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In recent years, more and more researches have focused on tumor photothermal

therapy and chemodynamic therapy. In this study, we prepared a multifunctional

nanomaterial with potential applications in the above area. The Fe3O4 nanoparticles were

synthesized with suitable size and uniformity and then coated with mesoporous silica and

polydopamine. The unique core-shell structure not only improves the drug loading of

the magnetic nanomaterials, but also produces high photothermal conversion efficiency.

Furthermore, the reducibility of polydopamine was found to be able to reduce Fe3+ to

Fe2+ and thus promote the production of hydroxyl radicals that can kill the tumor cells

based on the Fenton reaction. Themagnetic nanomaterials are capable of simultaneously

combining photothermal and chemodynamic therapy and permit the efficient treatment

for tumors in the future.
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INTRODUCTION

Cancer is one of the leading causes of death in the world, especially malignant tumors, which
poses a great threat to the safety of human life (Siegel et al., 2016). As a delivery system for
therapeutic drugs, nanocarriers show a huge potential in cancer treatment. With the continuous
development of nanotechnology, the genetic and drug loading capabilities of nanomaterials have
received widespread attention (Jia et al., 2015). It has been a continuous effort to explore the novel
preparation methods of nanomaterials for the effective therapy of tumors in the future (Qin et al.,
2017). However, up to now, only a limited number of nanocarriers have been successfully used
in the clinical treatment of cancer (Bulbake et al., 2017), because many nanocarriers either have
a low drug-carrying capacity or have difficulty to efficiently reach the tumor site (Jia et al., 2015).
The ideal nanocarrier should have a high drug loading efficiency and a suitable size, which can
accurately transport the drug to the target area in the body for controlled release (Liu et al., 2014;
Bose et al., 2016; Li et al., 2018).

In recent years, more and more functional materials have been introduced into the
nanotechnology, and many new treatment methods have emerged, such as photothermal therapy
(PTT), magnetocaloric therapy, and chemodynamic therapy (CDT) (Du et al., 2017; Chen et al.,
2019; Wu et al., 2019; Zhou et al., 2020). These new treatments have greatly expanded the
application of nanocarriers in the treatment of tumors. PTT is a new type of therapy with
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FIGURE 4 | (A) UV-Vis-NIR spectra of FMPBs with different concentrations; (B) the concentration-dependent temperature curve of FMPBs dispersion during the

irradiation of 808-nm laser for 500 s (power density: 1 W/cm2); (C) corresponding thermal imaging of (B); (D) recycling heating profiles of FMPBs; (E) power

density-dependent temperature curve of 1 mg/mL FMPBs during 500 s of 808-nm laser irradiation; (F) corresponding thermal imaging of (E); (G) time constant of

FMPBs heat transfer under laser irradiation; (H) steady-state heating curves of FMPBs and distilled water; (I) photothermal conversion profiles of FMPBs dispersed in

water after 15 days.

experiments show that the synthesized FMPBs have a good effect
in the Fenton reaction and provide good prospects for the TME-
specific CDT of tumors.

Photothermal Conversion Performance
Many studies have shown that PDA with good biocompatibility
and adhesion can effectively absorb NIR lasers (Maziukiewicz
et al., 2019; Tiwari et al., 2019) and efficiently transform light into
heat (Liu et al., 2014; Lin et al., 2018; Chen et al., 2019). Therefore,
we studied the light absorption behavior of FMPBs to determine
their photothermal conversion ability for PTT of tumors
(Maziukiewicz et al., 2019). In the NIR region, FMPBs show
absorption of light, and the absorption increases with increasing
material concentration (Figure 4A). To study the photothermal
properties of FMPBs, we select 808-nm laser to irradiate FMPBs
with different concentrations. It was found that the heating rate

of the solution increased as the concentration of the FMPBs
solution increased. When the concentration of FMPBs is 0.25,
0.5, and 1 mg/mL respectively, the temperature of nanomaterials
increases rapidly at 10◦, 12.5◦, and 22◦C under laser irradiation
in 500 s (Figure 4B). However, when the material concentration
drops to 0, the temperature change is not obvious. We then
collected the temperature corresponding photographs of the
infrared thermal image, which further provide the evidence
of the temperature change of FMPBs (Figure 4C). When the
concentration of FMPBs in the solution is 1 mg/mL, the 1T
was 3◦, 10◦, 17◦, and 23◦C when the laser intensity was 0.2,
0.5, 0.8, and 1.0 W/cm2, respectively (Figure 4E). Figure 4F
further provides evidence of temperature changes. We further
investigated the photothermal stability of FMPBs. After five
NIR laser on/off cycles, there is no significant difference in 1T,
which proves that FMPBs have a good photothermal stability
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FIGURE 5 | (A) Cell viability after incubating HT29 cells with different concentrations of FMPBs for 48 h; (B) hemolytic ratio of FMPBs with different concentrations; (C)

the staining morphology of HT29 cells treated with different concentrations of FMPBs, corresponding to (A); (D) digital images of centrifuged mRBCs incubated with

different concentrations of FMPBs: (1) water, (2) PBS, (3) 0.5 mg/mL, (4) 1 mg/mL, (5) 1.5 mg/mL, and (6) 2 mg/mL.
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FIGURE 6 | (A) Drug loading efficiency of 1 mg/mL FMPBs at different DOX concentrations; (B) in vitro drug DOX release curve of FMPBs in buffer solutions with

different temperature/pH; (C) cell viability of HT29 cells after different therapy (* with H2O2 in DMEM); (D) digital images of live or dead HT29 cells corresponding to

(C): (1 and 2) control, (3) DOX@FMPBs, (4) FMPBs + H2O2, (5) FMPBs + NIR, (6) DOX@FMPBs + H2O2 + NIR.

(Figure 4D). Using 808-nm laser with a power density of 0.8
W/cm2, the heating transfer time was calculated to be 257.7 s
(Figure 4G), and the photothermal conversion efficiency was
26.8% (Figure 4H). Interestingly, the temperature of FMPBs
stored at room temperature for 15 days with low-power laser
(0.8 W/cm2) irradiation still increased by 13◦C within 10min,
showing that the material still has good photothermal efficiency
after being left for a long time (Figure 4I).

In vitro Cytocompatibility Examination and
Hemocompatibility
We investigated the biocompatibility of FMPBs. As shown in
Figure 5A, HT29 was incubated with 0.25 mg/mL FMPBs for
48 h, and its cell viability was 99.12% ± 0.79%. When the
concentration of FMPBs increased to 1 mg/mL, the cell viability
reached 95.65 ± 1.44%. Figure 5C is the photograph of cell
morphology after coincubation corroborating the cell viability
assay, which indicates that FMPBs have good biocompatibility.
Then, the hemolysis experiment was performed to further
evaluate the safety of FMPBs in the clinical application. In this

experiment, the hemolysis rate of mRBCs treated with water and
PBS was set as 100 and 0%, respectively. As can be seen from
the Figure 5B, with different concentrations of FMPBs, the HP
is 2.73 ± 0.15%, 2.87 ± 0.21%, 2.85 ± 0.23%, and 3.12 ± 0.21%
when FMPB concentrations are 0.5, 1.0, 1.5, and 2.0 mg/mL,
respectively. The result of HPs is all less than 5%, indicating that
the FMPBs have good blood compatibility. The mRBCs after the
centrifugation (Figure 5D) further prove the above conclusion.

Drug Loading and Release
The porous structure of FMPBs can be used to encapsulate
various drug molecules, such as DOX. By dispersing FMPBs
and DOX in water, this simple method also easily loads
drug molecules into the pores of the material. The drug
loading efficiency of nanoparticles was studied. When the drug
concentration increased from 0.1 to 1 mg/mL, the loading
efficiency of DOX increased from 14.17 ± 7.59% to 79.31 ±

0.003% (Figure 6A). Meanwhile, the drug loading percentage
was calculated. As can be seen from Figure S9, as the DOX
concentration continuously increased from 100µg/mL to 1
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mg/mL, the drug loading percentage increased from 1.28 ±

0.006% to 39.65 ± 1.56%. According to the results of the above
experiments, 1 mg/mL DOX and 1 mg/mL FMPBs were selected
to achieve the optimal loading concentration of nanoparticles.

In the study of the pH and temperature-responsive drug
release, it was found that the rate of drug release in acidic
solutions (pH 6.4) is greater than that in neutral solutions (pH
7.4, Figure 6B). Similarly, the rate of drug release in a solution
with a temperature of 47◦C is greater than a temperature of
37◦C, and the drug release rate increases significantly to 51.8
± 0.1% at 47◦C. In the normal cell environment (pH 7.4,
T = 37◦C), the percentage of DOX released was 36 ± 1.5%
(48 h), whereas the percentage of DOX released in the acidic
environment was 44 ± 1.4%. The pH response of the FMPB
experiment can be considered to the better solubility of the drug
in an acidic environment. The temperature response is because
the higher temperature increases the thermal motion of the DOX
molecule. The DOX release kinetics that relies on the NIR/pH
makes FMPBs provide it with a good opportunity to enhance
tumor chemotherapy.

In vitro Tumor Therapy
To investigate the in vitro tumor therapy of FMPBs, we validated
the influence of DOX@FMPBs on the viability of HT29 cells
in vitro (Figures 6C,D). To mimic the endogenous redox and
acid nature of TME, H2O2 (the final concentration of 10mM)
and HCl (the final pH of 6.4) were added in the DMEM. The
concentration of FMPBs was 0.25 mg/mL in all the experiments.
As can be seen from Figure 6C, the viability of HT29 cells
treated with DOX@FMPBs decreased to 3.95 ± 1.89% after
24 h, indicating that DOX has released from FMPBs in vitro.
After incubating with FMPBs and H2O2, the viability of HT29
cells decreased to 3.84 ± 1.14% after 24 h, showing that the
FMPBs have reacted with H2O2 and produced ·OH to kill tumor
cells. With laser irradiation (1 W/cm2, 5min), the viability of
HT29 cells was 41.53 ± 2.37%, while combined with CDT,
PTT, and chemotherapy, all of the HT29 cells had been killed.
Figure 6D further supports the cell-killing outcome, where the
living cells showing green fluorescence and dead cells are red.
These experiments indicate that the FMPBs have an obvious in
vitro tumor CDT, PTT, and chemotherapy capability.

CONCLUSIONS

In summary, FMPB nanomaterials with high biocompatibility
and good magnetic properties were synthesized by a layer-
by-layer coating of Fe3O4. It was found that FMPBs gave a

photothermal efficiency of 26.8% and a drug loading efficiency
of 79.31 ± 0.003%. PDA was found to play a key role in the
entire nanoparticle formation. The high photothermal capability
of the nanoparticles not only achieves the heat-induced release
by irradiating drug-loaded FMPBs, but also kills tumor cells by
increasing the temperature. Meanwhile, the reducibility of the
PDA can be utilized to reduce the Fe3+ in the Fenton reaction
to Fe2+. The produced Fe2+ can react with H2O2 in TME and
release ·OH to kill tumor cells. Therefore, the structural feature
of MSN, the photothermal and the reducibility characteristics of
PDA, and the biocompatibility of BSA are integrated into the
one nanomaterial, which is anticipated to further promote the
development of the precise cancer treatment.
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