MnO2 into the Fe3O4 nanozymes (Fig.  1G). 
Also, Fig. 1H illustrates the XRD patterns of Fe3O4 nanozymes and FMHN. The Fe3O4 
nanozymes (black curve) shows diffraction peaks at (2θ = 30.1°: 220), (2θ = 35.0°: 311), 
(2θ = 44.6°: 400), (2θ = 54.6°: 422), (2θ = 56.6°: 511), and (2θ = 63.5°: 440) corresponding 
to Fe3O4 (PDF#19-629). In contrast, the hybrid nanozymes (red curve) exhibits these 
Fe3O4 peaks along with two additional peaks at 2θ = 27.3° and 2θ = 36.9°, indicating the 

Table 1  Primer sequence

Gene Forward primer Reverse primer

TNF-α 5′-CTC​TTC​TGC​CTG​CTG​CAC​TTTG-3′ 5′-ATG​GGC​TAC​AGG​CTT​GTC​ACTC-3′
CASP7 5′-CGG​AAC​AGA​CAA​AGA​TGC​CGAG-3′ 5′-AGG​CGG​CAT​TTG​TAT​GGT​CCTC-3′
Bcl-2 5′-ATC​GCC​CTG​TGG​ATG​ACT​GAGT-3´ 5′-GCC​AGG​AGA​AAT​CAA​ACA​GAGGC-3′
CASP9 5′-GTT​TGA​GGA​CCT​TCG​ACC​AGCT-3′ 5′-CAA​CGT​ACC​AGG​AGC​CAC​TCTT-3′
CASP3 5′-GGA​AGC​GAA​TCA​ATG​GAC​TCTGG-3′ 5′-GCA​TCG​ACA​TCT​GTA​CCA​GACC-3′
β- actin 5′-CTT​CTA​CAA​TGA​GCT​GCG​TG-3′ 5′-TCA​TGA​GGT​AGT​CAG​TCA​GG-3′
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presence of MnO2 nanozymes (PDF#30-0820). This suggests that Mn(II) acetate was cal-
cined to produce Fe3O4/MnO2. In the following, elemental mapping from EDS analysis 
reveals the atomic distribution of metal ions on FMHN (Fig. 2A and B) with an Mn:Fe:O 
weight ratio of 37.3%: 22.6%: 40.1%. The mapping indicates that Fe is concentrated in the 
smaller nanospheres while Mn is predominant in the larger one (Fig. 2C).

The Fig. 2D data indicate that exposing the nanozymes to 808 nm laser irradiation at 
2 W/cm2 for 3 min’ results in a temperature rise across various pH levels. Transitioning 
from a neutral (pH 7.2) to an acidic (pH 6.5) environment, akin to the acidity found in 
cancerous tumors, effectively triggers heat generation from FMHN. Also, the investigat-
ing the peroxidase-like activity revealed that FMHN exhibit favorable peroxidase char-
acteristics in the presence of H2O2 and at a pH of 6.5. In Fig. 2E, TMB is converted by 
nanozymes into the blue oxTMB product. As anticipated, the inclusion of MnO2 on the 

Fig. 1  Characterizations of the FMDHN. A SEM images of FMHN and B FMDHN. C TEM images of FMDHN. 
D the size distribution and E N2 adsorption–desorption isotherms [F The size of pores on FMHN is indicated 
by the inset] of FMHN. G Zeta potential values of Fe3O4 nanozymes and FMHN. H XRD patterns of the 
synthesized Fe3O4 nanozymes and FMHN
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Fe3O4 nanozymes enhances the catalytic performance. Furthermore, the synergism of 
PTT with FMHN significantly enhances the catalytic efficiency.

Loading and validation tests, and drug release

DOX loading content in Fig. 3A revealed that as the concentration of DOX increased, 
the rate of drug loading in FMHN also significantly increased with nanozymes con-
stant concentration. However, as anticipated, the drug loading efficiency percentage 
decreased with higher DOX concentration. In summary, the findings indicate that the 
highest drug loading efficiency percentage (over 50%) is achieved with 30 and 60 μg of 
drug in 100 μg of FMHN. However, the concentration of 60 μg of DOX per 100 μg of 
FMHN was selected to ensure an effective therapeutic level of DOX by managing the 
dosage of FMHN in the body, achieving a loading efficiency of 51.3%. In this regard, 
TGA confirmed DOX presence in FMHN. As shown in Fig. 3B, FMHN exhibit high 
stability at temperatures up to 450  °C. The slight mass decrease of FMHN between 
100 and 300 °C in the thermogram, accounting for ~ 4.9% by weight, is attributed to 
water loss within the pores and minor structural damage to FMHN. However, the 

Fig. 2  A Representative TEM images of FMHN, B EDS and C element mapping of FMHN. D Temperature 
versus irradiation time of the FMHN suspensions with concentrations of 5 mg/mL in distilled water. E 
Peroxidase-like activities of Fe3O4 nanozymes, FMHN with and without PTT
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stability of FMHN in terms of weight percentage between 300  °C and 450  °C dem-
onstrates their robustness. Concurrently, the TGA curve reveals a weight loss of up 
to 42.48% for FMDHN, confirming the presence of DOX on FMHN. The weight per-
centage decrease in FMDHN exhibits a two-step transition: a gradual decline from 
95 °C to 190 °C (14.9% weight reduction) followed by a steeper decrease from 195 °C 
to 260 °C (27.4% weight reduction). This behavior is likely attributed to the structural 
segments and functional groups of the drug molecule undergoing degradation. Fur-
thermore, to support the aforementioned results, it was observed that the magnetic 
saturation of Fe3O4 nanozymes consistently reduces from 64.9 emu/g to 45.0 emu/g 
and 42.6 emu/g in the presence of MnO2 nanozymes and DOX (Fig. 3C). Hence, the 
assertion regarding drug loading on FMHN is substantiated.

Fig. 3  A Drug loading and its efficiency. B Thermogravimetric analysis of FMHN and FMDHN, and their 
weight loss between 70 and 450 °C heating. C Magnetization curves at room temperature for Fe3O4 
nanozymes, FMHN and FMDHN. D Quantitative analyses of DOX release at 37 °C at different pH with and 
without PTT. E O2 generation in H2O2 solution with Fe3O4 nanozymes, FMHN and FMDHN with and without 
PTT. F Fluorescence spectra of terephthalic acid incubated with Fe3O4 nanozymes, FMHN, FMDHN with and 
without PTT in the hypoxic condition to show the presence of ·OH
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The FMDHN’ capability to release DOX was studied at 37 °C under varying acidity lev-
els. Figure 2D illustrates that DOX release from the FMDHN is time-dependent. Gener-
ally, DOX release is higher in acidic conditions (51.9%) compared to neutral conditions 
(25.8%). Moreover, the synergism of PTT with acidic environment boosts DOX release 
up to 81.19% by enhancing the peroxidase-like activities of the FMDHN. Furthermore, a 
higher burst release of DOX from FMDHN is observed at pH 6.5 (17.93%), exceeding the 
release at pH 7.2 (12.98%). Despite the somewhat negative impact of PTT in an acidic 
environment on the burst release of DOX, with an increase of up to 38.12%, controlled 
release improvement can help maintain a stable therapeutic dosage over 24 h. Further-
more, by enhancing FMDHN performance in acidic conditions, particularly through 
synergistic effects, it becomes feasible to boost DOX delivery in tumor areas with pH 
levels ranging from 6 to 6.5. This can also elevate drug efficacy by concentrating it in 
tumor tissues. Evidence for this was seen in the significant reduction of drug release at 
pH 7.2.

O2 Generation

Evaluation of catalytic activity in Fig. 3E indicates that the presence of MnO2 nanozymes 
on the Fe3O4 nanozymes enhances the nanozyme’s catalytic activity for O2 genera-
tion by nearly twofold, increasing from 8.4 to 16.2 mg/L. Despite the negative impact 
of DOX loading on the catalytic activity of FMHN in O2 generation (14.1  mg/L), this 
study indicates that the combined effect of PTT with FMDHN notably enhances the cat-
alytic activity for O2 generation (19.8 mg/L) (Fig. 3E). Overall, this discovery indicates 
that boosting O2 generation through FMHN post DOX release, or utilizing FMDHN 
alongside PTT (808 nm laser irradiation: 2 W/cm2 for 3 min), can mitigate hypoxia and 
enhance drug permeation. In the following, the results depicted in Fig. 3F indicate that 
the FMHN effectively enhance the ·OH level compared to non-hybrid nanozymes. This 
enhancement is evidenced by the increased fluorescence intensity of 2-hydroxytereph-
thalic acid. While the presence of DOX on the FMHN decreases the ·OH level, it seems 
that the release of the drug at pH 6.5 leads to an increase in ·OH levels. Moreover, the 
study revealed that the FMDHN, in synergism with PTT, significantly elevate the ·OH 
level compared to other experimental groups.

Cytotoxicity of FMDHN

To investigate the toxicity effect of nanozymes with and without DOX loading, MTT 
and flow cytometry techniques were employed on NIH-3T3 cells and MCF-7 cells. Fig-
ure 4A shows that NIH-3T3 cells exhibited no significant cytotoxicity when treated with 
FMHN at concentrations of 0.27, 0.54, 1.08, and 2.16 μg/mL. However, toxicity increased 
when the concentration was raised to 4.32  μg/mL or higher. This study demonstrates 
that FMHN exhibit favorable biocompatibility as both a catalytic agent and a carrier for 
delivering anticancer drugs, particularly within a specific range. Similar to the toxicity 
output in NIH-3T3 cells, it was found in Fig. 4B that the toxicity of DOX, FMHN with 
and without DOX, combined with PTT (808 nm: 2 W/cm2 for 3 min) on MCF-7 cells, 
is dose-dependent. The study indicates that the most significant suppression of MCF-7 
cells by FMDHN occurs at doses of 2.16, 4.32, and 8.64 μg/mL compared to the con-
trol group (60.3%, 70.8% and 72.8% growth inhibition). However, based on the toxicity 
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dose of FMHN in Fig. 4A, it is recommended to use a dose of 2.16 μg/mL (equivalent to 
2.5 μM DOX). In addition, it was discovered that the synergistic effect of FMDHN with 
PTT (808 nm: 2 W/cm2 for 3 min) enhances the toxicity level of nanozymes on cancer 
cells from 2.16 μg/mL (65.9% growth inhibition) to 1.08 μg/mL (57.3% growth inhibi-
tion). It was also revealed that nanozymes, as nanocarriers, significantly increase the 
toxicity of DOX in all doses compared to DOX. Ultimately, the dose-dependent cytotox-
icity of DOX in MCF-7 cells can be enhanced by two methods: loading on nanozymes 
and synergy with PTT, without inducing toxicity in non-cancerous cells.

After determining the toxicity dose from Fig.  4B, to analyze the percentage of 
apoptotic and necrotic cells during therapeutic activities, MCF-7 cells were exposed 
to 2.16  μg/mL concentrations of FMDHN with and without PTT, along with 

Fig. 4  A Cytotoxicity assay of FMHN on NIH-3T3 cells by MTT assay: *P < 0.05, and **P < 0.01. B MCF-7 cells 
viability after incubation with different concentrations of DOX, FMHN and FMDHN with and without PTT 
for 48 h. C Flow cytometric analysis of live and dead MCF-7 cells in different treatment groups: control, 
FMHN (2.16 μg/mL), DOX (2.16 μM), FMDHN (2.16 μg/mL) with and without PTT. Cell necrosis and apoptosis 
measured using propidium iodide (PI) and Annexin V-FITC staining. D Representative DCFH staining of MCF-7 
cells in different treatments for ROS evaluation. E Optical microscopy images of MCF-7 cells treated with 
different treatments (scale bar: 100 μm)
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2.5  μmol DOX. Flow cytometry results in Fig.  4C indicate that while DOX led to 
an increase in late and early apoptotic cells compared to the control (Q2: 33.4% vs 
4.11%; Q3: 13.7% vs 5.53%), employing FMDHN as a drug carrier effectively raised 
late and early apoptotic cell levels by 34.9% and 13.3%, respectively. Also, it was 
found that the combination of PTT (808  nm: 2 W/cm2  for 3  min) with FMDHN 
induced the highest levels of early (Q2: 36.0%) and late (Q3: 15.3%) apoptotic cells 
in MCF-7 cells. In support of the crucial role of apoptosis, Fig. 4D demonstrates that 
the FMHN and DOX significantly raised the intracellular ROS level compared to the 
control. Furthermore, loading DOX on FMHN resulted in a higher intracellular ROS 
level. Figure  4D illustrates that the greatest intracellular ROS is achieved through 
the synergy of FMDHN with PTT, confirming the heightened apoptotic level in 
this particular group. Thus, it was discovered that DOX, FMHN, FMDHN with and 
without PTT, induce the demise of MCF-7 cells by elevating intracellular ROS lev-
els, leading to apoptosis. Supporting this conclusion, the morphological alterations 
(like changes in volume and shape) and the quantity of cancer cells exposed to DOX, 
FMHN, FMDHN with and without PTT, as depicted in Fig.  4E, indicate an antici-
pated cell demise.

Toxicity in MCF‑7 spheroids

To investigate the impact of nanozymes toxicity on spheroids from MCF-7 cells, the 
MTT technique was employed. Figure  5A illustrates that DOX and FMHN exhibit 
dose-dependent toxicity, with no significant variance observed across different con-
centrations. The study found that the highest toxicity to MCF-7 spheroids occurred 
at 10 µM for DOX (59.75% growth inhibition) and at 8.64 µg/mL for FMHN (60.08% 
growth inhibition). Notably, the first observed toxic concentrations for DOX and 
FMHN were 5 μM (48.48% growth inhibition) and 4.32 μg/mL (49.32% growth inhi-
bition), respectively. However, loading DOX onto FMHN enhances toxicity levels 
to 2.16  μg/mL (equivalent to 2.5  μM of DOX). Also, Fig.  5A clearly indicates that 
utilizing PTT (808  nm: 2 W/cm2  for 3  min) in synergism with FMDHN exhibits 
superior anticancer effects across various concentrations. Although the synergistic 
group exhibits high toxicity at 4.32  μg/mL (72.8% growth inhibition) and 8.65  μg/
mL (75.5% growth inhibition), significant toxicity is also noted at a concentration of 
1.08 μg/mL FMDHN + PTT (55.1% growth inhibition).

After establishing the toxic dose of DOX, FMHN and FMDHN with or without PTT 
in MCF-7 spheroids (Fig. 5A), MCF-7 spheroids were treated with 1.25 and 5 μM DOX, 
1.08 and 4.32 μg/mL FMHN, and 1.08 and 4.32 μg/mL FMDHN with and without PTT 
to assess the growth inhibition ratio. The criterion for assessing FMDHN concentration 
in both synergistic and non-synergistic activities is the observation of the initial toxic 
dose of FMHN and DOX in the presence of MCF-7 spheroids. In Fig. 5B rapid growth is 
observed in the spheroids of the control group, which are generally dense with a size of 
168.3 ± 6.5 μm visible on the 5th day (103 ± 8.5 μm on the first day). The DOX (1.25 μM) 
and FMHN (1.08  μg/mL) groups effectively suppressed spheroid growth compared to 
the control group, showing no significant difference between them (Fig. 5B). At concen-
trations of 5  μM DOX (Fig.  5C(i)) and 4.32  μg/mL (Fig.  5C(i)) FMHN, the sizes were 
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113.3 ± 8 and 116.6 ± 8.1 μm, compared to 163 ± 6.5 μm in the control. Despite the sig-
nificant inhibition of MCF-7 spheroid growth at above concentrations, DOX and FMHN 
levels were reduced to 1.25 μM and 1.08 μg/mL, respectively, to mitigate toxicity in nor-
mal cells (Fig. 5C(ii)). However, with MCF-7 spheroid sizes changing from 113.3 ± 8 to 
132.1 ± 4 μm and 116.6 ± 8.1 to 134.3 ± 5, μm, respectively, the treatment process may 
be prolonged or ineffective (Fig.  5C(ii)). While the combination of DOX and FMHN 

Fig. 5  A Viability of MCF-7 spheroids after incubation with different concentrations of DOX, FMHN and 
FMDHN with and without PTT for 48 h. B Average of diameter of MCF-7 spheroids in different treatment 
groups. C Images of MCF-7 spheroids incubated in different treatment groups: (i) control, FMHN (4.32 μg/mL), 
DOX (5 μM), FMDHN (4.32 μg/mL) with and without PTT (Scale bar: 50 μm), (ii) control, FMHN (1.08 μg/mL), 
DOX (1.25 μM), FMDHN (1.08 μg/mL) with and without PTT (Scale bar: 50 μm), D the effect of DOX, FMHN 
and FMDHN with and without PTT on the extrinsic and intrinsic mechanisms of apoptosis by examining the 
expression of TNF-α, CASP7, Bcl-2, CASP9, and CASP3 in MCF-7 spheroids. *P < 0.05, **P < 0.01 and ***P < 0.001 
indicate significant differences
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(FMDHN) significantly reduced MCF-7 spheroid growth compared to the control, 
decreasing the FMDHN dose from 4.32 μg/mL (Fig. 5C(i)) to 1.08 μg/mL (Fig. 5C(ii)) 
resulted in a relative decline in MCF-7 spheroids growth inhibition. Likewise, the com-
bination of PTT with FMDHN significantly inhibited MCF-7 spheroids compared to 
the control at both 4.32 and 1.08 μg/mL concentrations, with sizes of 41.2 and 60.8 μm, 
respectively.

Cytotoxicity mechanisms

The toxicity mechanism depicted in Fig.  5D illustrates that FMDHN, with or without 
PTT, are highly effective in triggering apoptosis through intrinsic and extrinsic path-
ways. However, in terms of synergistic activity, the upregulation of TNF-α (17.64 vs. 
10.38) and CASP7 (5.20 vs. 2.88) associated with the extrinsic pathway, along with the 
downregulation of Bcl-2 (0.21 vs. 0.38) and the elevation of CASP9 (8.10 vs. 5.12) com-
pared to the FMDHN, offer greater promise in the treatment process. Despite the lack 
of significant differences between the DOX and FMHN groups in apoptosis pathways, 
DOX not only enhances apoptosis induction by increasing CASP3 (4.35 vs. 2.77), but 
also influences the extrinsic pathway by boosting TNF-α (5.55 vs. 3.20). In conclusion, 
these findings affirm that synergistic therapeutic approaches yield more dependable out-
comes in cancer treatment.

Discussion
Nowadays, the use of nanozymes with varied catalytic capabilities controlled by pH and 
constituent elements, along with their integration with therapeutic techniques like PTT, 
has garnered significant interest. Nonetheless, beyond environmental obstacles and sus-
tained catalytic performance (Khan et al. 2021), their efficacy within the therapeutic win-
dow dictated by the biological conditions of tumors or tumor cells poses a challenge. By 
enhancing controllable catalytic activity through element combinations and addressing 
environmental hurdles (Sharifi et al. 2023), it is hoped that tumor treatment procedures 
can be enhanced by enhancing drug penetration via reducing hypoxia levels, and modi-
fying the tumor microenvironment (Wang et al. 2024a). With this premise, following the 
study of FMDHN and their structural and physicochemical analysis (Figs.  2 and 3), it 
was discovered that these nanozymes, with improved catalytic activity, lead to a greater 
O2 and ·OH levels in hypoxic environments compared to non-hybrid nanozymes (Chen 
et al. 2023a; Wang et al. 2024b). According to the findings of Xu et al. (2022), it appears 
that increasing O2 levels by enhancing drug permeability and increasing ·OH radical 
through inducing apoptosis can speed up the drug resistance cancer treatment process. 
This effect is particularly remarkable when combined synergistically with PTT and radi-
otherapy, as noted by Lv et al. (2021) and Li et al. (2019). Also, besides enhancing O2 and 
·OH levels, pH-responsive FMDHN offer a hopeful strategy for targeted drug delivery 
in drug-resistant cancers, ensuring efficient drug release at pH 6.5, particularly in syn-
ergistic actions, similar to the discoveries of Cheng et al. (2019), Meng et al. (2018), and 
Chen et al. (2023a). In line with findings of Wang et al. (Wang et al. 2024b) and Zhu et al. 
(2020), it was discovered that FMDHN, particularly in synergistic activity, demonstrates 
substantial toxicity against MCF-7 cells by promoting apoptosis through enhanced ROS. 
Nevertheless, in agreement with the findings of Nie et al. (2022) and Zeng et al. (2022), 
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it was found that the FMDHN, as opposed to DOX administration, could improve the 
treatment process by targeting of drug release, triggering intracellular ROS, and rais-
ing O2 levels. This increase in the aforementioned events without synergistic effects by 
PTT could raise hopes for treating tumors inaccessible to laser irradiation. Despite the 
successes in limiting MCF-7 cell growth or removing them, the low efficacy of drugs 
or nanocarriers in clinical trials and human treatments has made researchers uncertain 
about their use. Although descriptive and analytical studies highlight the ineffective-
ness of therapeutic approaches due to low EPR (enhanced permeability and retention), 
drug pump issues, high hypoxia from vessel blockage or excessive O2 consumption, and 
physiological differences between animals and humans, and the cells derived from them 
(Sharifi et al. 2022), the analysis of therapeutic dosage based on the state of organization 
of cells in the early stages has received less attention. During this study, it was discovered 
that the optimal treatment dosage for MCF-7 spheroid structures under 200 μm differs 
significantly from that of two-dimensional cultures. The choice to select spheroids under 
200 μm is based on the limitation of oxygen diffusion in tissues larger than 200 μm, as 
outlined in the empirical and mathematical modeling (Riffle and Hegde 2017). In the 
following, it was demonstrated that the optimal dosage of DOX and FMHN needs to be 
doubled when transitioning from two-dimensional culture to spheroids, going from 2.5 
to 5 μM and from 2.16 to 4.32 μg/mL, respectively (Fig. 5A). While, the results in Fig. 4A 
indicate that raising the FMHN dosage to 4.32 μg/mL can lead to adverse effects on nor-
mal cells. On the other hand, it was revealed that the 2.16 μg/mL dose of FMDHN and 
its combination with PTT is still effective in reducing MCF-7 cell viability by 46.79% and 
36.54%, respectively, even after the cells changed from a two-dimensional to a spheri-
cal. While, the negligible toxicity of FMHN in the FMDHN is maintained with 62.33% 
viability in NIH3T3 cells (Fig. 4A). Nevertheless, based on the effective dose of 1.08 μg 
of FMDHN with PTT on MCF-7 spheroids and a cell viability of 72.89% in NIH3T3 
cells, this approach demonstrates significant value. Therefore, based on the findings of 
Al-Kattan et al. (2020), and Fig. 5A and C(ii), it is recommended to utilize synergistic 
activity with PTT to minimize the toxicity of FMDHN and enhance their effectiveness 
on cancerous tissues within the optimal concentration range for normal cells. In this 
regard, Fig. 5A and C(ii) illustrates that the synergy between FMDHN and PTT leads to 
a > 50% reduction in the survival of MCF-7 spheroids at a relatively safe dose of FMDHN 
(1.08 μg/mL) for normal cells. PTT synergy with FMDHN appears to effectively restrict 
spheroid growth through various actions, such as elevating O2 and ·OH radical levels, 
enhancing drug release, and raising ambient temperature to 45 °C (Fig. 3F) to increase 
intrinsic and extrinsic apoptosis pathways (Fig. 5D). Furthermore, in line with the afore-
mentioned discovery, Cheng et al. (2019), Zhang et al. (2021) and Emami et al. (2021) 
demonstrated that altering the organizational structure of MCF-7 and MCF-7/ADR, 
4T1 and BT-20 cells from two-dimensional to spheroidal culture can impose less restric-
tions on the growth of drug-resistant cancer cells at the same dosage, due to decreased 
drug permeability. Confirming this discovery, it was found that as the dimensions of 
MCF-7 spheroids increase, the permeability of DOX and nanocarriers decreases (Holub 
et al. 2020). In this regard, Reynolds et al. (2017) demonstrated that while the growth 
of spheroids’ periphery decreased, the core of spheroids significantly increased with the 
presence of cancer drugs. The limited drug access to the spheroids’ core, attributed to 
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higher cell and collagen accumulation, appears to be the primary cause for reduced drug 
effectiveness. Based on finding of Brancato et al. (2018), it appears that the formation of 
ECM, caused by changing the culture medium from two-dimensional culture to sphe-
roids, creates more complex barriers to drug penetration. Thus, it is anticipated that the 
dosage of therapeutic compounds will rise in spheroids as a result of altered drug/nano-
carriers penetration patterns, potentially impacting their function through the presence 
of ECM.

Cellular organizations like spheroids versus two-dimensional cultures or larger 
spheroids versus small spheroids are more resistant to therapeutic activities due to 
reduced drugs/nanozymes penetration caused by a more compact ECM, changes in 
O2 slope, and increased hypoxia in the center of the structure, as well as excessive 
expression of anti-apoptosis proteins (Bcl-2, BAX, etc.) in the center of cellular clus-
ters (Reynolds et al. 2017; Riffle and Hegde 2017; Nunes et al. 2019). Therefore, it is 
recommended to use patterns closer to resistant tumors such as spheroids or orga-
noids in academic/pharmaceutical centers to reduce the costs of the research-pro-
duction process and explain the effects of drugs/nano-compounds.

Conclusions
In this study, following the creation and synthesis of FMDHN, we explored their com-
bined performance with PTT. Physicochemical assessments verified the existence of 
iron and magnesium, showcasing their enzymatic functions in O2 and ·OH produc-
tion. The findings indicated that 150–270 nm-sized FMDHN could effectively partake 
in therapeutic tasks. These nanozymes exhibited thermal and biological stability at pH 
7.2, featuring 7.34 nm pores, suggesting their potential as drug carriers in biological 
systems. Moreover, their capability to loading and release DOX reliably in an acidic 
environment (pH 6.5) similar to tumor tissues, particularly in the pH-responsive of 
FMDHN, enabled targeted drug delivery. In the following, the MTT and flow cytom-
etry assessment indicates the high efficacy of FMDHN, particularly in synergy with 
PTT to inhibit cancer cell growth. However, toxicity evaluations of these nanozymes 
in MCF-7-derived spheroids demonstrate reduced toxicity levels at similar concentra-
tions. While the synergistic effect is promising in limiting spheroid growth, escalating 
the FMDHN dose with associated side effects is deemed unacceptable. These findings 
underscore the importance of considering cellular organizational structures alongside 
the notable therapeutic responses of nanozymes.
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