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Abstract

Objectives: The knowledge on how static magnetic fields (SMF) of magnetic implants affect living cells and
tissues is limited while these magnetic devices are more and more frequently adopted in certain surgical
approaches.

Methods: In this study, we exposed cultures of human gallbladder cancer cells to SMF continuously for up to 7
days, trying to simulate the exposure pattern of surgical magnetic implants, and implanted magnetic devices into
tumor-bearing nude mice for 1 month, then evaluated the effect on proliferation and apoptosis of cancer cells and
tissues.

Results: It showed that after SMF exposure, whereas in vitro study showed decreased cell proliferation and
increased apoptosis of the gallbladder cancer cells, in vivo study showed no significant differences both on
proliferation and on apoptosis.

Conclusions: Our findings indicate that with current magnetic biliary anastomosis devices, the SMF from
magnetic implants shows little effects on proliferative and apoptotic activities of gallbladder cancer cells in vivo, while
there are still possibilities that long-term continuous SMF exposure from surgical magnetic implants may interact
with living cells, probably in a feeble manner.

Keywords Static magnetic field; Gallbladder cancer; Magnetic
implant; Proliferation; Apoptosis

Introduction
There is an increasing interest in using static magnetic devices in

surgical situations like biliary or vascular anastomosing [1-3] and
gastro-esophageal reflux disease [4]. The feasibility and safety of
magnetic compression anastomosis have been experimentally and
clinically verified, and it is considered as quick, safe and equivalent or
superior to anastomoses created by traditional suture or staple
techniques [1,5-7], and hence been increasingly adopted in animal
experiments and in clinical practices [7-10].

Although the effects of static magnetic fields (SMF) on cells and
tissues have been studied for decades, there is still limited knowledge
on this topic [11,12]. A large number of studies have been conducted
in an effort to detect biological responses, including in vitro, in vivo,
human volunteer and population studies. Moreover, for different
endpoints in vitro, including cell orientation, cell growth, cell
metabolic activity, cell membrane physiology, and gene expression,
positive and negative findings have been reported [12-15].

While most studies focused on effects of relatively short time
exposure (a few hours to 1 day) or repetitive exposure [12-24],
particularly strong SMF (>1T) to investigate the influence of MRI,

there are only limited reports on effects of long-term continuous
exposure to SMF. Orthodontic magnets and implants are tools
sometimes used nowadays in dental and oral medicine. Yamaguchi et
al. [25] exposed gingival fibroblast to 0.2 T and for 6-8 months without
an effect on cell growth, and Bondemark et al. [26,27] examined the
effects of orthodontic magnets on the oral mucosa, the dental pulp and
the gingival in a total of 15 patients which showed no histological
detectable changes. Determine how continuous SMF exposure affects
internal organ tissues, and neoplasm recurrence post-operatively, is
essential to evaluate the effects and safety of those magnetic implants
which would stay in patients’ bodies for days or longer [1].

In this study, we simulated the SMF of the biliary magnetic
compression anastomosis device, and evaluated the effects of SMF
exposure on gallbladder cancer cells both in vitro and in vivo, as
Gallbladder cancer is the most common malignancy in the biliary tract
[28] and biliary reconstruction is one of the major situations magnetic
anastomosis techniques and magnetic implants are used.

Materials and Methods

Cell lines and cell culture
The human primary gallbladder carcinoma cell line SGC-996 was

obtained from the Academy of Life Science, Tongji University
(Shanghai, China) [29] and maintained in RPMI-1640 medium
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(HyClone, South Logan, Utah, USA) supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin (Gibco, Grand Island,
NY, USA) at 37°C under a humidified atmosphere containing 5% CO2.

Magnetic field exposure in vitro
We measured the flux density of the field from coupled magnetic

compression anastomosis device for biliary anastomosis at different
distance, which showed an average of 370mT at the pole surface (the
compression surface), 72.8 mT at 1 mm aside, 2.4 mT at 30 mm aside.
Measurement from other study [5] reports surface fields of
approximately 300-600 mT of this kind of device matches our results
which shows the device designs are similar.

To simulate the flux density range, we placed the culture plates at
different distances from a cuboid neodymium magnet with size of 50 ×
50 × 25 mm (Figure 1) [16]. The flux densities of exposure of 4
exposure groups, naming as m1 to m4, are 76.4 ± 7.5mT, 45.6 ± 3.6 mT,
20.1 ± 1.1 mT, 2.2 ± 0.1 mT respectively.

Figure 1: Scheme of the approach to simulate the magnetic field of
the magnetic compression anastomosis device in vitro. #: Magnet.
~:Cell cultures. Arrows: Lines of magnetic flux.

The flux densities of the field were measured by gaussmeter (HT20
digital gaussmeter, Hengtong Ltd., Shanghai, China).

Cell proliferation
Cell proliferation was assessed by a colorimetric procedure with the

Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) [30]. Cell was
seeded into 96-well plates (1000 cells/well), and the cell viability was
assayed every other day for 1 week after seeding. For CCK-8 assay, cells
were incubated with CCK-8 reagent for 1 hour at 37°C, according to
the manufacturer's protocol, and detected the absorbance at 450 nm
using a Varioskan Flash Spectral Scanning Multimode Reader (Thermo
Scientific, Waltham, Massachusetts, USA).

Cell apoptosis
Cells undergoing apoptosis at the indicated time were identified

using Annexin V-FITC apoptosis detection kit (KeyGEN BioTECH,
Nanjing, China), following the manufacturer's instructions. In brief,
the cells were exposed to SMF for 5 days, collected by centrifugation,
re-suspended in binding buffer, incubated with Annexin V-FITC and

propidium iodide at room temperature for 5 min in the dark, and then
analyzed by flow cytometer (BD FACSCanto II Flow Cytometer, BD
Bioscience, Franklin Lakes, New Jersey, USA) [31].

In vivo experiments
4 week-old male athymic BALB/c nude mice (Centre of Laboratory

Animals, The Medical College of Xi'an Jiaotong University, Xi'an,
China) were used to establish the nude mouse xenograft model. 30
mice were evenly divided into 3 groups at random: control group,
sham exposure group and exposure group. SGC-996 cells were
orthotopically inoculated in nude mice as described by Egberts [32,33].
Briefly, SGC-996 cells were suspended in FBS-free medium and mixed
with equal volume of Matrigel (BD Bioscience, Franklin Lakes, New
Jersey, USA) at a final concentration of 107 cells/ml and stored on ice.
The nude mice were anesthetized and laparotomy was performed. The
gallbladder was exposed and the bile inside aspirated. 30 mL of cell
suspension aforementioned was injected into the gallbladder and
solidified in about 30s. Then a neodymium magnet cylinder size of Φ6
mm × 8 mm with biocompatible coating was fixed to the abdominal
wall next to the gallbladder with 6-0 silk (Figure 2). The magnets were
magnetized for exposure group, and demagnetized for sham exposure
group. No magnets were implanted in control group mice. Finally, all
layers of abdominal wall were closed with 6-0 silk.

Figure 2: Nude mouse xenograft model. A) Operation site after
inoculation of cancer cells in Matrigel-medium into the gallbladder.
B) Fixing magnet to the abdominal wall. C) Harvested tumor tissue.
+: Gallbladder. #: Magnet.

All mice were sacrificed after 4 weeks following the surgery. The
xenograft tumor tissues were harvested for pathological examination.
All in vivo protocols were approved by the Institutional Animal Care
and Use Committee of Xi'an Jiaotong University.

Microscopic examination
The tumor tissues were fixed in phosphate-buffered formaldehyde,

embedded in paraffin, sliced into sections, and stained with
hematoxylin and eosin (HE).

Immunohistochemical analysis of proliferating cell nuclear antigen
(PCNA) was performed [34] with biotin conjugate anti-PCNA
monoclonal antibody (Invitrogen, Waltham, Massachusetts, USA). The
number of PCNA-positive cells was counted in five high-power fields
selected at random, and the PCNA labeling index for each field was
calculated as the percent of PCNA-positive cells (relative to the total).

Apoptosis in tumor cells was detected using the terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
[34] with In Situ Cell Death Detection Kit (Roche, Basel, Switzerland).
In the same manner as PCNA, five high-power fields were selected at
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random, and the apoptotic index of each field was calculated as the
percent of TUNEL-positive cells.

Figure 3: Cell proliferation of SGC-996 cells decreased after
magnetic field exposure in vitro. A, Growth curve of each group.
Cell proliferative activities shows significantly decrease on day 5 (B)
and day 7 (C). D, Cell proliferation at 450 mT (maximal flux density
on surface of the magnet) on day 5*: p<0.001.

Statistical Analysis
Results are presented as mean ± standard deviation (SD). The

statistic differences were evaluated by one-way ANOVA and Student's
t-test with SPSS Statistics 23.0 and GraphPad Prism 6. P<0.05 was
considered as statistically significant.

Results

Cell proliferation of SGC-996 cells decreased after SMF
exposure in vitro

To assess the effect of SMF on cell proliferation, SGC-996 cells were
exposed to SMF continuously of different magnetic flux density and
cell proliferation assays were performed every other day for 7 days
using CCK-8 assay. The results showed that proliferation of SGC-996
cells exposed to SMF significant decreased (ANOVA: all p<0.001 on
day 5 and 7, Figure 3B and 3C) compare to control while there were no
significant differences in groups of different magnetic flux density. As
showed in Figure 3A, while control group had a typical growth curve
reached maximal cell count at day 7, the ones of exposure groups are
lower, which indicates less cell counts and lower proliferative activity.

We also exposed SGC-996 cells to higher magnetic flux density (450
mT) to test the extreme situation of the cells next to magnetic pole. The
results are similar after 5-day exposure (t test: p<0.001) (Figure 3D).

Apoptosis of SGC-996 cells increased after SMF exposure in
vitro

To further evaluate the effect of SMF on SGC-996 cells in vitro, cell
apoptosis was assessed. The results showed that the SMF-exposed m1
group had slightly but statistically significantly higher percentage of
apoptotic cells than control group (t test: p<0.001) (Figure 4).

Figure 4: Magnetic field exposed group has significantly higher
percentage of apoptotic cells on day 5. A: Total percentage (early
apoptosis + late apoptosis) of apoptotic cells of each group. B and C:
Flow cytometric analysis of apoptosis *: p<0.001.

In vivo study showed no significant differences both on
proliferation and on apoptosis
The time of magnets removal reported in clinical studies ranges

from 7 to 40 days for magnetic bilioenteric anastomosis and 9 to 74
days for magnetic biliobiliary anastomosis [7]. In this study, we
sacrificed the mice in 28 days to guarantee tumor model establishment
and meet the exposure time.

At the time of sacrifice, macroscopically visible gallbladder tumors
were present with direct liver invasion in all groups. The tumors in all
groups were histopathologically similar. Both the PCNA labeling
indices and apoptotic indices showed no differences between each
groups (ANOVA: all p>0.1) (Figure 5).
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Figure 5: In vivo study showed no significant differences on PCNA
labelling indices (A) and apoptotic indices (B). Microscopic view of
each group with above-mentioned staining and labelling (C).

Discussion
Magnetic surgical implants are increasingly used clinically, while

there are still limit knowledge about their effects on cells and tissues
especially on tumor sufferers post-operatively from the magnetic field.
To our best knowledge, this is the first time we focused on how long-
term continuous SMF exposure from these devices affects gallbladder
cancer cells on its proliferative and apoptotic activity both in vitro and
in vivo.

The proliferation of gallbladder cancer cell line could be inhibited
and apoptosis be increased in SMF in vitro have been shown in this
present study, but the mechanism is still unknown. There are reports
on the magnetic saturation effect, also known as window-effect or
threshold response, in different studies [17,18,35-37]. When flux
density reaches a threshold, some effects of SMF on certain cells
saturate and stop change with flux density increasing, and the reported
threshold could be as low as 60 µT on endothelial cells [18]. In this
study, cell proliferation showed no significant differences in the groups
exposed to SMF ranging from 2 mT to 70 mT, which could be another
example of window-effect, with the threshold unknown, as it could be
much lower than the SMF we employed. As the mechanism how SMF
affect cells is poorly understood, the molecular details of the window-
effect is still unclear, while some studies showed free radical
mechanism may be involved.

Unexpectedly the results from animal experiment disagree with the
in vitro tests, which need to be carefully looked into. One of the
abiding weaknesses of in vitro experiments is that they fail to replicate
the precise cellular conditions of an organism. This has been discussed
abundantly [38-41]. In general, cells in vitro share a different
environment, including cytokines and hormones, extracellular matrix,

host immune response, etc., with ones in vivo, which may lead to
different responses to stimuli.

Another possible interference is the spatial pattern of SMF gradient.
Even though the SMFs we employed in vitro and in vivo were of
similar flux density range and both were with gradients, the spatial
patterns of the gradients were different. There are reports on gradient
and uniform SMFs caused different responses in cells and tissues
[20-23], which could due to magneto mechanical effects and/or other
possible mechanisms [12]. It is not clear that whether altered pattern of
SMF gradient could also make a difference, which is beyond the scope
of this study and needs further investigation.

There are also some other possible factors, like cells may have
adapted to the stimuli after the even longer exposure, or respiratory
movement of the animals may cause periodic positional changes of the
magnets, which were located next to the diaphragm, and hence altered
the static nature of SMF. All these needs further investigation to
determine whether and how they may influence the biological
behaviours.

In conclusion, our findings indicate that with current magnetic
biliary anastomosis devices, SMF from the magnetic implants shows
little effects on proliferative and apoptotic activities of gallbladder
cancer cells in vivo, while in vitro study showed alteration in cell
activities, and there are some possibilities that long-term continuous
SMF exposure from surgical magnetic implants may interact with
living cells, probably in a feeble manner though. Current studies have
shown that different patterns of SMF exposure can alter a variety of
biological activities on different levels, in a quite unpredictable way
when it comes to certain cell or tissue [12-14,42]. Considering some
techniques, like vessel anastomosis with magnetic devices, require a
permanent implantation [43-45], determining whether even longer
SMF exposure may leads to different consequences would also be
essential.
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