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Abstract 

In Asia, including Taiwan, malignant tumors such as Hepatocellular carcinoma (HCC) one of the liver cancer is the 
most diagnosed subtype. Magnetic resonance imaging (MRI) has been a typical diagnostic method for accurately 
diagnosing HCC. When it is difficult to demonstrate non‑enhanced MRI of tumors, radiologists can use contrast 
agents (such as  Gd3+,  Fe3O4, or FePt) for T1‑weighted and T2‑weighted imaging remain in the liver for a long time to 
facilitate diagnosis via MRI. However, it is sometimes difficult for T2‑weighted imaging to detect small tumor lesions 
because the liver tissue may absorb iron ions. This makes early cancer detection a challenging goal. This challenge has 
prompted current research to create novel nanocomposites for enhancing the noise‑to‑signal ratio of MRI. To develop 
a method that can more efficiently diagnose and simultaneously treat HCC during MRI examination, we designed a 
functionalized montmorillonite (MMT) material with a porous structure to benefit related drugs, such as mitoxantrone 
(MIT) delivery or as a carrier for the FePt nanoparticles (FePt NPs) to introduce cancer therapy. Multifunctional FePt@
MMT can simultaneously visualize HCC by enhancing MRI signals, treating various diseases, and being used as an 
inducer of magnetic fluid hyperthermia (MFH). After loading the drug MIT, FePt@MMT‑MIT provides both MFH treat‑
ment and chemotherapy in one nanosystem. These results ultimately prove that functionalized FePt@MMT‑MIT could 
be integrated as a versatile drugs delivery system by combining with MRI, chemotheraeutic drugs, and magnetic 
guide targeting.
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Introduction
High malignancy of Hepatocellular carcinoma (HCC) 
ranks second in the fatality rate in Asia [1–3], includ-
ing Taiwan, Japan, and China. It has become one of the 
top ten leading cancers in the world [9]. The incidence 
of HCC in Western countries is relatively low [10]. Most 
patients with HCC appear to be clinically healthy, with 
almost no relevant signs or symptoms, while having large 
tumors in the liver [11–13]. Because of the anatomic loca-
tion of the liver, it is impossible to have a palpable tumor 
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lump during palpation [18]. However, when HCC is diag-
nosed, the clinical course of patients may deteriorate very 
quickly. For patients who have a high risk for developing 
HCC, such as carriers of Hepatitis B virus (HBV) and 
Hepatitis C virus (HCV), liver cirrhosis caused by any 
etiologies, and steatotic liver changes, screening and early 
detection of HCC is the most effective and possible cura-
tive strategy in treating HCC [19–21]. Without regular 
screenings, the potential threat caused by tumor tissue 
can be easily overlooked [22]. Among the many screen-
ing and diagnostic methods, the advantage of magnetic 
resonance imaging (MRI) is that it does not generate any 
ionizing radiation [23–25]. Instead, it uses the principle 
of nuclear magnetic resonance (NMR) to generate images 
under a magnetic field. MRI can provide high-resolu-
tion and high-quality images of the liver. To improve the 
ability to detect HCC in the liver, the addition of super-
paramagnetic iron-based nanoparticles can be used as a 
contrast developer to display a high-intensity mode on 
T2-weighted MRI images [26–28].

In the past decades, iron oxide-based T2-weighted 
contrast agents have been used in clinical trials or been 
approved by the U.S. Food and Drug Administration [31]. 
Besides iron oxide nanoparticles, iron platinum nano-
particles (FePt NPs) also enable accurate MRI detection, 
which features the generation of magneto-caloric energy, 
enabling further use in cancer-related applications [8, 32, 
33]. However, because liver tissue actively absorbs iron 
ions, it is difficult to detect a tumor in vivo imaging and 
makes it difficult for T2-weighted imaging to detect HCC 
with a general iron-based contrast agent [34]. Thus, the 
optimization of contrast medium, such as the superpara-
magnetic iron-based nanomaterial, has become a critical 
issue when used as a contrast medium for MRI to detect 
HCC accurately [38]. Even if the relative position of can-
cer cells can be aware by the dark field changes obtained 
by T2-weighted MRI detection; however, insufficient 
contrast between dark colors may cause interpretation 
errors, especially in the liver organ [39]. This problem has 
prompted scientists to consider creating new MRI con-
trast nanocomposites [40, 41]. To improve the efficiency 
of magnetic carriers, related medical research using 
multifunctional composite nanometers has successfully 
developed many applicable carriers for imaging, drug-
loading, and calibration purposes [42–44]. For instance, 
Yang et al. used seed-mediated nucleation to construct 
MnO and form heterogeneous nuclei on the corners and 
edges of FePt NPs [6]. The authors then used the solvent 
exchange to coat the FePt@MnO particles to enhance 
the signal of MRI. Emo et al. used a double iron-based 
model, FePt@Fe3O4 nanoparticles, to treat leukemia 
[4]. This nanocomposite with PEG chains can increase 
the internalization ratio of nanoparticles, prompt the 

therapeutic effect, improve the image contrast of tumors, 
and induce tumor cell death through local temperature 
increases. Here, we have compiled a table to compare the 
difference between the previous study and this research 
work (Table 1).

Therefore, montmorillonite (MMT) can be used as a 
magnetic composite material for absorbing FePt NPs and 
optimized for MRI-related applications. The use of MMT 
combined with magnetic materials has been proven to 
increase the saturation magnetization (Ms) and enhance 
the contrast signal of T2-weighted MRI [45–47]. FePt 
NPs included in MMT-modified cetyltrimethylammo-
nium bromide (CTAB) have been synthesized through 
a simple process using the one-pot method. Triethylene 
glycol (TEG) functions as both a solvent and reductant, 
whereas MMT-modified CTAB provides anchoring sites 
for the nucleation growth of FePt NPs. After the CTAB 
was calcined and removed, FePt@MMT had a more sub-
stantial magnetic flux than FePt, making this nanocom-
posite a new type of T2-weighted MRI contrast agent. 
Based on the analytical results, it can be observed that 
the Ms of FePt NPs was only 14.67 emu/g. However, the 
Ms of optimized FePt@MMT nanocomposites (FePt@
MMT/10.5%) increased to 24.54 emu/g (175% higher 
than FePt), which can be applied for achieving in situ MRI 
diagnosis. Due to the inefficient suppression of tumor tis-
sue with a single treatment, cocktail therapy has become 
the current standard for cancer treatment. The heating 
response of hydrophilic FePt@MMT nanocomposites 
was measured using a high-frequency heater, which dem-
onstrated that this nanocomposite could raise the water 
to 60 degrees, thereby killing cancer cells through mag-
netic fluid hyperthermia (MFH). Compared with simply 
using FePt NPs, the spatial limitation of the layer space 
can further enhance the magnetocaloric effect to gener-
ate more heat energy. Moreover, porous MMT layers can 
simultaneously be used as a drug-loading platform and 
capture chemotherapeutic drugs, such as mitoxantrone 
(MIT), to suppress central tumor growth [48–50].

In this study, CTAB enabled MMT to form a layered 
structure. The final sheet-like MMT was used to obtain 
a uniform nanoscale in processing ultrasonic waves and 
thermal environment and react with the FePt NPs to gen-
erate FePt@MMT; a layered MMT optimized the related 
magnetic properties to access material with chemother-
apy and magnetic fluid hyperthermia and rustic HCC 
progression. With magnetocaloric effect enables FePt@
MMT to load MIT to form FePt@MMT-MIT, which is 
used as an MFH/chemotherapy drug for cancer treat-
ment. Accompany the use of MMT and the establish-
ment of composite magnetic nanoplatforms to absorb 
MIT and FePt NPs; it is also expected to improve MRI 
resolution and cancer-related effects.
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Materials and methods
Materials
All chemicals were used without purification. Mont-
morillonite K 10 (MMT) and oleic acid were purchased 
from Tokyo Kasei (Tokyo, Japan). Cetyltrimethylam-
monium bromide (CTAB, 99%), mitoxantrone hydro-
chloride (MIT, 98.0–102.0%), tetraethylene glycol (TEG, 
 C6H14O4), iron(III) acetylacetonate (Fe(acac)3, 99.9+%) 
and platinum(II) acetylacetonate (Pt(acac)2, 99%) were 
obtained from Sigma-Aldrich (Saint Louis, MO, U.S.). 
Ethanol  (C2H5OH, 99.8%) was purchased from Nippon 
Kayaku (Tokyo, Japan). Tetraethylene glycol  (C6H14O4) 
was obtained from Alfa Aesar (Haverhill, MA, USA). The 
minimum essential medium (MEM), Dulbecco’s modi-
fied eagle medium (DMEM), fetal bovine serum (FBS), 
and penicillin-streptomycin-glutamine (PSG) supple-
ment for the culture medium were purchased from Gibco 
(Waltham, MA, USA).

Preparation of CTAB‑modified MMT
First, 0.5 g of MMT powder and CTAB powder (0.25 g) 
were weighed, 30 mL of deionized water was added as the 
reaction solvent, and then the mixture was placed in a 
50 mL three-necked round bottom flask. The fin-shaped 

stirring magnet was inducted into the three-necked 
round bottom of the flask, and an experimental device 
was set up. An appropriate amount of silicone oil was 
added to the glass sleeve where the temperature probe is 
placed to help conduct the heat source so that it is easy to 
measure and control the temperature change. The tem-
perature rise began, where the heating rate was set to 5 °C 
/min and heated to 80 °C. When the system temperature 
rose to 80  °C and was maintained for 12 h, the heating 
source was turned off and cool to room temperature nat-
urally. Deionized water was added and centrifuged (6000 
rpm, 30 min) to perform the purification procedure and 
then repeated. The remaining surfactant was removed 
five times, and the purified sample was vacuum dried to 
obtain a white powder of CTAB-modified MMT.

Synthesis of FePt NPs
Fe(acac)3 (0.75 mmol) and Pt(acac)2 (0.5 mmol) were 
used as the reaction precursors; then, we added tetra-
ethylene glycol (30 mL) to the reaction solvent in a 50 
mL three-necked round bottom. Argon was introduced 
into the three-necked round bottom flask for 30 min-
utes as a gas replacement. Next, a heating step was per-
formed, setting the heating rate to 5  °C per min until it 

Table 1 Various FePt nanoparticle composite materials are used to enhance their biological applications in MRI

Nanocomposite Particle size Saturation 
magnetization  (Ms)

r2 relaxivity (Tesla) Cell types Refs.

FePt‑Fe3O4 nanocubes 10–13 nm 26.5 emu·g−1 n/a THP‑1 cell line Emo et al. [4]

FePt@Kaolinite nanocom‑
posites

100 ± 10 nm 25.86 emu  g−1 17.18  mM−1  s−1 (4.7 T) HepG2 cell line Chan et al. [5]

FePt@MnO nanoparticles 8 ± 1 nm n/a 8.14  mM−1  s−1 (3 T) HepG2 cell line
MCF‑7 cell line

Yang et al. [6]

FePt@iron oxide nanopar‑
ticles

14.7 ± 1.1 nm 471 emu  cc−1 360  mM−1  s−1 (4.7 T) KB cell line Yang et al. [7]

FePt/SiO2/Au nanoparticles 40 nm 1140 emu  cm−3 47 ± 3  mM−1  s−1 (2.35 T) RT4 cell line Kostevšek et al. [8]

FePt@hollow mesoporous 
silica nanospheres

100–150 nm 9.4 emu  g−1 46.2  mM−1  s−1 (9.4 T) HeLa cell line Lin et al. [14]

FePt@mSiO2 87.6 ± 6.5 nm n/a 7.173  mM−1  s−1 (0.47 T) HeLa cell line Chen et al. [15]

FePt‑CdS nanoprobe 9–11 nm n/a 538.1  s−1  mg−1 mL RAW 264.7 macrophage 
cell line

Jha et al. [16]

FePt/graphene oxide 
nanoassemblies

100 nm 4.10 emu  g−1 12.425  mM−1  s−1 (3 T) MCF‑7 cell line
normal L02 cell line

Yue et al. [17]

FePt–Fe3O4
core–shell nanoparticles

8 nm 23.1 emu  g−1 131.5  mM−1  s−1 (9.4 T) n/a Kim et al. [29]

FePt@Fe2O3 core–shell 
magnetic nanoparticles

5 nm n/a 91.9  mM−1  s−1 (3 T) KB cell line
HeLa cell line

Liu et al. [30]

FePt@SiO2 nanoparticles 48.98 ± 6.41 nm  ~ 10 emu  g−1 102.3  mM−1  s−1 (3 T) HeLa cell line Lai et al. [35]

Si@FePt‑  Fe3O4
nanoparticles

 ~ 100 nm  ~ 0.09 emu  cm3/mol  ~ 20  mM−1  s−1 n/a Malvindi et al. [36]

FePt@Fe2O3 nanoparticles 8 nm 24.8 emu  g−1 3.462 (μg/mL)−1  s−1 (7 T) HeLa cell line Gao et al. [37]

FePt@ Montmorillonite 
nanocomposites
(This work)

150–200 nm 24.54 emu  g−1 41.835  mg−1  s−1 mL (7 T) SKHep1 cell line
Mahlavu cell line

‑
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reached 200  °C. When the temperature reached 200  °C, 
it was held for 1 hour, and then we added oleic acid (1 
mL) surfactant and continued to maintain this tempera-
ture for 30 minutes. After heating to 300 °C at a heating 
rate of 5  °C per min, the reaction was refluxed for 1 h. 
During the heating process, the color of the solution was 
observed to change from blackish-red to black, indicat-
ing that FePt NPs had formed. Then, ethanol was added, 
followed by centrifugation at 6000 rpm for 1 hour, and 
the procedure for particle purification was conducted. 
The particles were precipitated due to the increase in the 
polarity of the solvent, and the purified FePt NPs were 
washed five times, after which the purified FePt NPs were 
dried. The black powder was then collected to obtain a 
hydrophilic phase of FePt NPs.

Synthesis of FePt@MMT nanocomposites
The use of chemical reduction in a one-pot method to 
prepare cetyltrimethylammonium bromide-modified 
MMT and ferroplatin nanoparticle nanocomposites was 
researched. After surface modification of MMT, TEG 
was used as the reducing solvent, and an iron precur-
sor, platinum precursor, and modified MMT were added 
simultaneously using a simple one-pot method to synthe-
size the nanocomposites.

Synthesis of the FePt@MMT‑MIT drug‑carrier 
nanoplatforms
First, 20 μg/mL of MIT was added to 1 mg of FePt@
MMT (with and without CTAB modification) overnight 
and removed via magnetic separation at room tempera-
ture for 10 minutes to obtain FePt@MMT-MIT. Moreo-
ver, we chose methylene blue (MB), brilliant green (BG), 
and Congo red (CR) as the control groups to prove the 
adsorption ability of FePt@MMT. The efficiency and per-
centage of dye adsorption can be calculated using Eq. 1.

Next, we calculated the adsorption capacity  Qe of 
the composite nanomaterial, where  C0 is the initial dye 
concentration (mg/L),  Ce is the concentration at time t 
(mg/L), V is the volume of the dye solution (L), m is the 
weight (g) of the adsorbent, and the  Qe unit is expressed 
by the weight (mg/g) of the adsorbed dye.

Magnetic vibration and MRI analysis
A vibrating sample magnetometer (VSM) can measure 
the magnetic field and the moment of the material by 
placing the samples at a fixed frequency in the direction 
of a certain vertical magnetic field. In terms of magnetic 
measurements, a vibrating sample magnetometer is used 
to measure the magnetic properties of the Fe-Pt-Fe nan-
oparticles. The measurement conditions were at room 

(1)Qe = (C0 − Ce)V /m.

temperature, and an external magnetic field of 16000 Oe 
to -16000 Oe was applied. It was analyzed whether the 
material is suitable for an MRI imaging agent using a 
magnetic resonance imager. In this experiment, the size 
of the nuclear magnetic resonance magnetic field was 
7T, samples of different concentrations were prepared in 
a 0.5% agar peptizer, and the spin-spin relaxation time 
(T2) of the material was measured using a nuclear mag-
netic resonance instrument. The material’s transverse 
relaxation rate (r2) was obtained by plotting the relaxa-
tion rate (1/T2) against the ion concentration. For in 
vivo MRI T2-weighted imaging (In vivo BRUKER Bio-
spec 4.7T 40-cm bore horizontal MRI system, Karlsruhe, 
Germany), we set the echo spacing = 8 ms, numbers of 
TEs = 15, FOV = 6.5 × 6.5  cm2, matrix size = 256 × 256, 
NEX = 2, and the concentration of FePt@MMT added 
was from 0.1 to 1.6 mM.

Magnetic fluid hyperthermia (MFH) analysis
A high-frequency heater is a technology that uses MFH 
electromagnetic induction to achieve heating. This study 
used CEIA’s Power Cube 32/900 (CEIA, Viciomaggio, 
Italy) and Luxtron’s I652 fiber thermometers (Rochester, 
NY, U.S.). A high-frequency heater can be used to deter-
mine whether the material can heat the magnetic nano-
particles in a short amount of time under the interaction 
of an external magnetic field. The high-frequency heater 
used in this research has an output frequency of 800 kHz 
and a magnetic field strength of 3.8 kA/m. The sample 
was dispersed in deionized water at a ratio of 6 mg/mL. 
We then discussed the heating effect of the prepared 
magnetic nanocomposite material, calculated the slope of 
the temperature change recorded in a certain period, and 
then used Eq. 2 to calculate the magnetic nanocomposite 
material heating capacity (SAR).

where C is the weight-weighted average of the specific 
heat capacity of magnetic NPs and water, ΔT/Δt is the 
relationship between the temperature change and time 
change, and mFePt is the magnetic NPs’ weight. Its unit is 
the number of heating watts per unit weight (W/g). The 
heater has an output frequency of 800 kHz and a mag-
netic field strength of 3.8 kA/m. All samples were dis-
persed in DI water at a ratio of 6 mg/mL.

Potentiostat electrochemical detection
The potentiostat used in this experiment was CHI627E 
from CH Instruments. The electrochemical properties 
of FePt NPs and the different ratios of FePt/MMT-CTAB 
composite materials were measured via cyclic voltamme-
try (CV) curves. This study tested the characteristics of 

(2)SAR = C

(

�T

�t

)

1

mFePt
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nanocomposites used in methanol fuel cells in a mixed 
solution of 1 M methanol and 1 M sulfuric acid. An 
electrochemical three-electrode system was used. The 
reference electrode was an Ag/AgCl electrode, and the 
counter electrode was a platinum wire. 3 mg of the sam-
ple were mixed with 10 μL of Nafion in 1.5 mL of ethanol, 
and then ultrasonic vibration was used for 30 minutes 
to disperse and obtain a liquid catalyst. Three microlit-
ers of the prepared liquid catalyst were dropped onto the 
surface of the glassy carbon electrode and placed on the 
glassy carbon electrode surface, using oven drying as a 
working electrode. The FePt NPs and the different ratios 
of FePt/MMT-CTAB composite materials were meas-
ured. The scanning interval was between -0.2 V and 1.2 
V. The platinum in FePt NPs, and FePt/MMT-CTAB acts 
as a catalyst in an environment containing methanol, 
making an oxidation peak. A reduction peak appears in 
the cyclic voltammetry curve, respectively.

In vitro cell viability and cytotoxicity analysis
This study selected the Mahlavu and SKHep1 HCC cell 
lines as the observation objects of material biocompat-
ibility. These two HCC cell lines have been confirmed by 
orthotopic transplantation to establish observable animal 
models in the NOD scid gamma (NSG) mouse system. 
Moreover, the 293T was chosen as the normal cell line for 
further evaluation. MEM was added to the pituitary fluid 
to maintain the growth of the Mahlavu and SKHep1 HCC 
cell lines, and DMEM was added to support the develop-
ment of the 293T. In addition, MEM and DMEM with 
1% PSG were mixed with 10% FBS as the culture solution 
for the HCC and normal cell lines. These cells were then 
cultured at 37 °C and 5% carbon dioxide. Approximately 
2,000 cells per well were cultured in 96-well plates for 12 
h, while nanocomposites of 3, 9, 27, 81, and 250 μg/mL 
were added to the individual wells for 48 h. The cell dye 
Alamar Blue was added similarly. Cell staining was per-
formed, and the fluorescence intensity of Alamar Blue 
(OD 570 nm and 600 nm) was detected using a fluoro-
phore to quantify the cell viability and cytotoxicity.

Cellular uptake and localization analysis
Approximately 20,000 Mahlavu and SKHep1 cells per mL 
were plated on a well plate slide for 12 h, while 250 μg/mL 
FePt@MMT-MIT was added to the culture at 37 °C with 
5% carbon dioxide for 12 h. The cells were then washed 
with 10 mM phosphate-buffered saline (PBS; pH 7.4) and 
fixed in 4% paraformaldehyde fixative (paraformalde-
hyde) to maintain their intrinsic form. Subsequently, the 
nuclear stain DAPI was added for nuclear staining. After 
5 min of incubation, the dye was removed and observed 
via laser scanning confocal microscopy (LSCM). The 
stained nucleus can be excited using a 408 nm UV laser, 

while the emission image can be detected at 450–500 nm. 
The MIT drugs loaded in FePt@MMT-MIT can also be 
excited using 648 nm orange to red light, while its emis-
sion is detected by red fluorescence at 695 nm.

In vivo therapeutic effect
The animal experiments were approved by the Insti-
tutional Animal Care and Utilization Committees of 
Academia Sinica (IACUC NO. 18-03-1202). Our study 
was performed according to the guidelines of the U.S. 
National Institutes of Health and the recommendations 
of the committee on animal research at our institution. 
Therefore, the protocol was approved by the local insti-
tutional review committee on animal care. The Mahlavu 
and SKHep1 cell lines were cultured in MEM with 10% 
FBS and 1% PSG at 37 °C in an environment containing 
5%  CO2. Next, 6-week-old male NSG mice were chosen 
for the experimental model. Briefly, 2 ×  104 Mahlavu and 
SKHep1 cells in 25 µL of PBS were mixture with matrix 
gel with the ratio of 1:2 and orthotopically injected into 
the liver tissue after being anesthetized by isoflurane. This 
study was performed using 32 mice to evaluate two types 
of tumor growth after several weeks (above 5E5 average 
radiance photon numbers). To assess the effectiveness 
of in vivo MIT (chemotherapy) and MFH, we measured 
the tumor size by IVIS every week. We compared four 
groups: the control group (n = 8), the MIT treatment 
group (MIT only, n = 8), the MFH treatment group (with 
FePt@MMT but without MIT loading, n = 8), and the 
MFH + MIT group (with FePt@MMT-MIT, n = 8).

Tissue staining sections
After that, all tumors were collected after the fifth week. 
The tumor sections were formalin-fixed and paraffin-
embedded. The cross-sections of the tumors were stained 
using H&E. Briefly, and the units were first dewaxed in 
a 60 °C oven, deparaffinized in xylene, and rehydrated in 
graded alcohol. We dissolved 50 g of aluminum potas-
sium sulfate in 1000 mL of distilled water. When the alu-
minum potassium sulfate was wholly dissolved, we added 
1 mg of hematoxylin. When the hematoxylin was utterly 
dissolved, we added 0.2 mg of sodium iodate and 20 mL 
of acetic acid. We then brought the solution to a boil, 
allowed it to cool, and filtered it for use in staining, fol-
lowed by observing the tissues using a Leica Aperio AT2 
scanner.

Results and discussion
Materials identification
This study aimed to prepare a new T2-weighted MRI 
contrast agent with good biocompatibility and high sat-
uration magnetization. The layer structure can limit the 
space of the magnetic material and optimize magnetic 
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efficiency. For this reason, coating layered ceramic mate-
rials, such as MTT with magnetic nanoparticles (such as 
FePt or iron oxide NPs) can increase the saturation mag-
netization and reduce the coercive force. The primary 
reason is that the NPs are subjected to uniaxial com-
pression stress at a vertical angle to the MMT layer. The 
resulting mechanical stress causes the magnetic dipoles 
of the NPs to rearrange and makes them parallel to the 
direction of the compressive stress. Therefore, the satu-
ration magnetization follows the magnetization direction 
and enhances the magnetic flux, as shown in Additional 
file 1: Figure S1a. However, as a candidate for the T2 con-
trast agent, iron oxide has the drawback of being prone 
to corrosion and degradation in unpredictable biochemi-
cal environments. FePt NPs have good biocompatibility, 
high chemical, and physical stability, and a low cost to 
increase the saturation magnetization via co-synthetic 
nanocomposites. They can be integrated with MMT to 
achieve a high adsorption performance of the drug. This 
study first processed bulk MMT material via CTAB and 
ultrasound to produce a layered structure. To observe 
the surface morphology of CTAB-modified MMT, scan-
ning electron microscopy (SEM) was used to evaluate the 
form of the particles (Additional file 1: Figure S1b). It was 
determined from the low-magnification images that the 
MMT material is evenly distributed in a layered struc-
ture after modification. Since the CTAB polymer needs 
to be removed from MMT, the calcining process converts 
CTAB to  CO2. After an evaluation with thermogravimet-
ric analysis (TGA), it was confirmed that CTAB was dis-
missed at 500 degrees (Additional file 1: Figure S1c). An 
X-ray powder diffractometer (XRD) was used to analyze 
the crystal structure of the MMT and CTAB-modified 
MMT, as shown in Additional file 1: Figure S1d.

The measured data were then compared with the MMT 
standard map (JCPDS 29-1498). The comparison showed 
that the MMT modified by CTAB has higher characteris-
tic diffraction peaks than the pure MMT at 8.9, 19.6, 34.9, 
and 61.7 degrees. This indicated that the MMT modi-
fied by CTAB is superior in crystallinity to pure MMT. 
In addition to the diffraction peaks of MMT, various 
other diffraction peaks can be seen, caused by impuri-
ties (quartz, muscovite, and feldspar). Functional groups 
on the surface of MMT and CTAB-modified MMT were 
analyzed via Fourier transform infrared spectrometry 
(FTIR). As seen in Additional file 1: Figure S1e, after the 
surface modification of CTAB, the stretching of the Si-O 
bond results in a change in the absorption peak at 1033 
 cm-1, and the absorption band is stretched at 2820−2960 
 cm-1, corresponding to the C–H bond. The peak at 1440 
 cm-1 on the MMR corresponds to the bending of the 
C–H bond, which indicates that long-chain alkyl groups 
are present in the CTAB of the CTAB-modified MMT.

This research uses a simple, easy-to-implement, safe 
and effective method to produce a FePt nanocomposite 
material with magnetic and adsorption properties. Since 
more than half of the biological components in the body 
are water, this work is also intended to improve the dis-
persibility and biocompatibility in a hydrophilic environ-
ment. The FePt nanocomposites for the experiment were 
prepared using a one-pot synthesis. The one-pot synthe-
sis method is chosen because it is simple to use, has a 
large output, and is hoped to produce crystalline materi-
als at low temperatures. It is thus expected that a multi-
functional nanocomposite material with high adsorption 
and magnetic properties can be prepared (Fig.  1a and 
b). First, Fig.  1c and d show the structural analysis of 
FePt@MMT using SEM, Transmission Electron Micros-
copy (TEM), and scanning TEM (STEM). An additional 
STEM gif. file shows this in more detail about the struc-
ture of FePt@MMT [see Additional STEM file 1]. It can 
be seen that FePt NPs are sandwiched between the lay-
ered structures of the MMT. To optimize the concen-
tration gradient of MMT modified for the FePt NPs, we 
chose 3.5, 7, 10.5, 14, and 17.5% for further evaluation. 
The crystal structure of the FePt NPs was analyzed using 
X-ray powder diffraction (XRD), as shown in Fig.  1e, 
compared to MMT and its standard map (JCPDS No. 
43-1359). The prominent diffraction peaks of FePt NPs 
are located at 41.05, 47, 71, and 84 degrees with orien-
tations of (111), (200), (202), and (311), respectively. Due 
to the lack of external energy, synthesized FePt NPs can-
not overcome the activation energy of the ordered phase 
transition. This indicates that a chemically disordered fcc 
Fe-Pt structure with a (111) orientation is formed. With 
varying amounts of MMT in the FePt@MMT nano-
composite, the diffraction peak of MMT was observed 
at 8.9, 19.6, and 23.9 degrees at MMT concentrations 
greater than 7%, and it was concluded that the higher 
the proportion of MMT, the higher the peak intensity. 
FTIR was then used to analyze the surface functional 
groups of the FePt@MMT-CTAB nanocomposites. As 
shown in Fig.  1f, the functional groups are not much 
different from pure FePt NPs or CTAB-modified MMT. 
The change in the absorption peak at 1033  cm-1 is the 
stretching of the Si-O-Si bond. Thus, as the proportion 
of CTAB-modified MMT increases, the absorption peak 
intensity also becomes more vigorous. The thermal sta-
bility of the FePt@MMT-CTAB nanocomposite was 
analyzed via TGA. As shown in Fig.  1g, the weight loss 
of FePt@MMT-CTAB nanocomposites before 100  °C 
is mainly due to the evaporation of physically adsorbed 
water, while the weight loss at 240−400 °C increases with 
an increase in the proportion of MMT-modified CTAB. 
From the results, it can be inferred that the cleavage of 
the surfactant CTAB mainly causes the difference in 
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weight loss. According to previous experimental results, 
the weight loss at 240−400  °C also includes the decom-
position of surface functional groups modified by the 
surfactant oleic acid.

To confirm that the magnetization ability of the FePt 
material will not be affected by the interlayer of MMT to 
produce a shadowing effect, the catalytic efficiency of Pt 
can act as a catalyst in the presence of methanol, which 
causes reduction and oxidation peaks in the cyclic vol-
tammetry (CV) curve according to Eq. 3.

(3)

Oxidation : Pt− (CH3OH)ADS → Pt− (CH2OH)ADS +H
+
+ e

−

Pt− (CH2OH)ADS → Pt− (CHOH)ADS +H
+
+ e

−

Pt− (CHOH)ADS → Pt− (COH)ADS +H
+
+ e

−

Pt− (COH)ADS → Pt − (CO)ADS +H
+
+ e

−

Reduction : Pt − (CO)ADS +OH
−
→ Pt+ CO2 +H

+
+ e

−

An oxidation peak presence of methanol at 0.6~0.75 
V, and methanol can then generate a Pt-CO bond on 
the surface after catalysis via Pt. For the induced poten-
tial by reduction, the peak of CO reduction to  CO2 
desorption occurs at 0.35~0.5 V. As seen in Additional 
file 1: Figures S2a–S2f, the current density of the sam-
ple after adding MMT increases proportionally with 
the amount added. After adding MMT, the relative Pt 
content is presumed to be less than the initial concen-
tration, thus resulting in a relatively lower density of 

Fig. 1 Identification of FePt NPs and the FePt@MMT derivation. a Schematic diagram illustrating how the FePt@MMT‑MIT be prepared. b The 
crystal structure of the FePt@MMT nanocomposite. TEM images of c FePt@MMT NPs and d the relative lattice distance of FePt NPs in FePt@MMT 
e XRD data of different MMT concentration ratios of FePt@MMT. f FTIR and g TGA data show the functionalized CTAB molecules and the sintering 
temperature of CTAB, respectively
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the products. A potentiostat electrochemical analysis 
confirmed that different concentrations of MMT did 
not affect the reaction ability of FePt (Additional file 2).

Magnetic characteristics measurement of FePt NPs 
and FePt@MMT
The magnetic properties of FePt NPs and FePt@MMT 
were measured using a vibrating sample magnetom-
eter. The measurement conditions were at room tem-
perature with an external magnetic field of 16000 Oe 
to -16000 Oe. As shown in Fig. 2a and b, its magnetic 
behavior is paramagnetic, and the amount of magneti-
zation shows a trend of increasing with the addition of 
MMT-modified CTAB. The saturation magnetization 
of the FePt NPs is 14.67 emu/g, which rises to 24.54 
emu/g after a combination with a 10.5% MMT sheet 
(FePt@MMT/10.5%). However, when the proportion 
of MMT increased to 14%, the saturation magnetiza-
tion began to decrease. It is speculated that the reason 
may be that the influence of nonferromagnetic MMT 
has a higher total weight ratio than FePt NPs, resulting 
in a decrease in the saturation magnetization of FePt@
MMT/14.5% to 18.37 emu/g and FePt@MMT/17.5% to 
15.32 emu/g. Analyzing the material with a magnetic 
resonance imager is suitable for use as an MRI imag-
ing agent. In this experiment, the size of the nuclear 
magnetic resonance field was 7T, samples of different 
concentrations were prepared in a 0.5% agar peptizer, 
and the spin-spin relaxation time (T2) of the mate-
rial was measured using a nuclear magnetic resonance 
instrument. The material’s transverse relaxation rate 
(r2) was obtained by plotting the relaxation rate (1/T2) 
against the ion concentration. The FePt NPs and FePt@
MMT/10.5% were first measured at concentrations 
of 0.01, 0.02, 0.04 and 0.08 mg/mL. As seen in Fig. 2c, 
the T2-weighted image darkens as FePt NPs increase, 
which means that the higher the concentration of nano-
particles, the better the contrast imaging effect. Then, 
T2 was converted to 1/T2. As shown in Fig.  2d, lin-
ear regression is performed on 1/T2, and r2 is 41.835 
 mg-1s-1mL, which indicates that Feplatin nanoparticles 
can shorten the transverse relaxation time and reduce 
the effect of magnetic resonance. The signal intensity 
can then be used as a contrast agent for MRI. Next, 
the FePt@MMT/10.5% nanocomposite was measured. 
The T2-weighted image darkens as the concentration 
of FePt@MMT/10.5% increases. This means that the 
higher the concentration of the nanocomposite, the bet-
ter the contrast effect. Then, T2 was converted to 1/T2, 
as shown in Fig.  2e. Linear regression was performed 
on 1/T2, and r2 was obtained as 40.32  mg-1s-1mL. The 
r2 value did not change significantly. The phenomena 
demonstrate although FePt@MMT/10.5% sacrifices the 

number of magnetic nanoparticles, it is due to the satu-
ration magnetization. This amount is higher than that 
of FePt NPs, so it will ultimately enhance the T2 imag-
ing effect of MRI.

Magnetic hyperthermia analysis of FePt NPs and FePt@
MMT
The high-frequency heater can be used to determine 
whether the FePt@MMT nanocomposite can be heated 
up in a short amount of time under the interaction of 
an external magnetic field to a temperature sufficient to 
kill cancer cells. The high-frequency heater used in this 
research has a magnetic field strength of 3.8 kA/m and an 
output frequency of 800 kHz. FePt@MMT was dispersed 
in deionized water at a ratio of 10 mg/mL. It can be 
observed that the heating rate of FePt NPs is the slowest. 
As the proportion of MMT increases, the heating rate of 
other FePt@MMT/10.5% nanocomposites also increases 
significantly, compared with other groups. However, 
since the detection limit of the thermal imager is only 
approximately 50 degrees, it cannot match the value 
obtained by the thermometer in Fig. 3a and b. Based on 
the thermal analysis of the magnetically processed FePt@
MMT/10.5% through a thermal imager, and it can be 
seen that the temperature inside the cuvette rises sharply. 
Next, the increased temperature effect of the prepared 
magnetic FePt@MMT/10.5% is discussed. The slope 
of the change in the temperature recorded in a certain 
period is calculated, which is the degree of increased 
temperature per unit time in Fig. 3c and d. Then, Equa-
tion  2 was used to calculate the magnetic nanocom-
posite material. The heating capacity (SAR) is shown in 
Additional file 1: Table S1, where it can be seen that the 
greater the heating rate, the greater the slope of the sam-
ple, indicating that it can be heated to a higher temper-
ature at the same time. We can determine that we have 
successfully prepared a magnetic FePt@MMT nanocom-
posite material that can quickly heat up to a temperature 
sufficient to kill cancer cells from the above results. It has 
a considerable biomedicine potential to kill cancer cells 
with magnetic hyperthermia.

FePt@MMT drug loading and evaluation experiments
An ultraviolet-visible light absorption spectrometer was 
used to measure the change in different dye concentra-
tions after adding FePt@MMT to judge the ability of the 
sample to adsorb dyes (Additional file 1: Figure S3a). The 
drug-carrying capacity of FePt@MMT was first deter-
mined through the dye adsorption test. We prepared 
20 μg/mL of methylene blue (MB), 50 μg/mL of bril-
liant green (BG), and 50 μg/mL of Congo red (CR) that 
all added 1 mg FePt NPs, FePt@MMT/10.5% and FePt@
MMT/50%. After shaking and placing the samples at 
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Fig. 2 The magnetic physiognomies and composition differences between FePt NPs and FePt@MMT. a The related magnetic properties were 
conducted with a vibrating sample magnetometer and the hysteresis curves analysis of FePt and FePt@MMT. Its magnetic properties were 
16,000 Oe to − 16,000 Oe. Hysteresis curves of different proportions of MMT‑modified CTAB synthesis series were added. Its magnetic behavior 
is paramagnetic. b VSM quantized values. The inflection point of FePt@MMT was about 10.5%. c The T2‑weighted MRI contrast images of FePt 
and FePt@MMT/10.5%. MRI‑related analysis, including T2‑weighted imaging and 1/T2 linear regression between d FePt NPs and e FePt@MMT 
nanocomposites
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room temperature for 10 minutes, magnetic separa-
tion removed the magnetic nanocomposite materials. 
It can be seen in the experimental results that the pure 
FePt NPs have almost no adsorption capacity for dyes 
(Additional file  1: Figures  S3b–S3d). In contrast, after 
adding the MMT layer to each dye, the adsorption per-
centage reached more than 50%, and the BG reached the 
highest value of 62.14%. Moreover, the adsorption per-
centage of FePt@MMT/10.5% reached as high as 65%. 
The highest is 76.07% of MB, as shown in Additional 
file  1: Table  S2. Compared with pure FePt NPs, MMT 
has more fragmented and smaller holes, increasing the 
specific surface area and significantly increasing the 
efficiency and percentage of dye adsorption. However, 

suppose too much MMT is added to prepare the FePt@
MMT/50% nanocomposites. In that case, the multilayer 
MMT may overlap to generate a thick clay layer without 
space interference from FePt particles and make it dif-
ficult for the system to carry dyes or other drug cargos 
(Additional file 1: Figures S3b to S3d). The same experi-
ment was also used to measure the chemotherapeutic 
drug MIT. MIT is an anthraquinone chemotherapy drug 
with a dark blue solution and anti-cancer effects on fast-
growing and slow-growing malignant tumors. It can treat 
breast cancer, liver cancer, acute non-lymphatic leuke-
mia, multiple sclerosis, etc. It is combined with pred-
nisone for second-line treatment of hormone-insensitive 
prostate cancer with distant metastasis. In addition, MIT 

Fig. 3 The magnetic fluid thermal image for FePt@MMT. a, b Temperature‑induced analysis on FePt@MMT nanocomposites reveals the related 
magnetically induced magnetic fluid thermal image, which is captured by an infrared thermal imager c Magnetic heating curves and d the 
temperature of FePt NPs or FePt@MMT (the temperature was detected after heating for 6 min)

(See figure on next page.)
Fig. 4 Analysis of the toxicity and viability of nanocomposites to cells. a The molecular structure of MIT. b PL and PLE of MIT. c The drug loading 
efficiency of FePt@MMT‑MIT. d The endocytosis efficiency of MIT shows the magnetic permeability effect of FePt@MMT‑MIT. The nucleus is shown 
by DAPI (440 nm) staining; MIT is shown by red fluorescence (695 nm). (scale bar: 50 μm) e Fluorescent quantification by flow cytometry. The 
different kinds of nanocomposites were cultured with f Mahalavu and g SKHep1 cells for 48 h to assess the cytotoxicity of FePt, FePt@MMT, and 
FePt@MMT‑MIT
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Fig. 4 (See legend on previous page.)



Page 12 of 16Chan et al. J Nanobiotechnol          (2021) 19:308 

is a drug with fluorescent characteristics that can absorb 
light at 648 nm and has an emission wavelength of 695 
nm (Fig.  4a and b). An ultraviolet-visible light absorp-
tion spectrometer can also obtain data that is consistent 
with the dye-loading analysis. The absorption efficiency 
of FePt@MMT/10.5% for MIT is close to 75% (Fig.  4c). 
Since MIT is the main drug in the subsequent chemo-
therapy process, we use TGA to assist UV-Vis absorp-
tion spectroscopy. Based on Additional file 1: Figure S4a, 
it can be observed that the weight loss of FePt@MMT 
is not obvious because there is no drug loading. FePt@
MMT-MIT loses about 25% more weight than FePt@
MMT, and its thermal sintering curve trend is simi-
lar to that of pure MIT. The FePt@MMT-MIT and MIT 
drug concentrations were adjusted to the approximate 
total amount through the TGA data. The values of drug 
release were analyzed by UV-Vis spectrometer at differ-
ent time points. The releasing curve of MIT, MMT-MIT, 
and FePt@MMT-MIT have been measured in Additional 
file 1: Figure S4b. To make sure the porous structure of 
MMT can cause the release of MIT slower. A slower drug 
release process helps to allow the drug to accumulate at 
the target location. In addition, it can be known from 
the confocal results that FePt@MMT-MIT is affected by 
magnetic force, and bringing drugs to the cells will cause 
cell apoptosis, so the number of cells seen under the field 
of view has decreased. Next, we will analyze the potency 
of FePt@MMT-MIT at the cellular level.

In vitro toxicity analysis with drug tracking and cell 
viability
This experiment was mainly designed to prove whether 
FePt@MMT-MIT can be guided by external magnetic 
forces in a short amount of time, with FePt@MMT-MIT 
entering cells and rapidly accumulating in the cytosol to 
improve the therapeutic effect. FePt@MMT-MIT was 
initially added to the cells at a 50 μg/mL concentration 
in a 12-well dish and immediately guided with a mag-
netic force. After approximately 12 hours, the cells were 
removed for observation. As shown in Fig.  4d, we used 
extra magnetic guidance to help FePt@MMT-MIT accu-
mulate in SKHep1 liver cancer cells, indicating that mag-
netic induction of MIT drug accumulation can be used 
as a cumulative drug in specific tissues or a targeted 
approach for target locations. Moreover, this result was 
also evaluated by flow cytometry (Fig. 4e). Based on the 
cell gating to circle the cell region, FePt@MMT-MIT can 
be guided by a magnetic field to accumulate the drug 
actively. Here we used two types of liver cancer cell lines 
to confirm the therapeutic effect of the FePt@MMT-
MIT nanosystem, namely, Mahlavu (tends to be malig-
nant) and SK-Hep1 (tends to be benign) as HCC cell line 
models. As the HCC cell line with the highest metastatic 

ability, Mahlavu is suitable as a model for establish-
ing orthotopic HCC. However, it may be difficult to 
achieve complete inhibition during the treatment process 
because of its high cell metastasis. In contrast, SKHep1, 
which has a minor tumor tissue, has a better therapeu-
tic effect, which shows that the system can be applied to 
various HCC cell types and provide sound therapeutic 
effects. The 293T cell line was chosen as the normal cell 
control group. We first compared FePt and MMT, which 
had very low toxicity towards those cell lines (Additional 
file 1: Figures S5a, S5c, and S5e). After combining these 
two materials into FePt@MMT nanocomposites with dif-
ferent hybrid ratios, the cytotoxicity remained in a state 
not significantly increased in either cell line (Additional 
file  1: Figures  S5b and S5d). At the same time, we also 
separately measured the cytotoxicity of MIT to these 
three types of cell lines to infer the concentration of IC50. 
In Fig. 4f and g, the cytotoxicity results of FePt@MMT-
MIT on Mahlavu and SK-Hep1 cells were evaluated. 
Related IC50 of FePt@MMT-MIT was measured by serial 
dilution, 83–250 mg/mL for Mahlavu and 27–83 mg/mL 
for SK-Hep1, in which the IC90 results show 250 mg/mL 
with cell proliferation suppression on SK-Hep1 cells due 
to it was more benign than Mahlavu.

Moreover, the 293T as the normal control group was 
also evaluated for the cytotoxicity in Additional file  1: 
Figure S5f. The normal cell demonstrates more sensitive 
results after treating with FePt@MMT-MIT. The IC50 
effect can be measured at a concentration of approxi-
mately 9–27 mg/mL.

In vivo T2‑weight MRI and tumor inhibition analysis
An in vivo mouse experiment was conducted at the 
Genomics Research Center, Academia Sinica. We fol-
lowed the protocol guidelines with our manager insti-
tute, Institutional Animal Care and Use Committee, to 
apply the protocol with passing number 18-03-1202. We 
optimized the dose for all different material concentra-
tions of 10 mg/kg in the animal experiments. Only in the 
T2-weighted MRI data did we use two concentrations to 
compare the difference in contrast. In the T2-weighted 
MRI diagnostic test, FePt@MMT was separately injected 
into mice at different concentrations of 2.5 mg/mL and 
10 mg/mL and then induced by a magnetic field to accu-
mulate in the tumor tissue to demonstrate their magnetic 
characteristics. Clinical 7T MRI imaged mice and differ-
ent views to analyze the liver contrast image, as shown 
in Fig. 5a (coronal slice at y = 0) and Fig. 5b (horizontal 
piece at z = 0). Based on the different segments of the 
body parts, the results in fraction 7 and fraction 8 dem-
onstrate that FePt@MMT can be easily guided into liver 
tissue and actively accumulate in the tumor site under 
magnetic guidance in in vivo whole-body images of 
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Fig. 5 Orthotopic SKHep1 HCC model response to nanocomposites with in vivo I.V. injection. a, b MRI T2‑weighted imaging and transverse images 
showed the injection results with 100 μL of FePt@MMT in PBS (concentration of 10 mg/mL) into mice. c IVIS images show the results of tumors on 
different nanocomposites, including control, MIT, and FePt@MMT‑MIT (The experimental mice were from the same group but arranged differently). 
The mice liver organs were detected with d visual diagrams and e IVIS analysis diagrams. Tumor growth assessment for different treatment groups 
between MFH or MIT treatment, n = 8 per group, including f tumor size evaluated from related IVIS images (*p < 0.05 compared with the control 
group). g Bodyweight continued changes of 5‑week‑old mice and h the survival curve of mice with different groups,i) and H&E staining result. 
Related images were visualized from 5× and 40× . (scale bar: 3 μm and 200 nm)
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NOD-SCID mice and can be marked with a yellow cir-
cle to indicate the tumor site. After applying FePt@MMT, 
the T2-weighted MRI signal of the orthotopic HCC 
tumor became darker. Before injection, the appearance 
of the tumor area could not be observed under an MRI 
analysis, which means that the solid magnetic decay was 
attributed to FePt@MMT, and the dark field imaging of 
FePt@MMT was more evident at a concentration of 10 
mg/mL, indicating that FePt@MMT is a prospective 
comparative reagent for orthotopic liver MRI contrast.

After confirming the diagnostic efficacy of T2-weighted 
MRI, we brought FePt@MMT-MIT into mice and eval-
uated the treatment results. First, we used both the 
Mahlavu and SKHep1 cell lines have been confirmed 
to establish observable animal models in the NOD scid 
gamma (NSG) mouse system. Here we first build to the 
analysis of the SKHep1 group. Since the orthotopic liver 
tumor cannot be directly observed, we used the In Vivo 
Imaging System (IVIS) to evaluate the effect of tumor 
treatment (Fig. 5c). In the fifth week, the mice were sac-
rificed to ensure enough mice for statistical calculations, 
and the liver tissues were excised, as shown in Fig.  5d. 
In the following animal experiment analysis, we divided 
all the experimental groups into four groups: the con-
trol group, the MIT treatment group (drug only), the 
MFH treatment group (FePt@MMT with external mag-
netic treatment but without MIT), and the MFH + MIT 
group (FePt@MMT under external magnetic treatment). 
The first is the analysis and tracking of mouse SKHep1 
tumor images within five weeks. An excellent therapy via 
MFH and MIT was demonstrated with a reduction in 
tumor size and weight by an almost sevenfold decrease 
can be evaluated under IVIS investigation in Fig. 5c and 
f (the IVIS average radiance values decrease from 4×106 
to 3×104 p/s/cm2/sr). After the sacrifice, a significant 
photon count decrease in the removed livers was distrib-
uted in the FePt@MMT-MIT group compared with the 
control, MFH treatment only, and MIT treatment only 
groups (Fig. 5e). The MIT+MFH group is more effective 
in suppressing tumors than the single-drug therapy (MIT 
and MFH) (about 125  mm3). Compared to weight gain in 
other groups, only the MIT group showed a slight weight 
loss, which the I.V. injection may cause, and these results 
support that FePt@MMT-MIT has no significant side 
effects on mice. (Fig. 5g). Kaplan-Meier survival curves of 
mice were also evaluated to track the health of the mice 
in situ. After 10 weeks, the control group mice no longer 
survived without any treatment. Compared with the MIT 
group, the MFH group and FePt@MMT-MIT group 
effectively inhibited the growth of SKHep1 cells and 
reserved the live number of mice from 9 to 12 (Fig. 5h). 
Furthermore, the liver tumor tissues were image through 
the H&E staining. It is noteworthy that a clear cavity 

structure can be observed in the MFH group, which indi-
cates tumor cells may cause necrosis by the heating effect 
and may be using as an alternative treatment for cancer 
and make it easier for chemotherapy-related drugs to 
destroy the remaining cancer cells. The relative curative 
effect after two weeks of treatment was shown in Fig. 5i. 
The tumor suppression ability was evaluated by the size 
of the four groups of tumors.

In addition, we analyzed different kinds of orthotopic 
liver cancer models, where Mahlavu was another treat-
ment target. We compiled the IVIS system in mice every 
week and compared the original data of all the data in 
Additional file 1: Figure S6a to confirm that FePt@MMT-
MIT can also be used in the treatment of the Mahlavu 
cell line. The mouse group using only MIT caused local 
tumor shrinkage, while FePt@MMT material can effec-
tively rely on the growth of tumors with the effect of 
MFH. Unlike the previous two groups, the FePt@MMT-
MIT group might simultaneously inhibit tumor growth 
and prevent its metastasis from entering other tissues. 
We only compare three groups: the control, MIT group, 
and MFH + MIT group, to evaluate this nanosystem on 
the Mahlavu cell line. The liver tissues were also removed 
from the mouse body, and tumor growth was assessed 
via IVIS (Additional file 1: Figure S6b) and H&E staining 
(Additional file  1: Figure S6c). Although the image data 
here shows that the Mahlavu tumor mass on the liver is 
smaller than SKHep1, the whole mouse IVIS data shows 
that Mahlavu cells may have spread to various organs. 
Considering the consistency of results, there is still only 
taken out the liver tissue for comparison. The results 
support that the FePt@MMT-MIT nano-targeted drug 
package can be used as an MFH and MIT-based chemo-
therapy platform targeting Mahlavu cells. Summarizing 
the analysis of animal experiments in mice, FePt@MMT-
MIT nanoplatform has therapeutic effects on both Mahl-
avu and SKHep1 cell lines. The experimental results show 
that FePt@MMT-MIT can almost completely inhibit the 
growth of the SKHep1 cell line. By contrast, the more 
malignant Mahlavu is highly metastatic; therefore, even 
if it has an obvious curative effect in liver tissue, more 
experiments are still needed to evaluate the therapeutic 
effect of the FePt@MMT-MIT system for the transferred 
cells in the future.

Conclusion
This research focused on CTAB used to modify MMT, 
and then FePt@MMT nanocomposites with differ-
ent magnetic properties were synthesized using a one-
pot method, which changed the MMT ratio. Through 
the analysis, the crystal structure, microstructure, 
surface properties, magnetic properties, biocompat-
ibility, adsorption properties, electrochemical properties, 
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magnetocaloric effect, and magnetic resonance imag-
ing were analyzed. Based on the data obtained in this 
study, the following conclusions, including: First, the 
one-pot method makes the prepared FePt@MMT with 
the advantages of low toxicity and high boiling point of 
triethylene glycol. Second, the adjustment of the MMT 
ratio was sufficient to increase the saturation magnetiza-
tion of composite nanomaterials, which benefit magnetic 
hyperthermia and related applications of MRI imaging. 
Third, nanocomposite, the FePt@MMT’s adsorption of 
MIT enables it to enhance the contrast of T2-weighted 
MRI using magnetic separation. Finally, welled magnetic 
and adsorption properties support the FePt@MMT-MIT 
nanocomposite, its potential effects for related treatment 
in biomedical applications.

Syntheses, characterization, and STEM recording data 
of all new compounds and experimental section details. 
Moreover, further in vitro and in vivo results are also pre-
senting in Additional file 1.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12951‑ 021‑ 01052‑7.

Additional file 1. Additional figures and tables. 

Additional file 2. Additional STEM file.

Acknowledgements
The authors would like to express their gratitude to the Institute of Cellular 
and Organismic Biology, Academia Sinica for assisting in the TEM experi‑
ment. The authors would also like to thank Ms. L.W. Lo and Ms. H.F. Tsai of the 
Genomics Research Center, Academia Sinica for helping with confocal micros‑
copy and H&E staining. The authors thank the Taiwan Animal Consortium 
and which is funded by the Ministry of Science and Technology of Taiwan for 
technical support in MRI experiment.

Authors’ contributions
MHC and CNL contributed equally to working the experiment and writing this 
manuscript. MHC, CLC, DHW, and MH designed the research and revised the 
manuscript. MHC, YLC, YCC, and CHL performed specific experiments and 
analyses. MH supervised this study. All authors read and approved the final 
manuscript.

Funding
This study was supported by Genomics Research Center, Academia Sinica 
to Michael Hsiao. Ming‑Hsien Chan was supported by Academia Sinica Out‑
standing Post‑doctoral Fellowship.

Availability of data and materials
The data generated or analyzed during this study are included in the manu‑
script and additional information files.

Declarations

Consent for publication
All authors have approved the final version of the manuscript for submission 
to your esteemed journal. No person’s data was involved in this manuscript.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Genomics Research Center, Academia Sinica, Taipei 115, Taiwan. 2 Department 
of Chemistry, Saint Michael’s College, Colchester, VT 05439, USA. 3 Graduate 
Institute of Manufacturing Technology and Department of Mechanical Engi‑
neering, National Taipei University of Technology, National Taipei University 
of Technology, Taipei 106, Taiwan. 4 Department of Biomedical Imaging 
and Radiological Sciences, National Yang Ming Chiao Tung University, Tai‑
pei 112, Taiwan. 5 Department of Pathology, College of Medicine, Department 
of Pathology, Taipei Medical University, Taipei Medical University Hospital, Tai‑
pei 110, Taiwan. 6 Department of Biochemistry, College of Medicine, Kaohsiung 
Medical University, Kaohsiung 807, Taiwan. 

Received: 18 July 2021   Accepted: 20 September 2021

References
 1. Yan JB, Cao JL, Chen ZY. Mining prognostic markers of Asian hepatocel‑

lular carcinoma patients based on the apoptosis‑related genes. BMC 
Cancer. 2021;21:1.

 2. Sempokuya T, Khoury N, Pattison RJ, Wong LL. Recent trends of Hepato‑
cellular Carcinoma in Asians and Hispanics: seer database study. Hepatol‑
ogy. 2020;72:651a–2a.

 3. Ng K, Wong LWJ, Choo SP, Tai DWM, Tan SH, Ang AJS, Lee JJX. Real‑
world efficacy and safety of immune checkpoint inhibitors in advanced 
hepatocellular carcinoma: Experience of a tertiary Asian center. J Clinical 
Oncology. 2020;38:1.

 4. Eom Y, Kang YM, Kasturi S, Torati SR, Kim C. Phase controlled one‑pot 
synthesis of heterostructured FePt‑Fe3O4 nanocubes with excellent 
biocompatibility. RSC Adv. 2020;10:43480–8.

 5. Chan MH, Hsieh MR, Liu RS, Wei DH, Hsiao M. Magnetically guided 
theranostics: optimizing magnetic resonance imaging with sandwich‑like 
kaolinite‑based iron/platinum nanoparticles for magnetic fluid hyper‑
thermia and chemotherapy. Chem Mater. 2020;32:697–708.

 6. Yang BC, Liu QY, Yao XX, Zhang DS, Dai ZC, Cui P, Zhang GR, Zheng XW, Yu 
DX. FePt@MnO‑based nanotheranostic platform with acidity‑triggered 
dual‑ions release for enhanced mr imaging‑guided ferroptosis chemody‑
namic therapy. ACS Appl Mater Interfaces. 2019;11:38395–404.

 7. Yang MD, Ho CH, Ruta S, Chantrell R, Krycka K, Hovorka O, Chen FR, Lai PS, 
Lai CH. Magnetic interaction of multifunctional core‑shell nanoparticles 
for highly effective theranostics. Advanced Materials. 2018;30:1.

 8. Kostevsek N, Abramovic I, Hudoklin S, Kreft ME, Sersa I, Sepe A, Vidmar J, 
Sturm S, Spreitzer M, Scancar J, et al. Hybrid FePt/SiO2/Au nanoparticles 
as a theranostic tool: in vitro photo‑thermal treatment and MRI imaging. 
Nanoscale. 2018;10:1308–21.

 9. Chen XB, Wei YH, Chen XK, Zhong J, Zou YB, Nie JY. Manganese levels and 
hepatocellular carcinoma A systematic review and meta‑analysis based 
on Asian cohort. Medicine. 2019;98:e16748.

 10. Hassanipour S, Vali M, Gaffari‑Fam S, Nikbakht HA, Abdzadeh E, Joukar 
F, Pourshams A, Shafaghi A, Malakoutikhah M, Arab‑Zozani M, et al. The 
survival rate of Hepatocellular Carcinoma in Asian countries: a systematic 
review and meta‑analysis. EXCLI J. 2020;19:108–30.

 11. Johnson PJ. Very early diagnosis of hepatocellular carcinoma: serological 
approaches. J Pathol. 2019;248:S3–S3.

 12. Chen YP, Lin XY. Are the 5‑hydroxymethylcytosine‑based wd‑scores really 
superior over alpha‑fetoprotein for the early diagnosis of hepatocellular 
carcinoma? Gut. 2020;69:1892–1892.

 13. Cui ZL, Li Y, Gao YN, Kong LY, Lin YF, Chen Y. Cancer‑testis antigen lactate 
dehydrogenase C4 in hepatocellular carcinoma: a promising biomarker 
for early diagnosis, efficacy evaluation and prognosis prediction. Aging. 
2020;12:19455–67.

 14. Lin CY, Li WP, Huang SP, Yeh CS, Yang CM. Hollow mesoporous silica 
nanosphere‑supported FePt nanoparticles for potential theranostic 
applications. J Mater Chem B. 2017;5:7598–607.

 15. Chen YW, Peng YK, Chou SW, Tseng YJ, Wu PC, Wang SK, Lee YW, Shyue 
JJ, Hsiao JK, Liu TM, Chou PT. Mesoporous silica promoted deposition of 
bioinspired polydopamine onto contrast agent: a universal strategy to 
achieve both biocompatibility and multiple scale molecular imaging. 
Particle Particle Syst Charact. 2017;34:1600415.

https://doi.org/10.1186/s12951-021-01052-7
https://doi.org/10.1186/s12951-021-01052-7


Page 16 of 16Chan et al. J Nanobiotechnol          (2021) 19:308 

 16. Jha DK, Saikia K, Chakrabarti S, Bhattacharya K, Varadarajan KS, Patel 
AB, Goyary D, Chattopadhyay P, Deb P. Direct one‑pot synthesis of glu‑
tathione capped hydrophilic FePt‑CdS nanoprobe for efficient bimodal 
imaging application. Mater Sci Eng C. 2017;72:15–424.

 17. Yue LD, Wang JL, Dai ZC, Hu ZF, Chen X, Qi YF, Zheng XW, Yu DX. pH‑
responsive, self‑sacrificial nanotheranostic agent for potential in vivo and 
in vitro dual modal mri/ct imaging, real‑time, and in situ monitoring of 
cancer therapy. Bioconjug Chem. 2017;28:400–9.

 18. Shen EYL, Abellona U, Taylor‑Robinson S, Thursz M, Holmes E, Nicholson J. 
Discovery and validation of plasma acylcarnitines for the early diagnosis 
of hepatocellular carcinoma. Cancer Res. 2019;79:1.

 19. Cong M, Ou XJ, Huang J, Long J, Li T, Liu XE, Wang YH, Wu XN, Zhou JL, 
Sun YM, et al. A predictive model using N‑glycan biosignatures for clinical 
diagnosis of early hepatocellular carcinoma related to hepatitis B virus. 
Omics. 2020;24:415–23.

 20. Cheng K, Shi J, Liu ZX, Jia Y, Qin Q, Zhang H, Wan SQ, Niu ZG, Lu L, Sun JX, 
et al. A panel of five plasma proteins for the early diagnosis of hepatitis 
B virus‑related hepatocellular carcinoma in individuals at risk. Ebiomedi‑
cine. 2020;52:102638.

 21. Frazzoni L, Sikandar U, Metelli F, Sadalla S, Mazzella G, Bazzoli F, Fuccio 
L, Azzaroli F. Hepatocellular carcinoma recurrence after hepatitis C virus 
therapy with direct‑acting antivirals. A systematic review and meta‑
analysis. J Clin Med. 2021;10:1694.

 22. Fan K, Lu C, Shu G, Lv XL, Qiao E, Zhang N, Chen M, Song J, Wu F, Zhao 
Z, et al. Sialic acid‑engineered mesoporous polydopamine dual loaded 
with ferritin gene and SPIO for achieving endogenous and exogenous 
synergistic T2‑weighted magnetic resonance imaging of HCC. J Nanobio‑
technol. 2021;19:76.

 23. Franssen WMJ, Vergeldt FJ, Bader AN, van Amerongen H, Terenzi C. 
Full‑harmonics phasor analysis: unravelling multiexponential trends in 
magnetic resonance imaging data. J Phys Chem Lett. 2020;11:9152–8.

 24. Park W, Chen J, Cho S, Park SJ, Larson AC, Na K, Kim DH. Acidic pH‑trig‑
gered drug‑eluting nanocomposites for magnetic resonance imaging‑
monitored intra‑arterial drug delivery to hepatocellular carcinoma. ACS 
Appl Mater Interfaces. 2016;8:12711–9.

 25. Chen Y, Zhou Q, Li X, Wang F, Heist K, Kuick R, Owens SR, Wang TD. Ultr‑
asmall paramagnetic iron oxide nanoprobe targeting epidermal growth 
factor receptor for in vivo magnetic resonance imaging of hepatocellular 
carcinoma. Bioconjug Chem. 2017;28:2794–803.

 26. Chen J, Zhu S, Tong LQ, Li JS, Chen F, Han YF, Zhao M, Xiong W. Superpara‑
magnetic iron oxide nanoparticles mediated I‑131‑hVEGF siRNA inhibits 
hepatocellular carcinoma tumor growth in nude mice. Bmc Cancer. 
2014;14:1.

 27. Depalo N, Iacobazzi RM, Valente G, Arduino I, Villa S, Canepa F, Laquintana 
V, Fanizza E, Striccoli M, Cutrignelli A, et al. Sorafenib delivery nanoplat‑
form based on superparamagnetic iron oxide nanoparticles magnetically 
targets hepatocellular carcinoma. Nano Res. 2017;10:2431–48.

 28. Chang J, Rumpel H, Kee HCI, Goh LHA, Ng THR, Chow KHP, Ramanujan 
RV, Tan CK. Novel therapeutics in hepatocellular carcinoma‑targeted 
hyperthermia treatment and drug release using superparamagnetic iron 
oxide nanoparticles. J Hepatol. 2007;46:S103–S103.

 29. Kim DH, Tamada Y, Ono T, Bader SD, Rozhkova EA, Novosad V. The Effect 
of Ligands on FePt‑Fe3O4 Core‑Shell Magnetic Nanoparticles. J Nanosci 
Nanotechnol. 2014;14:2648–52.

 30. Liu YM, Yang K, Cheng L, Zhu J, Ma XX, Xu H, Li YG, Guo L, Gu HW, Liu 
Z. PEGylated FePt@Fe2O3 core‑shell magnetic nanoparticles: Potential 
theranostic applications and in vivo toxicity studies. Nanomedicine. 
2013;9:1077–88.

 31. Castaneda RT, Khurana A, Khan R, Daldrup‑Link HE: Labeling Stem Cells 
with Ferumoxytol, an FDA‑Approved Iron Oxide Nanoparticle. Jove-
Journal of Visualized Experiments 2011.

 32. Kostevsek N, Sturm S, Sersa I, Sepe A, Bloemen M, Verbiest T, Kobe S, 
Rozman KZ: "Single‑’’ and "multi‑core’’ FePt nanoparticles: from controlled 
synthesis via zwitterionic and silica bio‑functionalization to MRI applica‑
tions. Journal of Nanoparticle Research 2015, 17.

 33. Chou SW, Shau YH, Wu PC, Yang YS, Shieh DB, Chen CC. In Vitro and in 
Vivo Studies of FePt Nanoparticles for Dual Modal CT/MRI Molecular 
Imaging. J Am Chem Soc. 2010;132:13270–8.

 34. Knez M, Graham RD, Welch RM, Stangoulis JCR. New perspectives on the 
regulation of iron absorption via cellular zinc concentrations in humans. 
Crit Rev Food Sci Nutr. 2017;57:2128–43.

 35. Lai SM, Tsai TY, Hsu CY, Tsai JL, Liao MY, Lai PS: Bifunctional Silica‑Coated 
Superparamagnetic FePt Nanoparticles for Fluorescence/MR Dual Imag‑
ing. J Nanomater 2012, 2012.

 36. Malvindi MA, Greco A, Conversano F, Figuerola A, Corti M, Bonora M, 
Lascialfari A, Doumari HA, Moscardini M, Cingolani R, et al. Magnetic/
silica nanocomposites as dual‑mode contrast agents for combined 
magnetic resonance imaging and ultrasonography. Adv Func Mater. 
2011;21:2548–55.

 37. Gao JH, Liang GL, Cheung JS, Pan Y, Kuang Y, Zhao F, Zhang B, Zhang XX, 
Wu EX, Xu B. Multifunctional yolk‑shell nanoparticles: A potential MRI 
contrast and anticancer agent. J Am Chem Soc. 2008;130:11828–33.

 38. Dallet L, Stanicki D, Voisin P, Miraux S, Ribot EJ. Micron‑sized iron oxide 
particles for both MRI cell tracking and magnetic fluid hyperthermia 
treatment. Scientific Reports. 2021;11:1.

 39. Hu Z, Dai Z, Hu X, Yang B, Liu Q, Gao C, Zheng X, Yu Y. A facile preparation 
of FePt‑loaded few‑layer MoS2 nanosheets nanocomposites (F‑MoS2‑
FePt NCs) and their application for colorimetric detection of H2O2 in 
living cells. J Nanobiotechnol. 2019;17:38.

 40. Abdelhamid HN, Kumaran S, Wu H‑F. One‑pot synthesis of CuFeO2 
nanoparticles capped with glycerol and proteomic analysis of their 
nanocytotoxicity against fungi. RSC Adv. 2016;6:97629–35.

 41. Abdelhamid HN, Lin YC, Wu H‑F. Magnetic nanoparticle modified chi‑
tosan for surface enhanced laser desorption/ionization mass spectrom‑
etry of surfactants. RSC Adv. 2017;7:41585–92.

 42. Niu SW, Williams GR, Wu JR, Wu JZ, Zhang XJ, Zheng H, Li SD, Zhu LM. 
A novel chitosan‑based nanomedicine for multi‑drug resistant breast 
cancer therapy. Chem Eng J. 2019;369:134–49.

 43. Wei Z, Liang PP, Xie JQ, Song CH, Tang CC, Wang YF, Yin XT, Cai Y, Han W, 
Dong XC. Carrier‑free nano‑integrated strategy for synergetic cancer anti‑
angiogenic therapy and phototherapy. Chem Sci. 2019;10:2778–84.

 44. Wang Q, Zhang XY, Liao HZ, Sun Y, Ding L, Teng YW, Zhu WH, Zhang 
ZR, Duan YR. Multifunctional shell‑core nanoparticles for treatment 
of multidrug resistance hepatocellular carcinoma. Adv Funct Mater. 
2018;28:1706124.

 45. Koerner H, Hampton E, Dean D, Turgut Z, Drummy L, Mirau P, Vaia R. 
Generating triaxial reinforced epoxy/montmorillonite nanocomposites 
with uniaxial magnetic fields. Chem Mater. 2005;17:1990–6.

 46. Tokarcikova M, Seidlerova J, Motyka O, Zivotsky O, Drobikova K, Kutlakova 
KM. Easy and low‑cost preparation method of magnetic montmorillon‑
ite/FexOy composite: initial study for future applications. Monatshefte Fur 
Chemie. 2020;151:1–10.

 47. Soule MEZ, Barraque F, Morantes CF, Flores FM, Fernandez MA, Sanchez 
RMT, Montes ML. Magnetic nanocomposite based on montmorillonite, 
Fe oxides, and hydrothermal carbon: synthesis, characterization and pol‑
lutants adsorption tests. Materialia. 2021;15: 100973.

 48. Akar ST, Ozdemir I, Sayin F, Akar T. Adsorption of diazo dye from aqueous 
solutions by magnetic montmorillonite composite. Clean‑Soil Air Water. 
2021;49:2000165.

 49. Foroutan R, Mohammadi R, MousaKhanloo F, Sahebi S, Ramavandi B, 
Kumar PS, Vardhan KH. Performance of montmorillonite/graphene 
oxide/CoFe2O4 as a magnetic and recyclable nanocomposite for 
cleaning methyl violet dye‑laden wastewater. Adv Powder Technol. 
2020;31:3993–4004.

 50. Rahmani S, Zeynizadeh B, Karami S. Removal of cationic methylene blue 
dye using magnetic and anionic‑cationic modified montmorillonite: 
kinetic, isotherm and thermodynamic studies. Applied Clay Science. 
2020;184:105391.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Magnetically guided theranostics: montmorillonite-based ironplatinum nanoparticles for enhancing in situ MRI contrast and hepatocellular carcinoma treatment
	Abstract 
	Introduction
	Materials and methods
	Materials
	Preparation of CTAB-modified MMT
	Synthesis of FePt NPs
	Synthesis of FePt@MMT nanocomposites
	Synthesis of the FePt@MMT-MIT drug-carrier nanoplatforms
	Magnetic vibration and MRI analysis
	Magnetic fluid hyperthermia (MFH) analysis
	Potentiostat electrochemical detection
	In vitro cell viability and cytotoxicity analysis
	Cellular uptake and localization analysis
	In vivo therapeutic effect
	Tissue staining sections

	Results and discussion
	Materials identification
	Magnetic characteristics measurement of FePt NPs and FePt@MMT
	Magnetic hyperthermia analysis of FePt NPs and FePt@MMT
	FePt@MMT drug loading and evaluation experiments
	In vitro toxicity analysis with drug tracking and cell viability
	In vivo T2-weight MRI and tumor inhibition analysis

	Conclusion
	Acknowledgements
	References




