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Abstract

Background: Fenton reaction-based chemodynamic therapy (CDT) is regarded as a
highly tumor-specific treatment modality due to its intrinsic tumor microenvironment
(TME)-specific targeting properties, such as high amounts of lactic acid and H,0,. To
improve the therapeutic efficacy of CDT, in this study, a self-tracking and external stim-
uli-responsive Fenton nanoreactor was accompanied by type | photodynamic therapy.

Results: A cisplatin-containing H,O, self-supplying heterogeneous Fenton nanocata-
lyst (CaO,.CDDP@Fe;0,) was constructed, and it was accompanied by graphitic carbon
nitride (g-C5N,) nanosheets as a photosensitizer. The hybrid nanocomposite was deco-
rated with ascorbic acid, which improved the tumor-targeting capabilities of the final
construct (CCFCA). Besides the generation of hydroxyl radicals (OH) by metal-based
Fenton nanocatalyst (CaO,.CDDP@Fe;0,), g-C3N,-driven nonmetal-based Fenton reac-
tion translated external energy into extremely lethal free radicals within the tumor cells
through oxygen-independent type-I PDT. According to 2D and 3D cell culture experi-
ments, CCFCA demonstrated cancer cell selectivity and a high cellular uptake efficiency
under a static magnetic field (SMF) and visible light irradiation. Further investigations
showed that CCFCA suppressed the antioxidant system and altered the mitochondrial
membrane potential and consequently caspase activity, causing apoptosis in cancer
cells. The enhanced tumor-inhibitory capability of the nanocomposites was shown by
the increased anti-tumor activity of CCFCA in treated mice under SMF and light irradia-
tion as compared to those treated with the free drug. Moreover, no deleterious effects
on normal tissues and blood cells were observed in CCFCA-treated mice.

Conclusion: Based on the results obtained, dual Fenton reactions were provided in a
simple platform (CCFCA) where the cooperative combination of multiple approaches
(chemotherapy, magnetic therapy, and PDT) enhanced CDT efficiency against colon
cancer.

Keywords: Chemodynamic therapy, Fenton reaction, Static magnetic field,
Photodynamic therapy, g-C3N4
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Background

Chemodynamic therapy (CDT) is a promising strategy for selective cancer therapy,
which is mediated by the Fenton reaction, generating a unique pattern of reactive oxygen
species (ROS). The low valent transition metals can initiate the Fenton reaction in tumor
cells, which are rich in hydrogen peroxide (H,O,) and have an acidic environment. In
this process, Fenton nanocatalysts convert endogenous H,O, in tumor cells into highly
deleterious ROS such as hydroxyl radical (OH), resulting in tumor-selective cell death
with low side effects to normal tissues (Chen et al. 2022; Rao et al. 2021; Tian et al. 2021).
However, evidence showed that the effectiveness of CDT, notably in in vivo experiments,
is far from satisfactory for the effective elimination of tumors (Li et al. 2021). In fact, the
low level of H,0, (100 pM), high potential antioxidant system, and low content of tran-
sition metals in the tumor microenvironment cause an insufficient amount of hydroxyl
radicals, limiting the therapeutic benefits (Tang et al. 2021). Therefore, it is extremely
desirable to develop a strategy to surmount the obstacles in CDT. Several approaches
have been used so far to speed up Fenton reaction kinetic and consequently increase
CDT effectiveness. To provide high enough intratumoral H,O, for producing a large
amount of ‘OH, the fabrication of a H,O,-filled polymersome containing a Fenton nano-
catalyst has been investigated (Li et al. 2016). However, this strategy worked poorly, as
evidenced by the low catalytic activity of hydrophobic Fenton nanocatalysts and leak-
age of H,0, from wrapping materials which led to damage to normal cells. An alterna-
tive option was the in situ H,O, generation within the tumor which was provided by
the incorporation of glucose oxidase into the Fenton nanocatalyst (Ranji-Burachaloo
et al. 2019). However, decreased oxygen concentration in hypoxic tumor microenviron-
ments restricted the capacity of such constructions for enhancing the Fenton reaction
kinetic. To tackle the challenges, H,O, self-supplying CDT systems based on metal per-
oxide (MO,) nanoparticles were developed (He et al. 2021). These nanoparticles includ-
ing Ca0,, ZnO,, Cu0,, MgO, etc. are produced as the result of replacing metal ions
with hydrogen atoms of H,0,. MO, can cause a strong oxidation effect following their
interaction with H,O and generate H,O, under acidic conditions. The H,0O, produced
by MO, might react with Fenton metals (such as Fe>*, Mn*", Cu™, Co®", etc.) to form
hydroxyl radical (OH), leading to an increase in CDT efficiency (He et al. 2021; Liu et al.
2022).

MO; +2H;0 — Hp0, + M(OH),
Fe?T + H,0, — Fe’* + ' OH + HO™

Fe3t 4+ H,Oy — Fe’t + 'OOH + H*

Additionally, the released metal ions from MO, exhibited cytotoxic effects known
as “ion-interfering therapy”. The bursting of ions such as Ca*" inside tumor cells dam-
ages the mitochondria, prevents the production of ATP, inhibits the biosynthesis and
activity of p-glycoproteins, and reverses drug resistance in cancer (Liu et al. 2020).

Another strategy that could make the Fenton process more effective is photody-
namic therapy (PDT). PDT is a therapeutic modality that produces a large amount of



Khoshtabiat et al. Cancer Nanotechnology (2023) 14:40 Page 3 of 27

site-specific ROS by a photosensitizer in the light-exposed area, resulting in cancer
cell destruction (Correia et al. 2021; Dai et al. 2019; Youssef et al. 2017). Two types
of PDT process, type I and II, are driven by photosensitizers (PSs) and it depends on
electron or energy transfer. Several studies have focused on the design of PSs that can
undergo type II photoreaction in which low excited energy is needed for singlet oxy-
gen (*0,) generation from molecular oxygen. However, the aggravated hypoxia in the
tumor microenvironment decreases the efficiency of type II-based PDT. In contrast to
type II, type I PDT is oxygen-independent and produces O, ~, ‘OH or H,O, via elec-
tron-transfer or hydrogen abstraction-based photoreaction. In this way, to counter-
act O,-depletion, PS fully employs disproportional reaction, Haber—Weiss reaction,
or Fenton reaction, to boost the effectiveness of treatment for hypoxic tumors (Chen
et al. 2021a). Therefore, the development of type I photosensitizers with reduced oxy-
gen requirement is crucial.

Among the various photosensitizers (PS), 2D graphitic carbon nitride (g-C;N,) is
a highly promising candidate for PDT. It is a safe two-dimensional (2D) material with
distinctive structural and electrical features (Davardoostmanesh et al. 2020; Zhao et al.
2021). Tri-s-triazine-based g-C;N,, the most stable and energetically favorable phase of
g-C;N,, has a relatively narrow band gap (2.7 eV) and strong reduction capacity, mak-
ing it a visible light photochemical catalyst. Prior studies pointed out that g-C;N, as
PS has the capacity to drive type-II PDT (Cui et al. 2019; Ju et al. 2016). It is based on
the water-splitting capability of g-C,;N, that ultimately results in the generation of O,,
which not only attenuates the hypoxic status of the tumor microenvironment but also
provides the possibility for singlet oxygen generation. In fact, the photo-generated holes
in g-C3N, can be utilized for the production of H,0, and O,; however, the two-electron
process for H,O, formation is preferable to the four-electron process for O, evolution in
terms of kinetic (Liu et al. 2015). Therefore, it seems sense to classify g-C;N, as a type
I photosensitizer given that it can produce H,0O, when exposed to light. However, sur-
face modifications are needed to improve the selectivity and activity of g-C;N, toward
the two-electron water oxidation and H,0O, production (Fattahimoghaddam et al. 2019;
Wang et al. 2018).

Another challenge related to PDT is the nonspecific distribution of PSs in vivo and
their inability to penetrate deeper tumors in patients’ bodies which result in increased
toxicity to normal cells. It has been suggested that a combination of PSs with magnetic
nanoparticles like magnetite (Fe;O,) may tackle these limitations (Choi et al. 2017; Izadi
et al. 2019; Khoshtabiat et al. 2021; Seabra 2017). When an external magnetic field is
applied, magnetic nanoparticles can target specific sites (magnetic targeting) and deliver
a considerable amount of therapeutic PSs to deep-state tumors. In other words, the PDT
efficacy can be enhanced by the tumor being exposed to a local magnetic field.

Given the above considerations, in this study, Fenton-based therapy was accompanied
by PDT, and the utilization of a magnetic field improved the collaborative therapeutic
efficacy in eradicating colon cancer. A H,O, self-supplying magnetic Fenton nanocata-
lyst containing cisplatin (CaO,.CDDP@Fe;O, named CCF) was designed and it was
accompanied with g-C;N, as PS (CaO,.CDDP@Fe;0,.C;N, named CCFC). We sup-
posed that in situ H,0, generation by CaO, would facilitate the Fenton reaction medi-
ated by Fe;O, nanocatalyst. Furthermore, upon LED irradiation (A: 450 nm), excited
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g-C;N, can drive type-I PDT, generating a large amount of H,0, and enhancing the
efficiency of CCFCA against cancer cells. Herein, g-C;N, nanosheets not only act as PS
and maximize the yield of ROS upon irradiation but also serve as an agent for imaging
and real-time monitoring of the nanosystem. In addition to applying a magnetic field to
achieve “magnetic targeting’, ascorbic acid (AA) was also conjugated to the drug deliv-
ery system (CaO,.CDDP@Fe;0,.C;N,.AA, named CCFCA), providing active targeting
and boosting tumor site-specific activity of the nanosystem. The physicochemical prop-
erties and biological performance of the designed nanosystem were evaluated in detail.
Cellular uptake, cytotoxicity, and the mechanism of action of CCFCA were evaluated
in monolayer cell culture using colorectal carcinoma cell line (CT26 cells), fibroblast
cells (NIH3T3 cells), and human embryonic kidney cell line (HEK-293 cells). An ex vivo
multicellular model that simulated in vivo tumor tissue was also used to analyze the
nanoparticle penetration behavior into the deep-state tumors. To further illustrate the
remarkable anticancer efficacy of the nanosystem, the in vivo antitumor properties were
explored using CT26 tumor-bearing mice.

Materials and methods

Synthesis of CaO, nanoparticles containing cisplatin

CaO, nanoparticles were synthesized via a hydrolysis-precipitation process (Chen
et al. 2021b). Calcium chloride solution (100 mg ml™!, 2 ml) containing cisplatin
(CDDP, 1 mg ml™') was added dropwise to polyvinylpyrrolidone solution (PVP, 10 ml,
15 mg ml™!). Afterward, H,0, (1.5 ml, 30%) and NH,.H,O (1 ml, 1 M) were sequen-
tially added to the above mixture. After 3 h stirring, NaOH (0.5 ml, 1 M) was added to
the reaction. PVP-stabilized CaO, nanoparticles containing CDDP were precipitated by
centrifugation (7500g, 10 min) and rinsed with NaOH (0.1 M), deionized (DI) water, and
ethanol. Finally, the nanoparticles were named CaO,.CDDP and dried at 37 °C for 24 h.

Synthesis of CaO,.CDDP@Fe;0, nanocomposite

FeCl,.6H,0 solution (80 mg ml ™, ethylene glycol) was added to dispersed CaO,.CDDP
nanoparticles (2 ml, ethylene glycol). Different concentrations of CaO,.CDDP nanoparti-
cles (12.5, 25, and 50 mg ml ') were used in this step. After 30 min stirring, CH;COONa
(450 mg ml™!, ethylene glycol) was added to the reaction. The reaction continued for
30 min and then polyethylene glycol (PEG 2000) solution (0.062 g ml™!, ethylene gly-
col) was added to the mixture and stirred for 30 min. The mixture was then transferred
to a Teflon-lined stainless-steel autoclave and heated at 200 °C for 24 h. The black pre-
cipitation was separated by a magnet and rinsed with ethanol three times. The obtained
nanocomposites were dried at 60 °C for 24 h. Based on the size and morphology of nano-
composites, 25 mg ml~! was the optimum concentration of CaO,.CDDP nanoparticles
for the synthesis of CaO,.CDDP@Fe;O, nanocomposites (Additional file 1: Fig. SI12).

Deposition of CaO,.CDDP@Fe;0, nanocomposites on g-C;N, nanosheets

The preparation of bulk and nanosheet of g-C;N, has been explained in supplementary
data. For deposition of CaO,.CDDP@Fe;O, nanocomposites on g-C;N, nanosheets,
Ca0,.CDDP@Fe;0, nanocomposites (1 mg ml ') were dispersed in 5 ml H,O:ethanol
(1:1 (v:v)). Then, nanocomposites were added to 10 ml g-C;N, nanosheet (2 mg ml~?, DI
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water) and the reaction was carried out at 40 °C under N, gas flow. After 4 h of stirring,
the mixture was centrifuged (2700 g, 5 min), and the precipitate was rinsed with DI and
ethanol, and dried at 50 °C for 24 h. CaO,.CDDP@Fe;O,.C;N, nanocomposites were
named CCFC.

Conjugation of ascorbic acid on CaO,.CDDP@Fe;0,.C;N,

Ascorbic acid (AA) was dissolved in 5 ml H,O:ethanol (v:v) and it was added to 5 ml of
dispersed CaO,.CDDP@Fe;0,.C5N, nanocomposites (H,O:ethanol (v:v)) at 40 °C under
N, gas flow. After 4 h of stirring, AA-conjugated nanocomposites were centrifuged and
washed with DI and ethanol and dried at 50 °C for 24 h. The final construct was named
CCECA.

H,0, generation assay

H,SO, (0.1 M) was added to the KMnO, solution (50 pg ml~?). Synthesized nanocom-
posites (1 mg ml™') were added to the above mixture. At different time intervals, the
absorbance of the mixture was measured at 515 nm by a UV-Vis spectrophotometer.
Upon H,0, generation, the pink color of permanganate (MnO*") converts to the color-
less Mn*". The addition of H,O, to the mixture of KMnO, and H,SO, was considered as
a positive control.

Hydroxyl radical generation assay

3,3,5,5-Tetramethylbenzidine (TMB) solution (40 pg ml™') was prepared with different
pHs (pH 7.4 (phosphate-buffered saline, PBS) and pH 5.5 (acetate buffer)). Then, the
nanocomposites were added to the TMB solution without using H,O,. Upon ‘OH gen-
eration, TMB is oxidized, giving blue-green color which was measured at 650 nm.

2D Cell culture experiments

In vitro cytotoxicity assay

Cancer or normal cells (Supporting Information) were seeded (1 x 10* cells) into 96-well
tissue culture plates. After 24 h incubation, various concentrations of CCFCA, free
CDDP, or bare nanocomposite (CFCA) were added to cells. Then, cell culture super-
natant was thrown out after 48 h and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) solution (10 pl, 5 mg ml™!) was added to each well. After 4 h,
the MTT solution was replaced with 100 ul DMSO in each well. The absorbance of each
well was measured at 570 nm using an ELISA reader (BioTek, ELX800, USA). Further-
more, to investigate the effect of static magnetic field (SMF) and LED light (A 450 nm,
24 W) on the control cells and those treated with the nanocomposites, in all experi-
ments, the cells were cultured in two separate 96-well tissue culture plates. After 4 h
of treatment, one of the culture plates was exposed to SMF (0.9 Tesla) for 30 s, and 1 h
after that, it was exposed to LED visible light radiation with a wavelength of 450 nm for
15 min (Additional file 1: Fig. SI1). The rest of the conditions were the same for the cells
of both culture plates. The concentration of synthesized nanocomposites or free drugs
was calculated for 50% cell viability (ICy;) and its validation was done with GraphPad
Prism 6 software.
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Live & dead assay

Acridine orange & ethidium bromide staining

CT26 cells (1 x 10* cells) were exposed to CCECA or free CDDP for 48 h. For the detec-
tion of live and dead cells, acridine orange (AO, 4 pg ml™!) and ethidium bromide (EtBr,
4 pg ml™') were added to cells, respectively, and the images were captured by a fluores-

cent microscope (Olympus, Japan).

Sub-G1 assay

Propidium iodide (P, 20 pug ml ™) solution containing Triton X-100 (0.5 ul ml™?*), sodium
citrate (10 mg ml™'), and RNase (20 pg ml™") was added to treated and untreated cells.
After 30 min at 37 °C, stained cells were analyzed by flow cytometry (BD Biosciences,
USA), and the percentage of cells at the sub-G1 phase was determined using FlowJo v10
software.

Cellular uptake studies

Evaluation of cellular uptake by inductively coupled plasma optical emission spectrometer
(ICP-OES)

Intracellular CDDP was measured by ICP-OES. For this purpose, cells were treated
with free CDDP or CCFCA for 8 h. Then, cell lysate was prepared after mixing treated
cells with cold lysis buffer (130 ul, Triton X-100 (1%), Tris—HCl (50 mM), and NaCl
(150 mM)). After 30 min of incubation, the mixture was centrifuged and the superna-
tant was considered for assessment of intracellular Pt. Finally, the amount of Pt was nor-
malized to total protein content which was determined by the Bradford method (Kruger
1994).

Perl’s Prussian blue staining

Intracellular deposited iron was detected by Perl’s Prussian blue staining. CT26 cells
were treated with CCFCA for 24 h. Then, ferrocyanide solution (potassium ferrocya-
nide trihydrate (20%) and hydrochloric acid (20%)) was added to cells and incubated for
20 min. After the formation of Prussian blue pigment (insoluble blue compound), cells
were washed with DI water. To stain cytoplasm, a neutral red solution (neutral red dye
(0.03 M), sodium acetate (0.03 M), and acetic acid (0.02 M)) was added to the cells. After
5 min of incubation, stained cells were washed and the images were taken by an inverted
light microscope (TCM 400-LABOMED, USA).

Evaluation of intracellular reactive oxygen species (ROS)

For the detection of intracellular ROS, 2;7’-dichlorodihydrofluorescein diacetate
(DCFH-DA) solution (10 pmol/l) was added to the cells. After 30 min of incubation at
37 °C, the cells were rinsed with PBS, and the green fluorescence emission of oxidized
DCFH was evaluated by a flow cytometer.

Mitochondrial membrane potential assay

For assessment of the mitochondrial membrane potential, cationic fluorescent dye, rho-
damine-123 (Rh-123, 5 pg ml™'), was added to cells. After 1 h of incubation at 37 °C, cells
were washed with PBS, and the green fluorescence emission of Rh-123 was analyzed by
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a flow cytometer. Loss of mitochondrial membrane potential results in a reduction in

fluorescence intensity.

Caspase-3 activity assay

Analysis of caspase-3 activation in treated and untreated cancer cells was performed by
indirect immunofluorescence staining. After treatment of cells with CCFCA for 48 h,
trypsinized CT26 cells were washed with PBS, permeabilized, and blocked with a block-
ing buffer containing 1X PBS, 0.01% Triton X-100, and 1% BSA for 10 min prior to incu-
bation with a primary antibody (cleaved caspase-3 antibody) for 1 h. After unconjugated
antibody removal by rinsing with PBS, the cells were exposed to a secondary immuno-
globulin G fluorescein isothiocyanate-conjugated antibody for 30 min. Followed by 3
washes with PBS, the fluorescence intensity of the stained cells was analyzed by FACS
(Meshkini and Oveisi 2017).

3D cell culture experiment

Multicellular tumor spheroid model

CT26 spheroids were produced by the liquid overlay method as previously described
(Pereira et al. 2017). Briefly, autoclaved agarose solution (1.5%) was poured into 96-well
plates to generate a gel pad at the bottom of the wells. Then, CT26 cells (1 x 10° cells/
well, 100 ul) were added into agarose-coated wells. The plate was shaken slowly for
10 min and put back in the incubator (5% CO,, humidified atmosphere, and 37 °C)
for 2 days. Afterward, the cell culture supernatant was replaced with a fresh medium
containing drug-loaded nanocomposites or free drug. Spheroid volume was calculated

according to Eq. (1),

4
Spheroid volume = gm"?’ (1)

r = %\/ d1d2

where d; and d, are the diameters of a spheroid.

Evaluation of cell viability in spheroids
Spheroids were treated with CCFCA for 7 days. Then, the spheroid structure was disin-
tegrated by pipetting and mixing them with trypan blue. The number of viable and non-

viable cells was determined using a hemocytometer.

In vivo anti-tumor experiments

Experimental design

Healthy female BALB/c normal mice (6—8 weeks old) were used for all animal experi-
ments according to a protocol approved by the Institutional Animal Care and Use Com-
mittee at Ferdowsi University of Mashhad (Document no: IR-UM.REC.1399.128).
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Generation of CT26 tumor model

For the construction of the CT26 tumor model, subcutaneous injection of CT26
cell suspension (100 pl PBS containing 2 x 10° cells for each mouse) was carried out
into the right flank of the mice. As the tumor volume in mice reached approximately
11045 mm?, the animals were treated with free CDDP or fabricated samples. In this
line, tumor-bearing mice were randomly divided into seven groups (n=>5) and given an
intravenous injection of either free CDDP, CFCA, or CCFCA based on Additional file 1:
Table SI3. All mice received three times of intravenous injections on days 1, 4, and 7 with
corresponding agents (PBS (pH 7.4) for the control group). For the experiments under
SMF and LED irradiation, 30 min after PBS or CCFCA administration, the mice were
subjected locally at the tumor site to SMF for 10 min. After 30 min of rest, they were
exposed to blue LED light for 15 min.

The tumor volume was calculated using the following formula:

Tumor volume = 0.5 x lenght x (width)?

The weight of mice and tumor volumes were recorded every two days. At 14 days post-
treatment, the animals were sacrificed to collect the tumors and main organs (heart,
liver, lung, spleen, and kidney). After being weighed and photographed, the tumor tis-
sues were fixed in formalin solution (10%) for further examination with hematoxylin and
eosin (H&E) staining.

In vivo fluorescence imaging and biodistribution assay

CT26 tumor-bearing mice were intravenously injected with CCFCA nanocomposite.
After 24 and 48 h post-injection, the animals were sacrificed and a plane of tissues was
harvested. Fluorescence images were captured using a small animal in vivo imaging sys-
tem (IVIS, PerkinElmer Inc, Watham, USA) (A cision: 470 N, A icsion: 600 nm).
Hematology assay

CT26 tumor-bearing mice were intravenously injected three times with CCFCA nano-
composite or PBS (control). At 14 days post-treatment, blood was collected from mice
and placed into anticoagulant tubes for routine blood tests. Blood biochemistry analyses
were performed at Dr. Norouz Pour medical laboratory.

Results and discussion

Synthesis and characterization of CCFCA nanocomposite

The CCFCA preparation procedure is depicted in Scheme 1, wherein the
CaO,-containing CDDP nanoparticles were firstly fabricated as a H,0,-self-supplying
CDT platform. Based on ICP-OES analysis, the content of CDDP in nanoparticles was
calculated to be 2.027£0.132 pg per mg of nanoparticles (Additional file 1: Table SI1).
Moreover, PVP was also used during the synthesis of CaO, as a surface modifier to sta-
bilize CaO, nanoparticles, preventing the hydrolysis of CaO, in water. Then, a magnetic
layer (Fe;O,) was formed on the surface of CaO,.CDDP nanoparticles by ferric chlo-
ride and PEG using the decomposition method to obtain CaO,.CDDP@Fe;O, (CCF)
nanocomposites with magnetic properties. Subsequently, CCF nanocomposites were
deposited onto g-C;N, nanosheets to obtain CaO,.CDDP@Fe;0,.C;N, (CCEC) with
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Ascorbic Acid

l/

1< S
C2a0,.CDDP  Ca0,.CDDP@Fe;0, C20,.CDDP@Fe;0,.C3N, C20,.CDDP@Fe;0,.CiNLAA
(CCF) (CCFC) (CCFCA)

Scheme 1 Schematic illustration of different steps in CCFCA preparation

Fig. 1 FE-SEM images of fabricated nanocomposites. A FE-SEM image of Ca0,.CDDP (a), Fe;O, (b), CaO,.
CDDP@Fe;0, (c), g-C3N, nanosheets (d), Ca0,.CDDP@Fe;0,.C3N,.AA (e). B Elemental mapping of Ca0,.
CDDP@Fe;0,.C5N, AA

photocatalytic activity. Finally, the outer surface of CCFC nanocomposites was function-
alized with ascorbic acid (AA) to get CaO,.CDDP@Fe;0,.C;N,.AA (CCFCA) nanocom-
posite with the tumor-targeting property.

To examine the structure and morphology of the synthesized nanocomposite at each
stage of synthesis, FE-SEM images of the samples were prepared and the diameter of
the nanoparticles was measured with Image] software (Additional file 1: Fig. SI2). Based
on the images obtained, the CaO,.CDDP nanocomposite (Fig. 1A(a)) showed a uniform
spherical structure with a diameter of 28.5543.61 nm. To synthesize CaO,.CDDP@
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Fe;O, (CCF) nanocomposite, different concentrations of CaO,.CDDP nanoparticles
were used. FE-SEM images revealed that with increasing the concentration of CaO,.
CDDP nanoparticles up to 50 mg ml™), the size of the nanocomposite became smaller
and the structure of the nanocomposite became more regular (Fig. 1A(b) and Additional
file 1: Fig. SI2). The optimum concentration of Ca0O,.CDDP was 25 mg ml™}, resulting
in the formation of a more regular, uniform, and smaller spherical core—shell structure
(diameter 173.58 +19.01 nm, Additional file 1: Fig. SI2(C)) compared to Fe;O, nanopar-
ticles (diameter 217.97 +34.40 nm). At 50 mg ml~' of Ca0,.CDDP nanoparticles, the
structure of nanocomposites was destroyed. Therefore, the nanocomposite consisting
25 mg ml~! of Ca0,.CDDP was used to continue the process of synthesis.

Ca0,.CDDP@Fe;O, nanocomposites were then deposited on the surface of exfoliated
g-C;N,. Bulk g-C;N, was synthesized from the thermal polymerization of melamine
and it was exfoliated into thin layers through the hydrothermal oxidation exfoliation in
the sodium hypochlorite solution which is a safe and environmental-friendly method
(Fig. 1(d)). Note that the exfoliation of g-C;N, provides a large specific surface area and
improves the photocatalytic performance of nanosheets as compared to the parent bulk
form (Cui et al. 2018). Figure 1A(e) and SI3 disclosed the successful deposition of CaO,.
CDDP@Fe;O, nanocomposites on g-C;N, nanosheets. Finally, nanocomposites were
functionalized with AA for delivery of the nanosystem to cancer cells. A growing num-
ber of studies have demonstrated that AA can selectively kill cancer cells while normal
cells remain resistant (An et al. 2013; Chen et al. 2008). AA can target glucose transport-
ers (Gluts) which are overexpressed on the surface of certain cancers (Ngo et al. 2019).
In fact, released ROS from cancer cells facilitate the oxidation of ascorbic acid to dehy-
droascorbic acid (DHA) in the extracellular space of tumor cells and it can be taken up
by the cells through Gluts. Note that Glutl and Glut3 have a higher affinity for DHA
than glucose (Ngo et al. 2019).

Elemental mapping of CaO,.CDDP@Fe;0,.C;N,. AA also confirmed the presence
of Ca and Pt elements in the structure of CaO,.CDDP nanoparticles, Fe element was
related to the magnetic layer of the nanocomposite, and C and N elements were related
to g-C;N,,. C element was also attributed to AA (Fig. 1B).

The FT-IR spectrum of fabricated samples was also investigated. In the absorp-
tion spectrum of CaO, (Fig. 2A (a)), the bands at 578 and 872 cm™! corresponded to
stretching vibrations of O-Ca-O and O-O, respectively. The broad band between the
wavenumbers 1300 and 1700 cm™' was related to the bending vibration of O-Ca-O
(Khorshidi et al. 2020). The bands at 3444 and 1667 cm ™! were attributed to stretching
and bending vibrations of N-H of CDDDP, respectively, signifying the presence of CDDP
in the structure of CaO,.CDDP nanocomposite (Fig. 2A(b)). In the absorption spectrum
(c), two characteristic bands emerged at 576 and 3403 cm ™' assigned to the stretching
vibrations of Fe—O and O-H, respectively, which were related to Fe;O, in the structure
of nanocomposite. In the absorption spectrum (d), the typical IR band of g-C;N, was
observed at 809 cm ™! corresponding to the vibrations of the tri-s-triazine ring system.
The bands with wavenumbers ranging from 1249 to 1700 cm™! (1249, 1324, 1413, 1573,
and 1639 cm™!) were characteristic stretching vibration modes of C=N and C-N het-
erocycles of g-C;N, (Cui et al. 2018), indicating the successful conjugation of CaO,.
CDDP@Fe;O, nanocomposites on g-C;N, nanosheets. The distinctive absorption peak
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Fig. 2 Characterization of CCFCA nanocomposite. A FT-IR and (B) XRD spectra of fabricated samples. a CaO,
nanoparticles, b CaO, containing CDDP (CC), ¢ Ca0,.CDDP@Fe;0, (CCF), d Ca0,.CDDP@Fe;0,.C3N, (CCFC),
e Ca0,.CDDP@Fe;0,.C5N,.AA (CCFCA). C Zeta potential analysis of fabricated samples at pH 7.4. D VSM
magnetization curve of nanocomposites, (@) CCF and (b) CCFCA

at 1752 cm™! in ascorbic acid spectra (Additional file 1: Fig. SI4) was caused by stretch-
ing vibrations of the C=O of the five-membered lactone ring, and this band disappeared
in the spectrum of the nanocomposites containing ascorbic acid (Fig. 2A(e)). Moreover,
the C=C stretching band shifted from 1667 to 1639 cm™! in the nanocomposite, indi-
cating successful conjugation of ascorbic acid to the surface of the nanocomposite.

The crystalline nature of fabricated nanocomposites was investigated by X-ray crystal-
lography. In the XRD pattern of CaO, nanoparticles (Fig. 2B(a)) five Bragg reflections
at 29.7°, 35.9°, 47.7°, 52.9°, and 60.9° were observed, corresponding to the planes (002),
(110), (112), (103) and (202), respectively, which were matched with the reference pat-
tern of crystalline CaO, (JCPDS cards no.03—0865). The peaks related to planes in the
structure of CaO,.CDDP nanocomposite became sharper as cisplatin was used dur-
ing the synthesis of CaO, nanocomposite, demonstrating a more crystallized struc-
ture (Fig. 2B(b)). The characteristic diffraction peaks of Fe;O, were observed at 30.4°,
35.7°,43.3°, 53.1°, 57.3°, and 62.9° which were assigned to the planes (220), (311), (400),
(422), (511), and (440), respectively, and perfectly matched with the spinel ferrite phase
of Fe;O, (JCPDS cards no. 019-0629) (Fig. 2B(c)) (Song et al. 2019). It implied that
there were no undesirable and unwanted phases such as the hematite phase and iron
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hydroxides during the synthesis of the magnetic layer of the nanocomposite. The only
indicative peak in the XRD spectrum of g-C;N, (002) was observed at 26.9° (JCPDS
cards no. 1526-87) (Fig. 2B(d)) (Cui et al. 2018). Unlike the bulk sample, this peak was
very weak in the nanosheet samples, which indicated a better layering of the sample.
Moreover, the binding of ascorbic acid molecules to the synthesized nanocomposite did
not impact the crystalline nature of the nanocomposite, and the index peaks related to
Ca0,.CDDP@Fe;0,.C;N, nanocomposite were evident (Fig. 2B(e)).

Zeta potential analyses revealed that CaO, nanoparticles possessed a surface with
negative charge (-21.94+0.96 mV) (Fig. 2C) (Gao et al. 2019; Huang et al. 2021); how-
ever, it changed to less negative charge values as CDDP was employed in their structure
(—19.07+0.08 mV). It may be related to the amine group of CDDP. The surface charge
of Ca0,.CDDP nanoparticles shifted back to more negative values (—24.27 +0.58 mV)
as a magnetic layer was added. Deposition of CaO,.CDDP@Fe;O, nanocomposites onto
g-C;N, nanosheets resulted in a high negative charge value (-30.46 +0.55 mV). The high
stability and dispersion of planar g-C;N, nanoparticles are due to the negative charge
on the surface of these nanoparticles. More negative charge value (-34.12+0.53 mV)
was observed following the addition of AA to the nanocomposites which was due to the
presence of ionizable hydroxyl group (pKa 4.2) of AA, causing a negative charge at pH
7.4 (Sreeja et al. 2015).

To study the magnetic behavior of the nanocomposites, VSM analysis was performed
(Fig. 2D). The results showed that by increasing the field intensity up to 15,000 Oe, the
magnetic properties of CaO,.CDDP@Fe;O, nanocomposite enhanced up to 75.04 emu/g
while this value decreased to 34.98 emu/g as g-C;N, and AA were added. The non-for-
mation of the residual loop showed that the nanocomposite had magnetic orientation in
the presence of the field, which was disturbed when the field was removed. So, it could
be concluded that the synthesized nanocomposite is a superparamagnetic particle.

The photocatalytic performance of CCFCA and production of H202 and -OH radicals

It is a relatively safe and efficient way to generate H,0O, near the CDT Fenton catalysts as
the concentration of H,O, within tumor cells is not high enough for producing a large
amount of ‘OH radicals to kill cancer cells. The CCF (CaO,.CDDP@Fe;O,) moiety of
CCFCA nanocomposite is a Fenton-type metal peroxide that has the ability to gener-
ate H,0O, as demonstrated by the potassium permanganate-based colorimetric method.
The amount of 0.782 pM H,O, was produced by CCFCA after 2 h reaction time which
was due to the presence of peroxo group of CaO,; however, this value increased up to
1.707 pM under light irradiation (Fig. 3A and Additional file 1: Fig. SI5). The later find-
ing indicated the generation of H,O, in the photocatalytic process. The generation of
'OH radicals through the Fenton reaction in CCFCA nanocomposite was evaluated by
TMB assay upon light irradiation. CCFCA showed the highest production rate of ‘OH in
mildly acidic conditions, but not in neutral conditions (Fig. 3B and Additional file 1: Fig.
SI5). In fact, acidic pH favored metal peroxide dissociation and H,O, production. These
phenomena consequently speeded up Fenton reaction and ‘OH generation, suggesting
CCEFCA as an appropriate nanocomposite for cancer treatment through H,O, self-sup-
plying CDT. Since H,0, and ‘OH generation enhanced upon light irradiation, we were
intrigued to monitor the ability of g-C;N, to generate H,0, in a time-dependent manner
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Fig. 3 Generation of H,0, and hydroxyl radicals by CCFCA nanocomposites in the presence of light
irradiation. A Kinetic rate profile of H,0, generation by g-C5N,, nanosheets, CaO,.CDDP@Fe;0, (CCF), and
CCFCA nanocomposites after light irradiation measured by a potassium permanganate-based colorimetric
method. B Kinetic rate profile of ‘'OH generation by H,0, and fabricated samples. C Schematic illustration of
‘OH generation by CCFCA nanocomposite under light irradiation. H,0, self-supplying CaO,.CDDP@Fe;O,
nanocomposites execute the Fenton reaction and g-CsN, nanosheets drive type | PDT and generate H,0,
and ‘OH, executing a Fenton-like reaction upon light irradiation

in the presence and absence of light irradiation (Additional file 1: Fig. SI6(A)). After 2 h
reaction time, 0.121 pm H,O, was detected by g-C;N, in the absence of irradiation and
a significant improvement in the production rate, of approximately 1.042 um H,O, was
observed as g-C;N, excited by light irradiation. In fact, HyO, molecules were formed
from the adsorptive H,O on g-C3;N, by a two electron transfer route under irradiation.
Moreover, according to the photocatalysis performance of g-C;N,, a large number of
'OH radicals was detected following the decomposition of H,O,, realizing type-I PDT
(Additional file 1: Fig. SI6(B)).

C3Ng+ hv — e + ht
2H,O + 2e~ — Hy + 20H™
2H;0 + 2hT — HyOy + 2HT

HgOz — 2'OH

2D-in vitro cytotoxicity studies

To investigate the cytotoxicity of the synthesized nanocomposites and their effective-
ness compared to the free drug (CDDP), CT26 (mouse colon cancer cells), NIH3T3
(normal mouse embryo fibroblast cells), and HEK-293 (normal human fetal kidney
epithelial cells) were used. In terms of cell viability (%), the results are displayed in
Fig. 4 as a function of free drug or CCFCA concentration. Free CDDP lowered the
cell survival of treated cells in a dose-dependent manner (Fig. 4A); however, when
it was administered by the proposed nanocarrier, the cytotoxicity against CT26
cells was dramatically amplified (Fig. 4B). The half maximum inhibitory concentra-
tion (ICs,) was found to be 2.8440.08 pg ml™' and 0.43740.01 pg ml~! for free
CDDP and CCFCA nanocomposite, respectively (Additional file 1: Table SI2). Note
that free CDDP did not show statistically significant cytotoxic effects on CT26 cells
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Fig. 4 Cytotoxic effects of free CDDP and CCFCA nanocomposite on colorectal carcinoma and normal cells.
Cellular viability of CT26 cells treated with A free CDDP and B CDDP-loaded nanocomposite (CCFCA). Cellular
viability of C HEK-293 cells and (D) NIH3T3 cells treated with the free drug and CCFCA nanocomposites with
IC5, concentrations obtained from experiments related to cancer cells

at 0.437 pg ml™), and at similar condition, a minor reduction in cell survival was
observed in bare nanocarrier-treated cells (Fig. 4A and Additional file 1: Fig. SI7).
Moreover, the cytotoxicity of CCFCA was evaluated after exposure to SMF and LED
light irradiation since it possessed both magnetic and photocatalytic activities. Fol-
lowing exposure to SMF and light irradiation, cell viability declined substantially as
the concentration of CCFCA nanocomposites increased. The I1C;, values were calcu-
lated as 2.1540.07 pg ml~! and 0.12340.005 pg ml~! for free CDDP and CCFCA
nanocomposite, respectively. It should be mentioned that exposure of tumor cells to
SMF (0.9 T) for 15 s was found to be toxic (94+1.2% cell viability) as compared to
untreated cells (99 £1.3% cell viability) (Additional file 1: Fig. SI8). It has previously
been shown that SMF can affect cell signaling and metabolism remotely, increas-
ing the effectiveness of drugs against cancer cells at low doses (Alavi and Meshkini
2018; Chen et al. 2010; Hajipour Verdom et al. 2018). Besides, SMF exhibits higher
damaging effects when cells are treated with a nanosystem with magnetic properties.
Magnetic nanoparticles have a tremendous capacity to absorb magnetic field energy,
allowing them to move and vibrate inside cells, causing irreversible cell damage (Li
et al. 2017; Lopez et al. 2022).

Irradiation of CT26 with LED light (w/cm?) for 15 min did not show statistically sig-
nificant cytotoxic effects (95.5 +2.8% cell viability, p > 0.05, Additional file 1: Fig. SI8);
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however, exposure of CCFCA-treated cells to LED light caused tumor cell cytotox-
icity enhancement which is due to the photocatalytic activity of nanosystem (Addi-
tional file 1: Fig. SI9). Based on these results it seems that besides the cytotoxic effects
of CDDP, the magnetic property and photocatalytic activity of the CCFCA nanosys-
tem significantly impact on cell survival reduction rate.

The cell viability of normal mouse fibroblast cells and human fetal kidney cells treated
with CDDP and CCFCA nanocomposites was examined in the presence and absence
of SMF and LED light irradiation. The graphs in Fig. 4C and D revealed no significant
difference in the viability of cells treated with CCFCA even in the presence of SMF and
light irradiation as compared to that of untreated cells. While free CDDP induced signif-
icant cytotoxic effects on HEK-293 cells (15.8%) and NIH3T3 (18.15%) in the presence
of SMF and light irradiation. Since CCFCA nanocomposites exhibited a pH-responsive
drug release behavior (Additional file 1: Fig. SI10), their selective toxicity to tumor cells
was logical.

Cellular uptake of CCFCA
Fabrication of nanosystems with fluorescence emission property is a useful strategy for
tracking nanosystem’s cellular internalization and improving the desired targeting accu-
racy (Zingale et al. 2022). In this line, the PL spectrum of exfoliated g-C;N, nanosheets
demonstrated a blue shift performance in comparison to the bulk sample, which was
attributed to the reduction in conjugation length and the strong quantum confinement
effect (Additional file 1: Fig. SI11(A)). The blue fluorescence emission of g-C;N, was also
indicated by a fluorescence microscope (Additional file 1: Fig. SI11(B)). Since CCFCA
possessed an intrinsic fluorescence emission, its internalization into the cells was exam-
ined under the fluorescence microscope (Fig. 5A). Fluorescence images showed that
CCFCA-treated cells successfully internalized the nanosystem; however, in the pres-
ence of SMF and light irradiation, a higher density of nanocomposites entered the cells
and distributed mainly in the cytoplasm and even broke through the nucleus envelope
to enter the nucleus. The penetration of the magnetic part of CCFCA into the cells was
also qualitatively visualized by Perl’s Prussian blue staining (Fig. 5B). Cells were seen in
red and magnetic nanoparticles in dark blue. Similarly, the results demonstrated that the
introduction of SMF and light irradiation to CCFCA-treated cells led to a higher uptake
of nanocomposites into cancer cells, showing more blue deposition. It has previously
been reported that SMF alone has an influence on the ultrastructure of the cell surface,
causing small circular holes with a diameter of 200 nm, and facilitating cellular inter-
nalization of chemotherapy drugs (Chen et al. 2010). Furthermore, it has been proved
that magnetic field caused greater penetration of magnetic nanoparticles into the cells
besides its effects on the expression of some proteins like clathrin which is involved in
cellular uptake of nanoparticles (Chaudhary et al. 2013). The contribution of light irra-
diation on cellular uptake efficiency has previously been demonstrated as it impacts on
cell membrane permeability; however, it depends on the wavelength of irradiated light
and exposure time (Yao et al. 2017).

Cellular trafficking of CDDP was analyzed by ICP-OES, measuring intracellular Pt
concentration (Fig. 5C). As it is evident, cellular uptake of CDDP was enhanced as it

was delivered by the nanosystem (0.104+0.002 ppm/mg protein) as compared with
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Fig. 5 Cellular internalization of CCFCA nanocomposites and free CDDP in the presence and absence of
external stimuli, SMF & light irradiation. A Images of cells treated with CCFCA for 8 h captured by a fluorescent
microscope. The viable cells were detected by acridine orange staining, emitting green fluorescence.

Cellular trafficking of CCFCA nanocomposite was monitored by innate blue fluorescence emission of g-C5N,
nanosheets in the nanocomposites. The scale bar in all images is 50 um. B Cellular internalization of the
magnetic part of the CCFCA nanocomposite was evaluated by Perl’s Prussian blue staining. Blue dots within
the cells are related to ferric ions. C Cellular uptake of free CDDP and CDDP-containing nanocomposites was
evaluated by ICP-OES (** p<0.001, * p<0.01)

free CDDP (0.078 £0.003 ppm/mg protein). The cellular uptake efficiency of CDDP
increased after the introduction of the targeted ligand AA (0.127+0.001 ppm/mg
protein). This result could be attributed to the specific interaction between AA and
overexpressed Gluts on the surface of CT26 cells, providing tumor-specific target-
ing. Correspondingly, Guney et al. conjugated AA to solid lipid nanoparticles, leading
to the efficient delivery of nanosystems to cancer cells (Giiney et al. 2014). Exposure of
CCFCA-treated cells to SMF and light irradiation promoted cellular uptake efficiency
up to 0.144 4 0.004 ppm/mg protein, indicating the significant role of external stimuli in
cellular internalization of the nanosystems.

Induction of apoptosis following disruption of intracellular redox balance

Mitochondria are essential subcellular organelles that govern cellular energy and
metabolism and play an important role in cell death. As tumor cells suppress apop-
totic pathways, developing a nanosystem that facilitates drug transport to mitochondria
for driving apoptosis signaling pathways might be a promising cancer therapy strategy
(Tabish and Hamblin 2021; Xu et al. 2022). In this line, mitochondrial targeting was
monitored by assessment of the membrane polarization status of mitochondria, stain-
ing treated cells with Rh-123. It is a green fluorescence dye that is readily sequestrated in
active mitochondria and emits green fluorescence, while it diffuses out of mitochondria
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Fig. 6 Detection of the intrinsic apoptosis pathway in CCFCA-treated cells. A Fluorescence images

of mitochondrial membrane depolarization after 4 h exposure of cells to CCFCA, using Rh-123 probe
(magnification 400 x, Scale bar 200 um). B Quantitative analysis of green fluorescence intensity by flow
cytometry. C Analysis of caspase 3 activation in untreated (a) and CCFCA-treated cells (b) after 48 h
incubation in the presence of SMF & light by indirect immunofluorescence assay, using anti-cleaved caspase
3 antibody. D Detection of apoptosis after 48 h incubation of cells with free drug, bare nanocomposite, and
drug-containing nanocomposite, using AO/EtBr (magnification 200, Scale bar 200 um). E Evaluating the
percentage of cells at SubG1 phase of cell cycle after 48 h incubation with free CDDP and CCFCA

upon depolarization. As shown in Fig. 6A and B the intensity of green emissions
decreased as cells were treated with CCFCA, indicating mitochondrial depolarization.
However, a significant shift was observed to a lower Rh-123 fluorescence area in the his-
togram as CCFCA-treated cells were exposed to SMF and light irradiation. It has previ-
ously been shown that g-C;N, accumulated in mitochondria and led to both structural
and functional loss of mitochondria under irradiation (Yadav et al. 2022; Zhang et al.
2020). Furthermore, the static magnetic field can decrease mitochondrial membrane
potential, cause oxidative stress, and drive apoptotic signaling pathways [35,36]. Similar
effects can also translate to cells as magnetic nanoparticles can be manipulated remotely
by an external magnetic field (Murros et al. 2019).

Since there is a correlation between mitochondrial membrane depolarization and cas-
pase activation, the amount of active caspase 3 was evaluated by indirect immunofluo-
rescence assay, using anti-cleaved caspase 3. Histograms shown in Fig. 6C disclosed a
significant increase in the amount of active caspase 3-positive cells (12.6%) in treated
cells with CCFCA plus SMF and light irradiation as compared to those treated with just
external stimuli. Since the activation of caspase 3 is a key event in the apoptotic process,
the extent of apoptosis was evaluated and detected in CCFCA-treated cells (Fig. 6D).
Fluorescence images of AO/EtBr stained cells revealed a high percentage of late apop-
totic cells (orange fluorescence emission with condensed or fragmented chromatin in
nuclei) in the cells treated with CCFCA as compared to those treated with bare nano-
composites or free CDDP. The percentage of orange fluorescence emitted cells increased
as CCFCA-treated cells were affected by SMF and light irradiation. To quantify the
incidence of apoptosis, the percentage of cells in SubG1 phase was analyzed using flow
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cytometry. The results in Fig. 6E demonstrated that the percentage of apoptotic cells
changed from 26.3% in CDDP-treated cells to 40.8% in CCFCA-treated cells. This value
was increased to 51.8% in cells treated with CCFCA plus SMF and light irradiation. Pre-
cisely, the percentage of apoptotic cells in CCFCA-treated cells under external stim-
uli (Fig. 6E) was much higher than the percentage of cells that showed mitochondrial
membrane depolarization (Fig. 6B) and those that contained active caspase 3 (Fig. 6C).
Therefore, the occurrence of other types of cell death which are mitochondria- and cas-
pase-independent signaling pathways like autophagy or ferroptosis is possible.

The modification of the ROS level provides a reasonable strategy to preferentially elim-
inate cancer cells while avoiding severe harm to normal cells. The capacity of CCFCA to
induce ROS stress in cancer cells was examined using the DCFH-DA probe, which can
be transformed to fluorescent DCF by ROS. Nanocarrier and CCFCA could meaning-
fully increase the ROS stress due to the Fenton reaction with endogenous H,O, in can-
cer cells (Fig. 7A). However, due to the presence of calcium peroxide in the nanocarrier,
sufficient H,0O, was produced aiming to the performance of Fenton reaction efficiently.
On the other hand, besides the tumor-targeting ability of AA in the nanocomposite, it
also stimulates cascade reactions, leading to ROS production after entering the cell in
the presence of iron. AA plays a role in the production of H,0, by affecting the oxidation
level of iron (Hou et al. 2016). Our results also revealed that free CDDP induced mod-
erate ROS stress, mainly through H,O, generation, as previously reported (Kwon et al.
2016). Note that the generation of H,0O, and downstream ROS species by CDDP results
in severe side effects such as nephrotoxicity and ototoxicity (Ma et al. 2017). Delivery
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of CDDP by nanocarrier significantly enhanced DCF fluorescence, indicating the syn-
ergized effects between CDDP and iron-based Fenton reaction mediated by nanocar-
rier in ROS generation. Interestingly, remarkable perturbation in the intracellular redox
state was observed as CCFCA-treated cells were exposed to SMF and LED light irradia-
tion. As demonstrated earlier, g-C;N, can be effectively excited under visible light irra-
diation, producing hydroxyl radicals that disturbed intracellular redox (Fig. 3C and D).
Moreover, it has been shown that the loading of cationic metals like Fe;O, on g-C3N,
strengthens the photocatalytic performance of g-C;N, due to their narrow energy band
gap, enhancing the light absorption range of g-C;N, towards higher wavelength lights
(Mirzaei et al. 2019).

Catalase is an essential antioxidant enzyme that decomposes H,0, and protects the
cell from its damaging effects. However, limiting the accumulation of H,0, within the
tumor cells by catalase activity impedes the generation of toxic hydroxyl radicals cata-
lyzed by the Fenton catalyst, reducing the efficiency of CDT and chemotherapeutic
drugs (Lee et al. 2017). The results showed a statistically significant reduction in cata-
lase activity in CDDP and CFCA-treated cells (Fig. 7B). Down-regulation of catalase at
the level of protein has been established in CDDP-treated tumor cells (Han et al. 2021).
Moreover, Alarifi et al. showed that magnetic nanoparticles cause oxidative stress,
DNA damage, and caspase activation in tumor cells by reducing the activities of cata-
lase, superoxide dismutase, and glutathione (Alarifi et al. 2013). A remarkable reduction
in catalase activity was observed when cells were treated with CCFCA in the presence
and absence of SMF and light irradiation (Fig. 7B). In fact, the defense mechanism was
exhausted and the enzyme systems were destroyed owing to the elevated levels of the
reactive oxygen species.

One of the most challenging barriers to CDT is high glutathione (GSH) levels in tumor
cells with ROS scavenging capabilities (Cao et al. 2022; Cheng et al. 2021). Assessment
of intracellular GSH revealed that GSH was significantly consumed in CDDP-treated
cells (Fig. 7C). The high concentration of GSH in cancer cells, in addition to protecting
cells from high oxidative stress, hinders the efficacy of chemotherapy drugs, including
platinum-based medications (Lan et al. 2018). In fact, the thiol group of GSH directly
binds to platinum-based drugs and prevents their binding to DNA. Furthermore, a sharp
drop in GSH level was observed in cells treated with bare nanocarrier (Fig. 7D). It is due
to the reduction of Fe®' on the surface of CFCA by GSH. Greater GSH consumption
in response to CCFCA as compared to free CDDP and bare nanocarrier validated the
superior nature of drug-loaded nanocomposite to increase the efficacy of CDT. The ther-
apeutic efficiency of photosensitizers in photodynamic therapy also decreases in tumor
cells owing to the high content of GSH in tumor cells (Yu et al. 2022). The incorporation
of Fe;O, on g-C5N, nanosheets resulted in increased triggered ROS production as well
as intracellular GSH depletion (Ju et al. 2016).

3D-in vitro cytotoxicity studies

The 3D tumor model also referred to as the multicellular tumor spheroid (MCTS)
is proven to have many advantages over the 2D culture for cancer research such
as improvement of the structure and cell-to-cell contact that better resemble
in vivo architecture and tumor microenvironment (Kang et al. 2020). Therefore, we
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developed spheroids as an ex vivo tumor model by a liquid overlay cultivation tech-
nique using CT26 cells. The kinetic of spheroid growth and proliferation rate of CT26
cells were analyzed under the influence of free CDDP and CCFCA in the presence
and absence of SMF and light irradiation. Based on optical images of spheroids, free
CDDP did not exhibit any significant effect on the tumor volume even after 9 days of
incubation (Fig. 8A and Additional file 1: Fig. SI12). It has previously been shown that
limited drug access to the tumor mass is one of the resistance mechanisms in cancer
therapy (Gencoglu et al. 2018). In addition to the drug’s inability to pass through the
plasma membrane due to its polar nature, suboptimal drug concentrations reached
cells within the spheroid core, leading to a reduction of drug cytotoxic efficacy against
tumor cells. Exposure of CDDP-treated cells to SMF and light irradiation displayed
tumor growth preventing effects after 5 days of incubation as compared to untreated
spheroid cells (Fig. 8A). Platinium is a paramagnetic element that might be affected
by magnetic fields. In the presence of a magnetic field, the CDDP molecules may
move in an ordered manner, causing a change in drug concentration both inside and
between cells, resulting in an increase in intracellular CDDP levels (Chen et al. 2010).

Since CDDP was delivered by CFCA nanocarrier, an inhibitory effect on tumor
volume was observed after prolonged incubation time (>5 days); however, much
higher tumor regression was achieved in spheroids as they were exposed to CCFCA
plus external stimuli (SMF & light) (Fig. 8A and Additional file 1: Fig. SI11). Expo-
sure of CCFCA-treated spheroids to SMF and light irradiation remarkably reduced
spheroid volume as compared to that of untreated spheroids. Consistent with these
results, the trypan blue exclusion test also revealed that the highest growth rate retar-
dation occurred as spheroid cells were treated with both CCFCA and external stimuli
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Fig. 8 CT26 spheroid growth profile under the influence of CDDP and CCFCA. A The volume of spheroids
treated with free CDDP and CCFCA in the presence and absence of SMF and light irradiation. The diameter
of at least 30 CT26 spheroids was determined from days 1-9. Evaluation of live B and C dead cells in treated
spheroids after 9 days incubation. D Assessment of nanocomposite penetration into spheroids after 3 days
of incubation. The emission of green fluorescence is related to acridine orange which stained viable cells and
blue fluorescence is related to innate fluorescence emission of nanocomposite (Magnification 100x, Scale
bar 200 um)
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(Fig. 8B). At this condition, the reduction of viable cell numbers was accompanied by
an increase in dead cell numbers (Fig. 8C).

Certain extracellular matrix components have previously been shown to be highly
expressed in the 3D spatial arrangement of spheroids, establishing the penetration bar-
riers found in vivo. Therefore, it is an advantageous approach for investigating the pen-
etration and distribution of CCFCA nanocomposites inside the 3D model (Fig. 8D). In
this line, after incubation of spheroids for 3 days with CCFCA, acridine orange staining
showed mainly viable proliferating cells (green fluorescence emission) with no dead cells
even in the spheroid core, and the nanocomposites were distributed in the outer layers
of spheroids (blue fluorescence emission). A different penetration profile was observed
as CCFCA-treated spheroids were exposed to SMF and light. Under external stimuli,
nanocomposites were mainly concentrated in the core of the spheroids where the num-
ber of viable cells decreased. It seems that SMF has a main role in the magnetic nano-
composite trafficking into the spheroid core.

In vivo studies

Considering the deep penetration of nanocomposite into tumor cells and its toxic
effects in 2D and 3D in vitro models, in vivo experiments were then carried out to fur-
ther clarify the targeting and anticancer efficacy of fabricated nanocomposites, using
the BALB/c mouse model bearing CT26 cells (Fig. 9A, Additional file 1: Table SI3). As
displayed in tumor growth curves (Fig. 9B, C, and Additional file 1: Fig. SI13), tumor
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Fig. 9 In vivo antitumor efficacy of free CDDP and CCFCA nanocomposites in CT26 bearing BALB/c mice

in the presence and absence of SMF and light irradiation. A The schematic representation for the process of
tumor induction and drug treatment. B The representative excised tumor images, a untreated tumor, b CDDP,
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volume was decreased to some extent in CDDP-treated mice (1108 + 147 mm?) as com-
pared to rapid tumor progression in PBS-treated ones (control) (1702 +97 mm?). How-
ever, a significant reduction was observed in tumor volumes of CCFCA-treated mice
(780180 mm?, p<0.0001 as compared to PBS-treated ones, p<0.01 as compared to
CDDP-treated mice), indicating a superior antitumor efficacy contributed from the tar-
geted chemotherapy. Moreover, the mice treated with CDDP showed physical weakness
and did not gain weight despite the growth and enlargement of the tumor. At this con-
dition, the weight of the spleen was also remarkably decreased (Additional file 1: Fig.
SI13C). These phenomena are inevitable and associated with the side effects of CDDP,
while negligible body and spleen weight loss was observed in CCFCA-treated mice. The
obtained results showed that targeted delivery of low concentrations of CDDP with a
nanosystem reduces the side effects of the drug and improves its effectiveness.

Exposure of PBS-treated mice to SMF and light irradiation led to a statistically sig-
nificant reduction in tumor volume (1447 480 mm?®) as compared to mice without expo-
sure (1702497 mm?). Tumor-reducing effects of the magnetic field have been reported
in most in vivo studies; however, it depends on the variety of field strengths, exposure
duration, animal models, tumor lines, and other procedure aspects (Gray et al. 2000;
Yoshimoto et al. 2022). Moreover, recently it has been well established that LED irradia-
tion at 450 nm decreases tumor size in colon cancer (Yan et al. 2018; Yoshimoto et al.
2022). Therefore, a synergistic effect between SMF and LED irradiation on the reduc-
tion of tumor size would be expected. In this line, when mice were treated with CCFCA
and exposed to SMF plus light irradiation, a maximum reduction in tumor volume was
observed (270435 mm?), demonstrating significantly increased therapy effectiveness
when compared to various control groups. In fact, the magnetic field improves tumor
targeting of magnetic nanosystems and impacts on vibrations of magnetic nanoparti-
cles resulting in localized physical cell damage and eventually killing tumor cells (Li et al.
2017). In addition, g-C;N, in the nanosystem is an active moiety under visible light irra-
diation, generating ROS in tumor cells and boosting the cytotoxic efficiency of CCFCA.

Based on the histological images shown in Fig. 10A, the number of viable cells sig-
nificantly decreased in CCFCA-treated tumor cells as compared to that in PBS-treated
tumors. Moreover, the nucleus was destroyed, the cell membrane was disrupted, and
the characteristics of cell death were observed in CCFCA-treated tumor cells. These
phenomena were intensified when the treated tumors were exposed to SMF and LED
light radiation. Serious damage was observed in the tissues of mice treated with CDDP.
Liver sinusoids became larger and the morphology of the endothelial cells changed. In
the spleen tissue, the nuclei of the cells became denser and the cytoplasm decreased.
The cube-shaped kidney cells lost their morphology and suffered from severe damage.
Accumulation of large nuclei in the lung cells upon treatment with CDDP is due to the
inflammation created in this area. Interestingly, no obvious histological changes were
observed in the kidney, liver, spleen, and lung tissues of mice treated with CCFCA, par-
ticularly in the presence of SMF and light irradiation.

Owing to the innate fluorescence emission of CCFCA, in vivo biodistribution of
nanosystem was investigated in treated tumor-bearing mice, using fluorescence in vivo
imaging (Fig. 10B and C). It was revealed that the fluorescence signal of the tumor and

liver in the experimental group reached the strongest level 24 h post-injection, while an
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extremely weak fluorescence signal was found in other tissues like the heart, spleen, kid-
ney, and lung. After 48 h, CCFCA was mainly concentrated in the tumor and a mod-
erate signal was detected in lung and kidney tissues. However, no obvious toxicity was
observed in in vitro studies on kidney cells (HEK-293 cells) and histological experi-
ments in kidney tissue. It has previously been disclosed that the accumulation of g-C;N,
nanosheets in the kidney is due to the elimination route by urinary excretion (Taheri
et al. 2020).

Furthermore, the hemocompatibility of nanocomposites was also assessed since nano-
composites encounter the blood cells at a certain stage of their transport through the
body (Additional file 1: Table SI4). The routine blood tests indicated that CCFCA has
no remarkable effects on the number of red blood cells as compared to the PBS-treated
mice, indicating normal hematocrit and no hemolytic effects. In this condition, a slight
increase in the number of white blood cells and platelets was observed as compared to
healthy mice. This is due to the formation of tumors in these mice, which indicates the
early symptoms of cancer in most cases (Mantas et al. 2016; Mehrizi 2021).

Conclusion

Due to the complexity and heterogeneity of TME, surely combined trials are needed
for effective cancer therapy. In this study, a multifunctional magnetic nanoplatform
(CCFCA) was developed to enhance CDT efficacy against colon cancer with pH-
responsive properties, real-time monitoring, and ROS generation characteristics.
H,O,-self-supplying Fenton nanocatalyst was fabricated and it was accompanied by a
chemotherapeutic drug, CDDP. Despite the advantages of CDT for tumor ablation
such as high TME selectivity and high capacity for TME modulation, it seems that the
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utilization of metal-based Fenton nanocatalysts like CCF nanocomposites that facili-
tate cancer therapy through the Fenton reaction is not high enough for effective treat-
ment. To achieve superb treatment outcomes in CDT, a photosensitizer, g-C;N,, was
also added to the nanocomposite translating external energy to highly toxic free radicals
within the tumor cells through oxygen-independent type-I PDT. It was a light-mediated
Fenton-like reaction which along with an iron-based Fenton reaction made tumor cells
vulnerable to chemotherapy. 2D and 3D in vitro experiments and in vivo studies made
it evident that CCFCA has biological compatibility, a much higher deep tumor penetra-
tion, and cancer cell toxicity than the free drug, particularly in the presence of magnetic
field and light irradiation. High elevated levels of ROS generation following the Fenton
reaction and PDT overwhelmed the antioxidant defense system (GSH levels and catalase
activity) in tumor cells, inducing cell death via apoptosis. In view of all demonstrations
above, CCFCA is proven to be a biocompatible nanoplatform that enables the simulta-
neous application of several other strategies along with CDT to improve the efficacy of
cancer treatment.

Abbreviation

AA Ascorbic acid

AO/EtBr  Acridine orange/ethidium bromide
CDDP Cisplatin

CCF Ca0,.CDDP@Fe;0,
CCFCA Ca0,.CDDP@Fe;0,.C3N,LAA
DI Deionized water

DMSO Dimethyl sulfoxide
DCFH-DA  2!7'-Dichlorofluorescin diacetate

ELISA Enzyme-linked immunosorbent assay

FT-IR Fourier Transform Infrared

GSH Glutathione

H&E Hematoxylin and eosin

ICP-OES  Inductively coupled plasma optical emission spectrometer
ICs The half-maximal inhibitory concentration

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
MFI Mean fluorescence intensity

PBS Phosphate-buffered saline

Pl Propidium iodide

ROS Reactive oxygen species

SMF Static magnetic field

S.D. Standard deviation

VSM Vibrating sample magnetometer
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