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Abstract: Magnetic Fe3O4 nanoparticles (MNPs) have shown promise as drug carriers for treating lung and liver tu-
mors in vivo. However, little is known about the combined delivery of these MNPs with a second approach, extremely 
low frequency electro-magnetic field (ELFF) exposure, which has been shown to have value for in vitro treatment 
of tumor cells. Here, ELFF and MNPs were combined to treat healthy (HL-7702) and cancerous (Bel-7402, HepG2) 
hepatic cells lines to explore the potential therapeutic effects, bio-mechanisms, and potential toxicity of a combined 
drug-free treatment in vitro. Flow cytometry for anti-AFP (alpha fetal protein) antibody, which coated the MNPs, indi-
cated that the combined treatment induced Bel-7402 and HepG2 hepatoma cells lines into early apoptosis, without 
significant effects on healthy hepatic cells. This effect appeared to be mediated through cellular membrane ion 
metabolism. The presence of AFP-loaded MNPs strengthened the effects of ELFF on tumor cells, inducing a higher 
frequency of early apoptosis, while having minimal toxic effects on healthy HL-7702 cells. Western blotting revealed 
that the apoptosis-triggering BCL proteins were up regulated in hepatoma cells compared to healthy cells. Flow 
cytometry and patch-clamp studies revealed that this resulted from a higher MNP uptake ratio and greater cellular 
membrane ion exchange current in tumor cells compared to HL-7702 cells. Further, patch-clamp results showed 
that combining MNPs with ELFF treatment induces cells into early apoptosis through an ion metabolism disturbance 
in cells, similar to ELFF treatment. In brief, the combination of ELFF and MNPs had beneficial effects on tumor cells 
without significant toxicity on healthy cells, and these effects were associated with cellular MNP uptake.

Keywords: Hepatic cell lines, early apoptosis, extremely low frequency altering electro-magnetic field, magnetic 
nano Fe3O4 particles loading AFP-MA, alpha fetal protein mono-clonal antibody

Introduction 

Magnetic nano particles have been used as a 
drug carrier for targeted treatment of tumors, 
with drug release guided by an external static 
magnetic field. This approach has the potential 
to reduce the therapeutic drug dosages, result-
ing in lower toxicity and fewer adverse effects 
[1]. Magnetic Fe oxide particles, particularly 
magnetic nano Fe2O3 and Fe3O4 particles, are 
used widely in medicine, for example to treat 
lung and liver cancers [1]. Their super-paramag-
netic property and small diameter allow these 
particles to more easily reach deep tumor foci 
under static magnetic field guidance [2, 3]. 
Extremely low frequency electro-magnetic field 
(ELFF) has been used in physical therapy to 

accelerate the healing process of patients [4]. 
Additionally, ELFF exposure has been shown to 
induce early apoptosis in liver and lung tumor 
cells in vitro [5]. However, ELFF physical chem-
istry properties have restricted its application 
to cancer therapy in vivo due to its low energy to 
penetrate through living tissues [5-8]. Research 
is scarce on the combined effects and mecha-
nisms of action of ELFF and magnetic nano 
Fe3O4 particles (MNPs) on tumor cells.

To begin to understand the biological effects of 
combined MNPs and ELFF in tumor cells, in the 
current study MNPs loaded with alpha fetal pro-
tein monoclonal antibody (AFP-MA) were com-
bined with ELFF to treat three hepatic cells 
lines: HepG2 and Bel-7402 hepatoma cells 
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lines. MNP uptake by the cellular membrane 
and cellular apoptosis were detected by flow-
cytometer, and Western-blot and patch-clamp 
studies were used to investigate the possible 
molecular mechanisms of the combined treat-
ment on these cells.

Materials and methods

Materials 

RPMI 1640 culture medium, Trizol reagent, 
fetal bovine serum (FBS), phosphate-buffer- 
ed saline (PBS), and dimethyl sulfoxide (DMSO) 
were purchased from Gibco (USA). Anti-Bcl-2 
and anti-Bax mouse resource monoclonal anti-
bodies were from Santa Cruz Biotechnology 
(USA). Analytical pure FeSO4·6H2O, FeCl3·7H2O, 
NaOH, glycerin, and alcohol were obtained from 
Nanjing Chemicals Company (China). Bel-7402 
and HepG2 hepatoma cells lines and HL-7702 
cell lines were purchased from Institute of 
Materia Medica, Chinese Academy of Medical 
Science. Cells were routinely examined and 
found to be free of mycoplasma contamination, 
and were grown in RPMI 1640 medium supple-
mented with 10% FBS, 100 U/mL penicillin, 
and 100 μg/mL streptomycin at 37°C in a 
humidified atmosphere of 5% CO2 and 95% air. 

ELFF regenerator comprised a frequency con-
verter (operating region 0.01 Hz to 199 Hz,  
the lowest step 0.01 Hz, Wangcheng electro- 
nic cooperation, Nanjing, China), electric poten-
tial transformer (operating region 12 V to 380 
V, Fuji electric company, Shanghai, China), actu-
ating coil (1 mm diameter copper lines, inner 
diameter 10 cm and outer diameter 14 cm, 
height 22 cm, 240 windings), regulating consis-
tence (resistance 12 Ω, 70°C highest work- 
ing temperature and current 15 A), and current 
source. The magnetic field was generated  
by copper coils. Anti-magnetic materials (polyvi-
nyl dichloride) coated the copper to avoid  
the inter influences between different copper 
lines. The generating power was normal 50  
Hz three-phase civil electric power. 

Nano particle preparation and characteriza-
tion

Flux co-precipitation method was utilized to 
prepare Fe3O4 particles from the reaction of 
FeSO4, FeCl3, and NaOH. The ratio of FeSO4: 
FeCl3 was 5:7 (content ratio). Briefly, FeSO4 and 

FeCl3 were dissolved in water and glycerin (9:1 
mass ratio). The concentration of the Fe ion 
was maintained below 0.2 mol/L. 0.35 mol/L 
NaOH were added to a beaker with stirring 
(1500 rpm). The pH was detected in real time; 
at pH 7.4, the reaction was terminated and  
the solution was left for 1 h to allow particle 
curing. The solution was filtered by 1 T static 
magnetic field. Particles were washed for depo-
larization and organic matter clearance with 
pure water. Hydration particles were prepared 
and dried for 3 h. Finally, Fe3O4 particles were 
prepared. The reaction equation is shown in 
formula (1)

FeCl3+2FeSO4+8NaOH→Fe3O4↓+4H2O          (1)

Particles were 24 h and characterized by 
Transmission Electron Microscope (TEM) and 
X-ray Diffraction (XRD).

Particle ζ potential in culture medium

Particle surface potential for absorbing ions  
in culture medium was measured by the ζ 
potential method. Briefly, 5 mg of particles 
were suspended in 50 mL culture medium with 
1500 Hz sonic exposure. The ζ potential of  
particles was measured by cupulate open 
micro electrophoretic apparatus (JS94, Shan- 
hai Jiecheng Cooperation). The entire system 
was exposed to ELFF to determine the poten- 
tial changes caused by ELFF, with the medium 
pH varied from 6.5 to 7.5 (modified by HCl or 
NaOH) to simulate the changes in cell culture 
conditions.

Particle co-culturing with cells and ELFF expo-
sure

Particles (500 μg/mL) were added to cell cul-
ture flasks and washed by PBS twice, until the 
cells were re-suspended for subsequent detec-
tion. Cells were washed by PBS twice in room 
temperature to wash out the particles gather-
ing on the flask bottom and suspended in cul-
ture medium to avoid influencing the following 
detection. 

Cells were exposed to ELFF by 100 Hz, 0.7 mT 
magnetic inducing intensity generated by work-
ing coils with 11.5 A electric current and poten-
tial 240 V in cell culture flasks. The cell culture 
flasks were exposed to 100 Hz ELFF in working 
coils 2 cm from the apex. Cells were placed in 
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an incubator after exposure for proliferation 
and detection. After each exposure, cells were 
digested by trypsin with 10% EDTA to generate 
a suspension for deep detection. 

Particle uptake on cells 

Particle uptake on cells was detected by 
FACstation following previous methods [8, 9]. 
Cells were treated with 500 μg/mL Fe3O4 par- 
ticles loaded with anti-AFP monoclonal anti-
body for pre-determined periods, then trypsin-
ized and re-suspended in medium. The amounts 
of particles taken up by the cells were analy-zed 
using a flow cytometer (FACstation) at 488 nm. 
The side scatter (SS) height was used to mea-
sure the proportion of cells taking up particles. 

Cell apoptosis and associated protein expres-
sion

Cell apoptosis was detected on FACstation 
using experimental kits for apoptosis detec-
tion. Adherent cells (1×106) were washed twice 
with PBS (containing 2% FBS), trypsinized, and 
re-suspended in 200 μL of PBS supplemented 
with FBS. Cells were incubated with 30 μg/mL 

fluorescein isothiocyanate (FITC), ANNEXIN-V, 
and 20 μL/mL propidium iodide (PI) in the  
dark for 30 min at 37°C and maintained on ice 
until analysis. Fluorescence intensities of 
ANNEXIN-V-FITC and PI were determined by 
FACstation. Control cells were used throughout 
each assay. At least 10000 cells per sample 
were analyzed and measurements were per-
formed in triplicate. The total protein was sepa-
rated on 17% polyacrylamide gels, analyzed, 
and transferred to Immobilon P membranes. 
Blocking was performed by incubating the 
PVDF membranes with 5% (w/v) non-fat dry 
milk in Tris-buffer saline (TBS), pH 7.4, for 1 h  
at room temperature and under continuous  
agitation. The membranes were then incu- 
bated with anti-BCL-2 or anti-BAX (1:400 and 
1:200, respectively) in 5% non-fat dry milk  
in TBS, 0.05% Tween-20 (TBS-T) for 3 h at  
room temperature under continuous agitation. 
Horseradish peroxidase-conjugated goat anti-
rabbit IgG at a dilution of 1:2500 in 3% nonfat 
dry milk in TBS-T was incubated with mem-
branes for 1.5 h at room temperature under 
continuous agitation. Detection of immuno-
reactive bands was performed by diaminoben-
zidine (DAB-Sigma, St. Louis, MO, USA) on the 

Figure 1. Co-culture of Bel-7402, HepG2, and HL-7702 cells with 40 nm magnetic Fe3O4 particles as assessed by 
transmission electron microscopy (TEM) and x-ray diffraction (XRD). (A) particles modified as 10000 TEM; (B) par-
ticles XRD; (C) HepG2 cells treated with MNPs combined with ELFF; (D) Bel-7402 cells treated with MNPs combined 
with ELFF; (E) HL-7702 cells treated with MNPs combined with ELFF. 
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manufacturer’s instructions. The pictures were 
quantitated using the ImagePC image analy- 
sis software (Scion Corporation, Frederick, MD, 
USA). 

Cellular membrane electric inflow current de-
tection 

Patch-clamp experiments were conducted at 
room temperature in the whole cell configura-
tion using an Axopatch 200B patch-clamp 
amplifier and associated standard equipment 
(Axon Instruments, Foster City, CA). Cells were 
continuously super-fused with bath solution 
containing 140 mmol/L NaCl, 4 mmol/L CsCl, 2 
mmol/L CaCl2, 2 mmol/L MgCl2, and 10 mmol/L 
HEPES, adjusted to pH 7.4 with NaOH. Patch 
pipettes were pulled from borosilicate glass 
and typically had a resistance of 1-3 mmol/L 
when filled with the standard pipette solution 
containing 40 mmol/L CsCl, 85 mmol/L Cs glu-
tamate, and 10 mmol/L EGTA-Na, 10 mmol/L 
HEPES, adjusted to pH 7.2 with NaOH. Series 
resistance did not exceed 3 mol/L and was 
75-85% compensated. Currents obtained were 
filtered at 2 kHz, collected, and analyzed using 
Clampex 9.0 Software.

Statistical analysis

Each experiment was performed at least three 
times, and the results are expressed as mean 
values ± S.D. (n=2-6). The Student’s t-test  
was used to determine the significance of dif-
ferences between the mean values obtained 
for the two cell lines. Otherwise, the various 
treatments were analyzed using one-way analy-

Fe:O was nearly 0.74. Therefore, the particles 
should be Fe3O4 particles (MNPs). MNPs dis-
persed in culture medium uniformly around the 
three kinds of cells (Figure 1D-F). MNPs ζ 
potential changing curves in culture medium 
(Figure 2, line A) revealed MNPs were electric-
negative after culture in medium at pH 7.0, 
illustrating that MNPs should absorb some cat-
ions on the surface due to the small diameter 
and huge specific area effects. Further, the 
addition of ELFF exposure did not influence the 
MNPs ζ potential in culture medium (Figure 2, 
line B). 

MNP uptake on cells

MNPs could be taken up by cells after co-cul- 
turing (Figure 3). The three kinds of hepatic  
cell lines took up some MNPs on their mem-
brane surface. The percentages of cells tak- 
ing up MNPs were 35.6±8.3%, 34.5±6.2%,  
and 4.2±5.6% corresponding to Bel-7402, 
HepG2, respectively. MNP uptake was signifi-
cantly more common among tumor cells (Bel-
7402 and HepG2 lines) compared to healthy 
hepatic HL-7702 cells (P<0.05). After ELFF 
exposure, a small quantity of MNPs were re- 
moved from the cellular membrane into the cul-
ture medium; the percentage decreases in 
bound MNPs for Bel-7402, HepG2, and HL-7702 
cells were 7.4±2.1%, 6.9±1.8%, and 1.3±2.7%, 
respectively.

Cellular apoptosis

To determine the effect of MNP uptake and/or 
ELFF treatment on hepatic cell lines, early 

Figure 2. Changes in MNP surface ζ potential with pH of culture media. All 
data were measured at 298 K temperature.

sis of variance (ANOVA) fol-
lowed by either Dunnett or 
Bonferroni multiple compari-
son test. P<0.05 was consid-
ered as statistically signifi- 
cant.

Results 

Particle characterization and 
co-culture with cells

Analysis of the nanoparticles 
by TEM (Figure 1A) showed 
particles were an irregular ball 
shape, and the mean diame-
ters were about 40 nm. XRD 
analysis (Figure 1B) revealed 
some Fe and O element-spe-
cific peaks, and the value of 
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Figure 3. MNP uptake in three hepatic cell lines determined by flow cytometry for the AFP coating. (A) Bel-7402 cells treated or un-treated by MNPs (A1) and ELFF 
(A2); (B) HepG2 cells treated or un-treated by MNPs (B1) and ELFF (B2); (C) HL-7702 cells treated or un-treated by MNPs (C1) and ELFF (C2).
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Figure 4. Early apoptosis and necrosis of Bel-7402 cells, HepG2, and HL-7702 cells treated with MNPs and ELFF. (A) Bel-7402 cells sham control; (A1) Bel-7402 
uptake of MNPs; (A2) Bel-7402 exposed to ELFF; (A3) Bel-7402 uptake of MNPs after exposure to ELFF. (B) HepG2 cells control; (B1) HepG2 uptake of MNPs; (B2) 
HepG2 exposed to ELFF; (B3) HepG2 uptake MNPs after exposure to ELFF. (C) HL-7702 cells control; (C1) HL-7702 uptake of MNPs; (C2) HL-7702 exposed to ELFF; 
(C3), HL-7702 uptake of MNPs after exposure to ELFF.
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apoptosis was measured by flow cytometry for 
BCL-2 and BAX, two proteins involved in apop-
tosis signaling. Figure 4 shows the early apop-
tosis of cells treated with MNPs and ELFF, com-
pared to those without ELFF exposure. In cell 
lines treated with MNPs only, apoptosis was not 
increased (Figure 4A1, B1, C1). ELFF exposure 
alone could induce some cells into early apop-
tosis, about 7.26±3.8% for HepG2 cells and 
4.65±1.2% for Bel-7402 cells (Figure 4A2, B2) 
and just 1.05±0.5% of HL-7702 cells (Figure 
4C2). The differences between cancer cell lines 
and the control were statistically significant 
(P<0.05), which could suggest tumor cells are 
more susceptible to ELFF exposure. The com-
bined MNPs and ELFF treatment exacerbated 
the induction of apoptosis in the cells (Figure 
4A3, B3, C3); the percentages of apoptotic 
cells were 22.34±6.2%, 18.64±5.7%, and 
3.34±1.5%, respectively. Again, apoptosis was 
significantly more frequent among tumor cells 
than healthy hepatic cells (P<0.05). The differ-
ence between the two tumor lines, however, 
was not statistically significant (P>0.05). 

Early apoptosis-associated protein expression

Consistent with the findings by flow cytometry, 
MNP treatment alone did not influence the level 
of BCL-2 and BAX proteins detected in the cell 
lines by immunoblotting (Figure 5). However, 
ELFF exposure alone did result in upregulated 
BCL-2 protein levels in all three cell lines. The 
BCL-2: BAX ratio in Bel-7402 cells was 0.93 and 
in HepG2 cells was 0.91, compared to 0.99 in 
HL-7702 cells; these differences were not sta-
tistically significant. When MNP and ELFF treat-
ment were combined, the presence of MNPs 
strengthened the effects of ELFF on protein 

ion electro-exchanges (Figure 6). The anion 
inflow exchanging electro-current of tumor  
cells was significantly higher than that of 
healthy hepatic cells. The initial inflow currents 
of Bel-7402, HepG2, and HL-7702 cells were 
2.1, 2.2, and 1.2 pA, respectively, at pH7.2 and 
20 mV. ELFF exposure reduced cell anion in- 
flow currents, especially for tumor cells: the 
42.9% and 40.0% inflow anion current of Bel-
7402 and HepG2 cells, respectively were sig-
nificantly higher than for the HL-7702 cells 
(25.0%). Further, the presence of MNPs 
strengthened the reduction of cell inflow cur-
rent over that of ELFF alone; the percent re- 
duction of current in Bel-7402, HepG2, and 
HL-7702 cells was 57.1%, 54.5%, 25.7%, re- 
spectively. The difference between tumor cells 
and control cells was significant (P<0.05). 
However, the reduction of current in HL-7702 
cells treated by MNPs combined with ELFF ver-
sus ELFF alone was not significantly different 
(P>0.05).

Discussion 

Ions play important roles in cell proliferation 
and survival. For example, Ca2+ is critical for 
organelle membrane skeletal structure, and 
PO4

3- is needed in cellular membrane and mito-
chondrial membrane synthesis. Ion metabo-
lism disturbances can activate early apoptosis 
associated with signal channels and induce 
cells, especially tumor cells with faster ion 
metabolism ratio or higher inflow/outflow ion 
electric current, into early apoptosis [10-14]. 
ELFF produces magnetic field effects on cells 
that could influence ion metabolism by affect-
ing ion movements. The generally accepted 
theory about cellular ion metabolism is that ion 

Figure 5. Early apoptosis-associated protein expression of cells treated with 
MNPs and/or ELFF. A1, Bel-7402 sham control cells; A2, MNP-treated Bel-
7402 cells; A3, ELFF-treated Bel-7402 cells; A4 MNPs combined with ELFF in 
Bel-7402 cells. B1, HepG2 sham control; B2, MNP-treated HepG2 cells; B3, 
ELFF-treated HepG2 cells; B4, MNPs combined with ELFF in treating HepG2 
cells. C1, HL-7702 cells sham control; C2, MNP-treated HL-7702 cells; C3, 
ELFF-treated HL-7702 cells; C4, MNPs combined with ELFF in treating HL-
7702 cells.

levels in tumor cells: the 
BCL-2/BAX ration was 0.84  
in Bel-7402 cells and 0.82  
in HepG2 cells, which were 
significantly lower than the 
ration in HL-7702 cells (0.98; 
P<0.05). 

Cellular membrane electro-
exchange current 

Patch-clamp experiments in- 
dicated that ELFF exposure 
alone and MNPs combined 
with ELFF treatment on cells 
influenced cellular membrane 
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transformation on cell mem-
branes is based on transform-
ing proteins in the cellular 
double chlorine layers, and 
the transforming protein acts 
as ion channels or ion signal 
channels [15, 16].

In this study, MNPs were dis-
persed in the culture media 
evenly throughout the culture 
and experimental procedures, 
without obvious aggregations 
(Figure 1C-E). The uptake of 
MNPs was more common 
among tumor cells than 
healthy cells. ELFF was uti-
lized to expose cells for inves-
tigating whether MNPs could 
be removed from the cellular 
membrane. Small amounts of 
MNPs were removed from 
both kinds of tumor cells; 
however, the removal of MNPs 
was significantly lower for 
HL-7702 than tumor cells 
after ELFF exposure. This phe-
nomenon hinted that tumor 
cells possess more constrain-
ing forces to MNPs, potential-
ly due to a higher positive 
electric potential and larger 
membrane surface exposed 
to MNPs on tumor cells. MNP 
electric ζ potential was nega-
tive in culture medium, while 
all three kinds of hepatic cells 

Figure 6. The electric outflow 
current of cell membranes with 
or without the presence ELFF. 
(A) current-voltage relationships 
derived from the above corre-
sponding recordings of Bel-7402 
cells; (B) current-voltage relation-
ships derived from the above 
corresponding recordings of 
HepG2 cells; (C) current-voltage 
relationships derived from the 
above corresponding recordings 
of HL-7702 cells. A1, B1, C1 rep-
resent sham controls of their cor-
responding cell lines. A2, B2, C2 
represent ELFF treatment alone 
of corresponding cell lines. A3, 
B3, C3 represent MNP plus ELFF 
treatment of the corresponding 
cell lines.
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were electropositive (Figure 6A-C). Both kinds 
of tumor cells had a higher surface positive 
potential than HL-7702 cells. 

Interestingly, the tumor cells also displayed 
greater early apoptosis rates than control cells 
when treated by ELFF alone. BCL-2 protein was 
upregulated following ELFF exposure (Figure 5), 
but more so in tumor cells than in healthy cells. 
The BCL protein family is associated with cellu-
lar ion metabolism and can be highly expressed 
when ion metabolism is disturbed by external 
factors like ion movement direction and blocked 
ion channels [17, 18]. Cell ion disturbance was 
confirmed by patch-clamp experiments. After 
ELFF exposure, the three kinds of hepatic cells 
had reduced cation inflow/outflow currents, 
and the reduction was greater for tumor cells 
than healthy cells. 

The larger surface area of tumor cells could 
offer cells more area exposed to ELFF and 
MNPs. Higher ion exchange currents could be 
interpreted as faster ion movement or electric 
current through the cell membrane. As classi-
cal electro-magnetic field theory described, a 
higher electric current or faster ion movement 
could generate higher magnetic field [19, 20]; 
thus, the magnetic field interaction force 
between ELFF and tumor cells was higher than 
the interaction force between ELFF and healthy 
hepatic cells, at the same ELFF exposure dose. 
Additionally, MNP electric-negative potential 
could enhance the treatment effects of ELFF 
on cellular ion disturbance. 

Furthermore, MNPs combined with ELFF treat-
ment induced more tumor cells into early apop-
tosis than in cells treated by ELFF alone or in 
HL-7702 cells. This likely results from more 
tumor cells taking up MNPs on the surface, and 
the larger surface area of tumor cells and high-
er ion exchanging current. MNPs, as super-
paramagnetic and small-diameter particles, 
could conduct external magnetic fields to affect 
cells after their dispersal in culture medium, 
and strengthen the effect of ELFF by influenc-
ing ion metabolism. 

In summary, the combination of ELFF and MNPs 
produced greater apoptosis of hepatoma cell 
lines than of healthy control hepatic cells. 
Further, western blot and patch clamp experi-
ments showed the combined treatment of ELFF 
and MNPs on cells should be partially based on 

the ion metabolism disturbance of the cellular 
membrane due to ELFF magnetic field effects 
and MNPs strengthening ELFF effects on tumor 
cells. Therefore, the combination treatment 
had beneficial effects on tumor cells without 
significant toxicity on healthy cells, and these 
effects were associated with cellular MNP 
uptake.
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