
O R I G I N A L  R E S E A R C H

Magnetite Fe3O4 Nanoparticles Enhance Mild 
Microwave Ablation of Tumor by Activating the 
IRE1-ASK1-JNK Pathway and Inducing Endoplasmic 
Reticulum Stress

Shuai Li1,* 
Yi Liu1,* 
Xinyi Liu2,* 
Bin Lan1 

Wanwan Li1,2 

Fang Guo1

1Key Laboratory of Systems Biomedicine 
(Ministry of Education), Shanghai Center 
for Systems Biomedicine, Shanghai Jiao 
Tong University, Shanghai, 200240, 
People’s Republic of China; 2State Key 
Laboratory of Metal Matrix Composites, 
School of Materials Science and 
Engineering, Shanghai Jiao Tong 
University, Shanghai, 200240, People’s 
Republic of China  

*These authors contributed equally to 
this work  

Purpose: With the development of nanomedicine, microwave ablation enhanced by multi-
functional nanoplatforms has been widely studied for synergistic cancer therapy. Though 
scientists have got a lot of significant achievements in this field, the detailed molecular 
mechanisms and potential targets of microwave ablation enhanced by multifunctional nano-
platforms still need further exploration. In this study, we found that a kind of magnetite 
Fe3O4 nanoparticles (Fe3O4 NPs) could induce severe endoplasmic reticulum stress and 
activate cancer apoptosis under the irradiation of mild microwave.
Methods: In this study, plenty of studies including cell immunofluorescence, mitochondrial 
membrane potential, electron microscopy, atomic force microscopy and microwave ablation 
in vivo were conducted to explore the molecular mechanisms and potential targets of 
microwave ablation enhanced by the Fe3O4 NPs.
Results: The IRE1-ASK1-JNK pathway was strongly activated in A375 cells treated with 
both Fe3O4 NPs and mild microwave. The endoplasmic reticulum of the A375 cells was 
significantly dilated and exhibited ballooning degeneration. By investigating the mitochon-
drial membrane potential (ΔΨm), we found that the mitochondria of cancer cells had been 
significantly damaged under microwave treatment coupled with Fe3O4 NPs. In addition, 
melanoma of B16F10-bearing mice had also been effectively inhibited after being treated 
with Fe3O4 NPs and microwave.
Conclusion: In this study, we found that a kind of magnetite Fe3O4 nanoparticles could 
induce severe ER stress and activate cancer apoptosis under mild microwave irradiation. 
Apparent apoptosis had been observed in the A375 cells under a scanning electron micro-
scope and transmission electron microscope. Moreover, melanoma had also been inhibited 
effectively in vivo. As a result, the endoplasmic reticulum stress is a promising target with 
clinical potential in nanomedicine and cancer therapy.
Keywords: microwave ablation, ER stress, apoptosis, magnetite Fe3O4 nanoparticles

Introduction
In recent years, biomaterials are in the spotlight.1 Microwave ablation enhanced by 
multifunctional nanoplatforms has been widely studied for synergistic cancer ther-
apy. For instance, in Long’s study, multifunctional nanoplatforms have been 
designed for enhanced tumor microwave ablation by loading phase change materi-
als (PCMs), doxorubicin hydrochloride (DOX), and ionic liquids (ILs) into ZrO2 
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hollow nanoparticles.2 However, the detailed molecular 
mechanisms and potential targets of microwave ablation 
enhanced by multifunctional nanoplatforms still need 
further exploration.

The endoplasmic reticulum (ER) is a network of flattened 
sacs and branching tubules that governs the processing, fold-
ing, and synthesis of over a third of all cellular proteins. Many 
conditions that impose stress on cells, including starvation, 
hypoxia, loss of calcium homeostasis, and so on, promote ER 
stress.3–6 To restore homeostasis, the cellular response 
involves the activation of sensors transducing signaling cas-
cades. This is known as the unfolded protein response (UPR). 
Central to the UPR are the sensors activating transcription 
factor 6 (ATF6), protein kinase RNA-activated (PKR)-like 
ER kinase (PERK), and inositol requiring enzyme 1 (IRE1). 
Of which, IRE1 activates the most conserved UPR signaling 
branch. If the severe ER stress cannot be attenuated or the 
homeostasis cannot be restored, terminal UPR will be trig-
gered, which leads to apoptosis. As a result, ER stress is 
a potential target for cancer therapy.7

In this study, we found that a kind of magnetite 
Fe3O4 nanoparticles (Fe3O4 NPs) could induce severe 
ER stress and activate cancer apoptosis under mild 
microwave irradiation (Scheme 1).8 The IRE1-ASK1- 
JNK pathway was strongly activated in A375 cells trea-
ted with both Fe3O4 NPs and mild microwave. The ER 
of those cells was significantly dilated and exhibited 
ballooning degeneration due to severe stress. Severe 
ER stress finally induces terminal UPR which triggers 
intrinsic apoptosis. Through scanning electron micro-
scope, transmission electron microscope, and atomic 
force microscope, the dynamic membrane changes of 
apoptosis of the A375 cells were captured. After being 
exposed to Fe3O4 NPs and microwave for 20 min, 
wrinkled cells covered with membrane blebbing and 
apoptotic body were found, indicating apoptosis had 
been fully activated. Moreover, mitochondria play an 
important role in intrinsic apoptosis. Apoptosis will be 
activated when the mitochondrial membrane is damaged 
and then cytochrome c is released into the cytosol. In 
this study, by investigating the mitochondrial membrane 
potential (ΔΨm), we found that the mitochondria of 
cancer cells had been significantly damaged under 
microwave treatment coupled with Fe3O4 NPs. 
Meanwhile, under the TEM, we also observed the dis-
appearance of mitochondrial cristae and abnormal mito-
chondrial membrane swelling and rupture. In addition, 
melanoma of B16F10-bearing mice had also been 

effectively inhibited after being treated with Fe3O4 NPs 
and microwave. Owing to the mild microwave, the treat-
ment in this study may cause less damage to normal 
tissues adjacent to cancer. In summary, our results 
demonstrate that ER stress is a promising target with 
clinical potential in nanomedicine and cancer therapy.

Experimental Section
Materials
Tri-sodium citrate dihydrate was bought from Sigma- 
Aldrich (Shanghai) Trading Co. Ltd. (Shanghai, China). 
FeCl3·6H2O was obtained from the Instrumental Analysis 
Center of Shanghai Jiao Tong University (Shanghai, 
China). Phospho-ASK1 (Thr838) antibody (AF8096) was 
obtained from Affinity (Cincinnati, OH, USA). Anti-IRE1 
(phosphor S724) antibody (ab48187) and Anti-JNK1 
(phosphor T183 + Y185) antibody were obtained from 
Abcam (Cambridge, MA, USA). DAPI was bought from 
Roche. Neutral resin, osmic acid, and glutaraldehyde were 
obtained from the Instrumental Analysis Center of 
Shanghai Jiao Tong University. A375 cells and B16F10 
cells were obtained from the Key Laboratory of Systems 
Biomedicine (Ministry of Education). C57BL/6 mice were 
bought from the Laboratory Animal Center of Shanghai 
Jiao Tong University. Mitochondrial membrane potential 
assay kit with JC-1 was bought from Beyotime (Shanghai, 
China).

Cell Immunofluorescence
A375 cells were treated with PBS, microwave, Fe3O4, or 
Fe3O4 + microwave, respectively. The microwave irradia-
tion time is 10 min (2450 MHz, 2 W) and the concentra-
tion of Fe3O4 is 30 μg/mL. The treated A375 cells in each 
group were fixed with 4% paraformaldehyde for 30 min at 
room temperature and then incubated in 0.1% PBS-Tween 
for 8 min to permeabilise the cells. Then, the cells were 
incubated in 10% BSA for 1 h. The cells then were 
incubated with primary antibody overnight at 4 °C. Then 
the cells were incubated with secondary antibody for 2 h at 
room temperature. DAPI was used to stain the cell nuclei. 
A confocal laser scanning microscope (Nikon, A1Si) was 
used to observe the cells.

Mitochondrial Membrane Potential
JC-1 assay was used to measure the mitochondrial mem-
brane potential of cells in each group. The treated cells 
were incubated with JC-1 for 20 min at 37 °C, and then 
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washed with PBS. DAPI was used to stain the cell nuclei. 
The cells were observed under a confocal laser scanning 
microscope (Nikon, A1Si).

Cell Culture
Human melanoma cell-line A375 was cultured in DMEM 
medium in a 5% CO2 humidified atmosphere at 37 °C. The 
medium was supplemented with 10% FBS (Gibco).

Electron Microscopy
For TEM, cells were fixed with 2.5% glutaraldehyde, 
rinsed with PBS, postifixed in 1% osmium tetroxide, 
dehydrated through a graded series of ethanol (50– 
90%), and embedded in resin for 48 h at 60 °C. 
Ultrathin sections were observed under a transmission 
electron microscope (Thermo Scientific, Talos 
L120C G2).

Scheme 1 Fe3O4 nanoparticles could induce severe endoplasmic reticulum stress and activate cancer apoptosis under the irradiation of mild microwave.
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For SEM, cells were fixed with 2.5% glutaraldehyde 
and dehydrated through a graded series of ethanol (50– 
100%). Then, the cells were dried in a critical point dryer 
(Leica, EM CPD300). The cells were observed under 
a Raman imaging combined with emission scanning elec-
tron microscope (TESCAN, MAIA3 GMU).

Atomic Force Microscopy
A375 cells treated with Fe3O4 were irradiated by micro-
wave (2450 MHz, 2 W) for different time periods (5, 10, 
15, and 20 min). Then, the cells were fixed with 2.5% 
glutaraldehyde and observed by an atomic force micro-
scope (BRUKER, FastScan).

Microwave Ablation in vivo
Six- to eight-week-old female C57BL/6 mice were raised with 
free access to food and water. Tumor models were established 
by subcutaneously injecting 5.0×105 B16F10 cells into 
C57BL/6 mice. B16F10 tumor-bearing mice (tumor size in 
any direction not exceeding 10 mm) were randomly divided 
into the following three treatment groups: PBS, microwave, 
and Fe3O4 + microwave. The Fe3O4 NPs were injected into 
the mice via the tail vein, and injection dose was 50 mg/Kg. 
Twelve-hour post-injection, the mice in the microwave and 
microwave + Fe3O4 group were irradiated by means of 
a microwave antenna for 25 min (4 W, 2450 MHz). The 
body weight and tumor size were recorded daily. The repre-
sentative tumors of mice in each group were recorded by 
a multi-mode ultrasound imaging system (Fujifilm 
VisualSonics, VEVO LAZR-X) on day 0, day 6 and day 12. 
The tumors were reconstructed in three dimensions. On day 
12, the distribution of blood vessels in tumors was observed by 
the multi-mode ultrasound imaging system (Fujifilm 
VisualSonics, VEVO LAZR-X). All animal experiments 
were governed by the Regulations of Experimental Animals 
of Shanghai Jiao Tong University (ethics approval number: 
202004034, granted by Shanghai Jiao Tong University).

Synthesis of Magnetite Fe3O4 Particles
Tri-sodium citrate dihydrate (0.20 g) and FeCl3·6H2 

O (1.08 g) were dissolved in ethylene glycol (20 mL); 
then, NaAc (1.20 g) was added with stirring. The mixture 
was sealed in an autoclave after being stirred for 60 min. 
The autoclave was heated at 200 °C for 10 h and then 
allowed to cool to room temperature. The products were 
washed with water for 5 times.

Statistical Analysis
The statistical significance for all tests was set at 
*p < 0.05. All results were expressed as the mean±S.D.

Results and Discussion
Characteristics of Fe3O4 NPs
Through the scanning electron microscopy, we find that the 
Fe3O4 NPs obtained have a nearly spherical shape (Figure 1A 
and B). The surface of the Fe3O4 NPs is uneven. Owing to the 
uneven surface, the Fe3O4 NPs may enhance the ion confine-
ment, enhancing the effect of the mild microwave.9–11 The 
diameter of the particles mainly ranges from 130 nm to 200 
nm, which helps them target the tumor tissue through 
enhanced permeability and retention effect (EPR effect).12,13 

A TEM image shows that the nanoparticles are loose clusters 
(Figure 1C). The magnetization saturation value (Ms) of the 
Fe3O4 NPs is 74.7 emu/g (Figure 1D). The intense magnetism 
may interfere with the ion homeostasis of ER in cancer cells, 
resulting in ER stress.

In vivo Acute Toxicity Evaluation
It is crucial that the Fe3O4 NPs should not interfere with normal 
cells. Consequently, HE staining assay and transmission elec-
tron microscopy were used to investigate the biosafety of the 
Fe3O4 NPs. As shown in Figure 1E and F, histological sections 
and TEM images of major organs of mice (heart, liver, spleen, 
lung, and kidney) exhibit no significant abnormities. For 
instance, the syncytial arrangement of the fibers and interca-
lated disc can be found in myocardial cells. In this study, ER is 
the main targeted organelle. As a result, transmission electron 
microscopy was used to further explore nanomaterials’ effect 
on ER in normal tissue cells. The ER of major organs (heart, 
liver, spleen, lung, and kidney) exhibited parallel stacked 
arrangement, with ribosomes covering the exterior surface. 
These findings indicate that the ER of normal tissue can 
tolerate the stimuli from the Fe3O4 NPs. Different from the 
highly proliferative state of tumor, the proliferation of normal 
tissue is stable. Accordingly, compared to the tumor, the load of 
ER of the normal tissue was much lower.14,15 As a result, the 
ER in normal tissue may tolerate the mild stimuli from the 
Fe3O4 NPs. In conclusion, the Fe3O4 NPs in this study exhibit 
good biocompatibility.

The Activation of the IRE1-ASK1-JNK 
Pathway
The ER is a network of flattened sacs and branching tubules 
that governs the processing, folding, and synthesis of over 
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a third of all cellular proteins.15 Many conditions that impose 
stress on cells, including starvation, hypoxia, loss of calcium 
homeostasis, changes in secretory needs and so on, promote 
ER stress. The cellular response involves the activation of 
sensors transducing signaling cascades aiming to restore 
homeostasis. This is known as the unfolded protein response 
(UPR). Central to the UPR are the sensors activating tran-
scription factor 6 (ATF6), protein kinase RNA-activated 
(PKR)-like ER kinase (PERK), and inositol requiring 

enzyme 1 (IRE1). Of which, IRE1 activates the most con-
served UPR signaling branch.3 In Huo’s study, they found 
that silver nanoparticles can activate the IRE1 signaling 
pathway in cell and mouse models.16 IRE1 activates ASK1 
and its downstream protein JNK, and JNK can induce intrin-
sic apoptosis by inhibiting Bcl-2.17,18 As a result, we used 
immunofluorescence to investigate the activation of the 
IRE1-ASK1-JNK pathway in A375 cells treated with 
Fe3O4 and microwave. As shown in Figure 2A, the IRE1- 

Figure 1 (A and B) Fe3O4 NPs imaged by SEM. (C) Fe3O4 NPs imaged by TEM. (D) Magnetization value of the Fe3O4 NPs. (E and F) In vivo acute toxicity evaluation of the 
Fe3O4 NPs (100 mg/Kg, tail vein injection, 72 h). I: control group. II: Fe3O4 group. The red arrows indicate endoplasmic reticulum.
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ASK1-JNK pathway in the control group is hardly activated. 
However, weak fluorescence was found in the Fe3O4 group 
(Figure 2A), indicating that the IRE1-ASK1-JNK pathway 
had been slightly activated. Because cancer cells suffer more 
unfavorable factors than normal cells and are highly prolif-
erating, their ER is more vulnerable.3,4,6 Consequently, the 
ER may be a potential target for cancer therapy. In Yang’s 
study, cuprous oxide nanoparticles disrupt copper transporta-
tion via regulating the copper chaperone proteins ATOX1 
and CCS in renal cell carcinoma cells and induce ER stress.19 

As a result, the ER of A375 cells may be interfered by 
nanomaterials, and the UPR had been slightly activated. In 
the microwave group (Figure 2A), relatively strong fluores-
cence was observed. This suggests that the IRE1-ASK1-JNK 
pathway had been activated. In Long’s study, they found that 
biomembranes could act as oscillating electric dipoles under 
microwave irradiation. The microwave passing through the 
membrane will lead to electronic vibrations and 
polarization.2 The ER is formed by the folding of the bio-
membrane and may also be disturbed by the wave. As 
a result, the activation of the IRE1-ASK1-JNK pathway 
may be attributed to that the microwave interfered with the 
ER and protein folding. As we expected, in the Fe3O4 and 
microwave group (Figure 2A), we can find strong fluores-
cence. This indicates that the IRE1-ASK1-JNK pathway had 
been strongly activated. This may be attributed to the syner-
gistic effect of the Fe3O4 NPs and microwave. The persistent 
microwave stimuli and interference of nanoparticles induced 
severe ER stress. It was hard for the ER to restore home-
ostasis, so the UPR was strongly activated. Since the severe 
ER stress could not be attenuated, terminal UPR was trig-
gered and led to apoptosis.

Morphological Changes of Endoplasmic 
Reticulum
With the activation of the IRE1-ASK1-JNK pathway, the 
morphology of ER will be changed accordingly.20,21 TEM 
was used to observe morphological changes of the ER. As 
shown in Figure 2B, the regular ER in normal A375 cells 
exhibit parallel stacked arrangement, with ribosomes covering 
the exterior surface. Interestingly, the ER in Fe3O4 group 
exhibits slightly dilated but there are still ribosomes covering 
the exterior surface (Figure 2B). It is known that the metabolic 
state of cancer cells is highly proliferating in an acidotic and 
hypoxic microenvironment. In addition to the unfavorable 
factors, the highly proliferative properties of cancer cells 
may activate the UPR response to allow cancer cells to 

continue to grow in nutrient-deficient environments.22–24 As 
a result, the ER of cancer cells is more vulnerable than that of 
normal cells. Therefore, the ER of A375 cells may be inter-
fered by the nanomaterials, and it is slightly dilated. However, 
the structure of ER is still relatively intact and there are still 
ribosomes covering the exterior surface, indicating ER is 
slightly damaged. It is also consistent with the results of 
immunofluorescence. As shown in Figure 2B, the ER of 
A375 cells treated with microwave are dilated, with partial 
remaining normal part. In addition, there are no ribosomes 
covering the exterior surface. These results indicate that per-
sistent microwave stimuli can induce relatively intense ER 
stress. This may be due to the interference of persistent micro-
wave on protein folding in cancer cells. The uncontrolled, 
rapid growth of cancer cells requires high-protein production 
rates, which results in a consequent impact on ER systems. 
With the continuous stimulation of microwave, the level of ER 
stress is much higher than normal conditions. Also, the bio-
membrane of ER may be disturbed by the microwave. As 
a result, the UPR is activated and the ER exhibits obviously 
dilated. As we expected, the ER of cells treated with both 
Fe3O4 and microwave exhibit significant abnormity 
(Figure 2B). The ER is significantly dilated and exhibits 
ballooning degeneration. In addition, parallel stacked arrange-
ment and ribosomes have disappeared completely. Since the 
IRE1-ASK1-JNK pathway has been strongly activated, these 
results may be attributed to the severe ER stress. The lotus-like 
structure of the nanoparticles enhances the effect of the micro-
wave, inducing severe ER stress. Persistent microwave stimuli 
and Fe3O4 may seriously interfere with the biomembrane and 
protein folding, resulting in terminal UPR.

Changes in Nuclear and Mitochondrial 
Membrane Potential
Severe ER stress can induce terminal UPR which triggers 
intrinsic apoptosis. Apoptosis is type I programmed cell 
death which does not induce inflammation. As a result, it is 
a mild type of cell death. Apoptosis is characterized by specific 
biochemical and morphological changes of dying cells, includ-
ing nuclear condensation and fragmentation, loss of adhesion 
to neighbors, dynamic membrane blebbing, and so on.25–27 

Immunofluorescence confocal microscope was used to 
observe the morphology of the nucleus of A375 cells in 
different groups. As shown in Figure 2C, normal A375 cells’ 
nuclear structure is regular and well-distributed chromoplasm 
can be observed. In the Fe3O4 group (Figure 2C), there are no 
noticeable abnormalities on the nucleus of A375 cells. As the 
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Figure 2 (A) Immunofluorescence images of the IRE1-ASK1-JNK pathway. The microwave (MW) irradiation time is 10 min (2450 MHz, 2W) and the concentration of 
Fe3O4 NPs is 30 μg/mL. (B) Morphological changes of endoplasmic reticulum. The microwave irradiation time is 10 min (2450 MHz, 2W) and the concentration of Fe3O4 

NPs is 30 μg/mL. (C) Morphological changes of nuclear. The microwave irradiation time is 15 min (2450 MHz, 2W) and the concentration of Fe3O4 NPs is 30 μg/mL.
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IRE1-ASK1-JNK pathway in the Fe3O4 group has not been 
fully activated, it is hard to trigger intrinsic apoptosis. Thus, it 
is difficult to find apparent abnormalities on the nuclear of 
A375 cells in the Fe3O4 group. In the microwave group 
(Figure 2C), we can observe obvious nuclear condensation 
and fragmentation. This may be attributed to that microwave 
induces relatively intense ER stress that activates the IRE1- 
ASK1-JNK pathway, triggering intrinsic apoptosis. Combined 
with TEM observation, we conclude that mild microwave may 
cause the ER to dilate by promoting ER stress. In the Fe3O4 + 
microwave group (Figure 2C), significant nuclear condensa-
tion and fragmentation can be observed. Condensed chromatin 
can be found around the nucleus. These findings indicate that 
apoptosis has been activated.25 As shown previously, the 
synergistic effect of Fe3O4 and microwave can induce severe 
ER stress and strongly activate the IRE1-ASK1-JNK pathway. 
Consequently, significant apoptosis was triggered by the term-
inal UPR. As we know, the activation of the IRE1-ASK1-JNK 
pathway can inhibit Bcl-2 which plays an antiapoptotic role. 
Consequently, outer mitochondrial membranes become 
permeable to internal cytochrome c which is then released 
into the cytosol, culminating in apoptosis.25 As a result, 
a principal incentive for apoptosis is mitochondrial 
damage.28 The decrease of the mitochondrial membrane 
potential (ΔΨm) can reflect the damage to mitochondria. In 
Wang’s study, they found that the ΔΨm of HCT116 and HT29 
cells treated with ch282-5 decreased significantly, which is 
attributed to ch282-5 binding to the BH3 domain of the Bcl-2 
family antiapoptotic proteins.28 To further explore the 
mechanism of microwave and Fe3O4 induced apoptosis, the 
mitochondrial-specific dual-fluorescence probe JC-1 was 
employed. In normal cancer cells with high ΔΨm, JC-1 
forms complexes known as J-aggregates. While in cells with 
low ΔΨm, JC-1 remains in the monomeric form. Laser con-
focal microscope can be used to tell the different forms of JC- 
1. In the control group (Figure 3A), red fluorescence 
(J-aggregates) suggests the high ΔΨm. In the microwave 
group (Figure 3A), both red fluorescence (J-aggregates) and 
green fluorescence (J-monomer) can be observed, indicating 
the mitochondria of the cells treated with microwave have 
been damaged. This may be attributed to that the microwave 
induces relatively intense ER stress that activates the IRE1- 
ASK1-JNK pathway, triggering apoptosis. In the Fe3O4 + 
microwave group (Figure 3A), only green fluorescence 
(J-monomer) can be observed, suggesting that mitochondrial 
has been significantly damaged under the microwave treat-
ment coupled with Fe3O4. Combined with prior results, these 
findings of mitochondrial membrane potential further indicate 

that microwave coupled with Fe3O4 can induce apoptosis 
through the mitochondrial pathway by promoting severe and 
irreversible ER stress.

Dynamic Membrane Blebbing and 
Apoptotic Bodies
Apoptosis is a dynamic biological process. Dynamic mem-
brane blebbing is one of the essential characteristics of 
apoptosis.25–27 In this study, SEM and atomic force micro-
scope (AFM) was used to capture the dynamic membrane 
changes of apoptosis of the A375 cells (Figure 3B). The 
normal A375 cells are rounded and plump with uniform villi 
on their surface. Under the atomic force microscope, normal 
A375 cells with uneven surface adhere well to the wall and 
pseudopodia can be found around the cells. The uneven sur-
face of cells under the AFM is due to the villi on them. When 
the cells were exposed to microwave and Fe3O4 for 5 min, we 
found the number of villi decreased significantly from the 
SEM image. Moreover, under the AFM, the cells began to 
shrink and the pseudopodia had noticeably disappeared. These 
findings suggest that the cells had begun to activate apoptosis. 
With the continuous stimulation from microwave and Fe3O4, 
noticable pathological changes of A375 cells were found. In 
the 10 min group, the cells without villi shrunk significantly. 
Through the AFM, little membrane blebbing appeared around 
the cells. In the 15 min group, apparent membrane blebbing 
can be observed in the SEM image, indicating apoptosis had 
been fully activated. From the AFM, we could also find 
membrane blebbing appear. With apoptosis fully activated, 
typical features of apoptosis were found in the 20 min group. 
From the SEM, we could find the wrinkled cells were covered 
with membrane blebbing. Moreover, cell fragmentation and 
apoptotic body were found under the AFM. Different from 
other cell death pathways, the most characteristic morpholo-
gical features of apoptosis are membrane blebbing and apop-
totic body.25 In this study, the formation of membrane 
blebbing as well as the apoptotic body were all captured. 
Consequently, through the findings from SEM and AFM, we 
further testified the whole process of cell apoptosis under the 
stimulation of microwave and Fe3O4. We have already inves-
tigated the morphological changes of the nucleus, dynamic 
membrane blebbing and changes of the mitochondrial mem-
brane potential (ΔΨm) in different groups. To further explore 
the type of cell death, SEM and TEM were used to observe 
A375 cells in different groups. As shown in (Figure 3C), the 
normal A375 cells are rounded and plump with uniform villi 
on their surface. As we know, apoptosis is characterized by 
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specific biochemical and morphological changes of dying 
cells, including nuclear condensation and fragmentation, loss 
of adhesion to neighbors, dynamic membrane blebbing, and so 
on.25,27 As shown in (Figure 3C), membrane blebbing-the 
most characteristic morphological change of apoptosis-is 
found in the cells treated with Fe3O4 and microwave, indicat-
ing the type of cell death is apoptosis. At the same time, 
compared with the normal A375 cells, the cells treated with 
Fe3O4 and microwave lost their villi and became irregular in 
shape, which is attributed to the cell apoptosis. As mentioned 
previously, activation of the IRE1-ASK1-JNK pathway can 
inhibit anti-apoptotic proteins such as Bcl-2, thus triggering 
intrinsic apoptosis through damage to mitochondria. In addi-
tion, we found that a significant amount of J-monomer had 
appeared in the microwave and Fe3O4 group. As a result, TEM 
was used to further confirm the occurrence of apoptosis and 
mitochondria damage. In the control group (Figure 3C), mito-
chondria with regular morphology and complete structure can 
be observed in normal A375 cells. In contrast abnormal mito-
chondria membrane swelling and rupture were observed in 
cells treated with Fe3O4 and microwave. It is obvious that the 
mitochondrial cristae have disappeared. Meanwhile, apoptotic 
bodies have appeared around the A375 cells (Figure 3C). The 
above results further suggest that the cells treated with Fe3O4 

and microwave underwent apoptosis triggered by ER stress.29 

In Chen’s study, mitochondria-targeting zirconia (ZrO2) com-
plex nanoparticles (MZCNs) were developed as nanoagents 
for efficient cancer therapy by microwave ablation. In their 
study, they found MZCNs induced apparent apoptosis under 
microwave irradiation. Meanwhile, the direct damage to mito-
chondria caused by nanoparticles targeting mitochondria is 
considered to be the main factor for triggering apoptosis.30 

However, based on our findings, severe ER stress caused by 
nanomaterials and microwave is also crucial in inducing 
apoptosis.

Microwave Ablation in vivo
Nowadays, antitumor nanomaterials have been widely 
studied.31,32 There is a great difference between in vivo 
and in vitro, for instance, osmotic pressure, pH, inflamma-
tory factors, blood pressure and so on.33 Consequently, it 
is important to explore the anti-tumor effect in vivo. To 
determine the targeting ability of the Fe3O4 on melanoma, 
we tested microwave ablation in mice. B16F10-bearing 
mice were injected with the Fe3O4 via the tail vein, PSB 
was injected as the control. Then, MRI was used to 
observe the mice injected with Fe3O4 or PBS. In the 
control group (Figure 4A), the signal intensity of mela-
noma is slightly higher than that of muscle tissue. 
However, in the Fe3O4 group (Figure 4B), the melanoma 

Figure 3 (A) Mitochondrial membrane potential (ΔΨm). Red fluorescence (J-aggregates) suggests the high ΔΨm and green fluorescence (J-monomer) suggests the low 
ΔΨm. The microwave irradiation time is 15 min (2450 MHz, 2W) and the concentration of Fe3O4 NPs is 30 μg/mL. (B) Dynamic membrane blebbing. The A375 cells were 
treated with both Fe3O4 NPs (30 μg/mL) and mild microwave (2450 MHz, 2W) for different time. (C) SEM and TEM images of normal and apoptotic A375 cells. The black 
arrows indicate apoptotic bodies and the white arrows indicate broken mitochondria.
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Figure 4 (A) MRI of B16F10-bearing mice injected with PBS via the tail vein. White arrow indicates tumor. (B) MRI of B16F10-bearing mice injected with Fe3O4 NPs 
(50 mg/Kg) via the tail vein. White arrow indicates tumor. (C and D) Tumor volume (*p < 0.05). (E) Ultrasound images of tumor. Injection dose is 50 mg/Kg and the 
microwave irradiation time is 25 min (2450 MHz, 4W), the scale bar is 2 mm. (F) Vascular ultrasound and 3D imaging. (G) HE sections of major organs (heart, liver, spleen, 
lung, kidney) and the bar is 50 μm.
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exhibited a significantly lower signal. The low signal 
suggests that the Fe3O4 NPs gathered in the tumor tissue. 
In this study, a multi-mode ultrasound imaging system was 
used to monitor the tumor volume and reconstruct the 
tumor in three dimensions. As shown in Figure 4C–E, 
the tumor in the control group grew rapidly and had 
grown to 4102.2 ± 579.5 mm3 on the 12th day. Such 
rapid growth may be due to the high malignancy of 
melanoma.34 In the microwave group (Figure 4C–E), the 
growth of melanoma was significantly inhibited, which 
may be attributed to that continuous microwave stimuli 
induced ER stress and triggered intrinsic apoptosis. The 
mean volume of tumor in the Fe3O4 + microwave group 
was 351.6 ± 215.1 mm3, indicating that melanoma had 
been inhibited effectively (Figure 4C–E). Based on pre-
vious findings, microwave and Fe3O4 may induce severe 
ER stress and terminal UPR, resulting in extensive apop-
tosis. Owing to the mild microwave, the treatment in this 
study may cause fewer side effects and have excellent 
clinical potential. As shown in Figure 4G, the major 
organs (heart, liver, spleen, lung, kidney) of different 
groups exhibit no apparent abnormality.

Nutrient supply by blood vessels is essential for the 
growth of solid tumors.35,36 In this study, blood vessels of 
tumors in different groups were observed through a multi- 
mode ultrasound imaging system. In the control group 
(Figure 4F), different sections of tumor vessels indicate 
that melanoma is highly vascular. From the 3D ultrasound 
imaging rebuilding (Figure 4F), abundant vascular loops 
and branched vessels were found. This may be attributed 
to the abnormal levels of growth factors secreted by tumor 
and stromal cells, which supports the high proliferative 
rate of cancer cells. However, in the microwave group 
(Figure 4F), numbers of vessel and vascular loops were 
reduced significantly. Only one noticeable vessel can be 
observed in the 3D image. These findings indicate that in 
addition to inducing ER stress, continuous microwave 
stimuli may also affect tumor angiogenesis. Clinically, 
the expression of vascular endothelial growth factor 
(VEGF) – a most important factor promoting angiogen-
esis – can be viewed as the prognostic factors of metastasis 
and recurrence.37–39 In Wang’s study, they found that 
microwave ablation may achieve a similar clinical effect 
compared to hepatic resection while not increase the 
metastasis and recurrence rate.37 As a result, microwave 
may inhibit tumor angiogenesis to some extent. 
Interestingly, in the Fe3O4 + microwave group 
(Figure 4F), only minute blood vessels can be observed. 

This may be attributed to that Fe3O4 enhanced the effect of 
the microwave. Interestingly, these findings suggest that 
microwave can not only induce ER stress but also inhibit 
angiogenesis to some extent. However, the detailed mole-
cular biological mechanism of angiogenesis inhibition 
induced by microwave needs further research.

Conclusion
In this study, we found that a kind of magnetite Fe3O4 

nanoparticles could induce severe ER stress and activate 
cancer apoptosis under mild microwave irradiation. 
Changes in nuclear and mitochondrial membrane potential, 
as well as the dynamic membrane blebbing, indicated that 
apoptosis was triggered. In addition, apparent apoptosis had 
been observed in the A375 cells under a scanning electron 
microscope and transmission electron microscope. Moreover, 
melanoma had also been inhibited effectively in vivo. As 
a result, the endoplasmic reticulum stress is a promising target 
with clinical potential in nanomedicine and cancer therapy.
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