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Abstract

The use of magnetic nanoparticles (MNPs) magnetized on applying an alternating magnetic
field (AMF) to stimulate the thermal characteristics and to induce tumor apoptosis is a cur-
rently active area of research in cancer treatment. In previous work, we developed biocom-
patible and superparamagnetic polystyrene-sulfonic-acid-coated magnetic nanopatrticles
(PSS-MNPs) as applications for magnetically labeled cell trapping, but without assessment
of treatment effects on tumor diseases. In the present work, we examined PSS-MNP-
induced magnetic fluid hyperthermia (MFH) on SK-Hep1 hepatocellular carcinoma (HCC)
cells for lethal thermal effects with a self-made AMF system; an adjustable AMF frequency
generated a variable intensity of magnetic field and induced MNP relaxation. The extracellu-
lar and intracellular MFH treatments on a SK-Hep1 cell line were implemented in vitro; the
result indicates that the lethal effects were efficient and caused a significantly decreased
cell viability of SK-Hep1 cells. As the PSS-MNP concentration decreased, especially in intra-
cellular MFH treatments, the MFH effects on cells, however, largely decreased through heat
spreading to the culture medium. On controlling and decreasing the volume of culture
medium, the problem of heat spreading was solved. It can be consequently expected that
PSS-MNPs would be a prospective agent for intracellular cancer magnetotherapy.
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Introduction

Hepatocellular carcinoma (HCC) is a common malignant disease and cause of cancer mortal-
ity [1]. Clinical surgical resection, chemotherapy, radiotherapy and thermotherapy have been
applied for many years [2], but the side effects of tumor recurrence and possible mitigating
metastases after treatment remain main issues of the problems to be solved [3]. In recent years,
magnetic nanoparticles (MNPs) have attracted significant attention as a formulation of cancer
treatment with diminished side effects, because of the remote controllability and possible pen-
etration through the intact vessel fenestration to reach the tumor tissues and organs, such as
nanocarriers for drugs or biochemical molecules in local hyperthermia [4] and magnetic tar-
geting [5] and contrast-imaging agents in magnetic-resonance imaging (MRI) [6-8].

Magnetic-fluid hyperthermia (MFH) treatment is a thermotherapy of a kind utilizing
MNPs that accumulate in the tumor tissues and generate a friction contributed from the alter-
nating-magnetic-field(AMF)-induced magnetic-moment spin flipping (Néel relaxation) and
nanoparticle rotation (Brownian relaxation) to provide local heat to the surrounding tissues or
organs [9]. This heat can raise the local tissue temperature above 43°C and induce the cancer
cells to undergo apoptosis or necrosis without obvious damage to normal cells. It has also been
proved that the thermal effects can inhibit the recovery of tumor cells from DNA damage [2].
Conversely, the normal cells can remain intact during thermotherapy; the side effects in hyper-
thermia treatments are thus less than those of chemotherapy or radiotherapy [10].

In addition to the MFH-induced lethal thermal effects, the mechanical destruction contrib-
uted from the MNPs Brownian relaxation induced by AMF induction is considered to provide
one available method to improve the therapeutic efficiency that exerts a significant influence
on cell proliferation and results in a cell-apoptosis mechanism. MNP-based treatments are
divisible into sessions of three types according to the AMF operating frequency: high-fre-
quency (300-1100 kHz), low-frequency (<100 kHz) and ultra-low-frequency AMF-induced
hyperthermia [11, 12]. The high-frequency AMF-induced hyperthermia was developed a few
decades ago; its therapeutic effects are contributed mainly from Néel relaxation [9], which
could be enhanced and improved on conjugating nanodrugs onto the MNPs [13]. As the AMF
operating frequency increases, the AMF-induced MNPs can effectively provide heat to kill the
cells with more efficient lethal effects. An inappropriate control of the MNPs exothermal dis-
tribution and dissipating excess energy are, however, negative issues for human health in the
related therapies; the risk of improper operation causing side effects should thus be avoided as
much as practicable. The specific loss power (SLP) and intrinsic loss power (ILP) of the MNPs
should be studied carefully; alternatives should be developed [14].

Under the restrictions of low-frequency AMF operation, the mechanical destruction
through nanoparticle oscillation has attracted much attention: the use of MNPs to destroy can-
cer cells using external mechanical forces transmitted by low-frequency AMF-induced vibra-
tions is considered a promising method to implement [11, 12]. Shi et al. noted that anisotropic
rod-shaped (length 200+50 nm, diameters 50-120 nm) and spherical (diameter 200+50 nm)
iron-oxide (Fe;0,) nanoparticles have been developed and used for effective cell killing under
35-kHz AMF [11]; in comparison with spherical MNPs, the low-frequency AMF-induced rod-
shaped MNPs provides an effective torque on the human cervical cancer-cell line (HeLa), indi-
cating that low- frequency AMF induction might become a key technique for cancer therapy
with major therapeutic effects and minor adverse effects. Because of the small mass fraction of
MNPs in the cells, the temperature rise is too small, however, to provide effective hyperther-
mia; multifunctional applications with both mechanical and thermal lethal effects are thus dif-
ficult to achieve. Similar results were observed by Leulmi et al.: ferromagnetic nanoplates
(diameter 1 um, thickness 60 nm) were prepared through a top-down approach, cultured to a
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human SKRC-59 renal cancer-cell line and magnetized under ultra-low AMF (frequencies
~20 Hz and weak magnetic fields ~30 mT) in turn [15]. The anisotropic nanoplates provide
no significant thermal effect because of the low operating frequency, indicating that the lethal
effects are contributed mainly from the mechanical force and torque. The low-AMF control to
integrate a mechanical-force-based and magnetic hyperthermia treatment is still a challenging
topic in multifunctional therapies and applications.

In this work, to integrate the mechanical and magnetic hyperthermia effects of MNPs for
multifunctional therapy applications, we constructed a simple AMF instrument to adjust
the output magnetic field at a stable alternating frequency. The instrument is comprised of
an iron core wrapped in a copper coil, a resonant RLC- circuit power supply and a circulat-
ing water bath. According to our tests to evaluate this instrument, it can generate a magnetic
field 25-160 G with AMF frequency 40-170 kHz. Moreover, we have developed superpara-
magnetic magnetic nanoparticles coated with polystyrene sulfonic acid (PSS-MNPs) as a
kind of hydrophilic and magnetically controllable biomaterial for applications of manipu-
lating magnetic cells in concentric magnetic structures [16]. The satisfactory biocompatibil-
ity of these PSS-MNPs has been proved also through MNP co-incubation with human
SK-Hepl HCC and mouse NIH-3T3 fibroblast cell lines [17]. There is no report about the
treatment efficiency and effects of PSS-MNP AMF-based therapies in human HCC cancer
treatments. The low-frequency AMF induction and strong flux of the magnetic field can be
provided to assess PSS-MNPs in multifunctional biomedical treatments. The primary bio-
medical analyses of PSS-MNPs were assessed first through a MTT assay and Prussian-blue
staining for cell viability and nanoparticle uptake efficiency, respectively, in SK-Hepl HCC
cell lines. The hyperthermia tests were divided into two sessions, extracellular and intracel-
lular MFH, to evaluate the PSS-MNP treatment effects and their SAR. The nuclei of MFH-
treated cells were observed, under DAPI/PI staining observation, to undergo the physical
characterization for an integrated influence of the mechanical force and thermal lethal
effects on the HCC cells. The characterization of PSS-MNPs and optimal AMF intensity
and frequency in these HCC thermotherapies should be understood for the applicability of
PSS-MNPs.

Materials and methods
Chemicals, reagents and cell lines

For MNP preparation, iron(III) chloride (97%, FeCl;.6H,O, Showa, Japan), iron(II) sulfate
(98%, FeSO, .7H,0, Showa, Japan), polystyrene sulfonic acid (PSS, 30% w/v, molecular mass
75000, Alfa Aesar, UK) and aqueous ammonia (NH,OH, 25% v/v, Sigma Aldrich, USA) were
obtained from the indicated sources.

The human-liver adenocarcinoma SK-Hepl (ATCC® HTB-52TM) cell line was used in
this work. For cell culture, Dulbecco’s modified Eagle medium (high glucose, with L-gluta-
mine 4 mM), fetal bovine serum (FBS, analytical reagent grade), penicillin/streptomysin solu-
tion (10000 units mL™" penicillin/streptomycin in NaCl, 0.85%), 10xtrypsin, 10xphosphate-
buffered saline (PBS) and 4’,6-diamidino-2-phenylindole (DAPI) (Thermo Scientific, Fisher
Scientific, USA) and glutaraldehyde (Polysciences, USA), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT, Alfa Aesar, UK), potassium hexacyanoferrate (K,[Fe
(CN)s, 99%, Showa Chemical, Japan), propidium iodide (PI) (stock 10 pg mL™, Invitrogen,
USA) and dimethyl sulfoxide (DMSO, >99.9%, analytical reagent grade, J. T. Baker, USA)
were obtained from the indicated companies. Commercial iron-oxide product EMG705, (Fer-
rotec Corp.) served for concentration calibration for PSS-MNPs on Prussian-blue staining
examination.
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Preparation of hydrophilic magnetic nanoparticles coated with PSS
(PSS-MNPs)

The preparation of MNPs is reported elsewhere [17]. In brief, PSS (5 mL, 30% w/v) was dis-
solved in distilled water (50 mL) under constant stirring for 2 h under a N, atmosphere to
obtain PSS micelles. Thereafter, aqueous solutions of FeCl; (10 mL, 1 mM) and FeSO, (10
mM, 0.5 mM) were rapidly injected into the above mixture. Following heating to 65°C, aque-
ous NH; (7 mL) was added; the reaction mixture turned black, which indicated the formation
of MNPs. The reaction was allowed to proceed for 5 h under vigorous stirring (1100 rpm)
until PSS-stabilized magnetite nanoparticles were obtained. The resulting mixture was washed
twice with distilled water and was preserved for further applications.

Assembly of hyperthermia system

For hyperthermia tests, we assembled a magnetothermal setup consisting of a resonant RLC-
circuit machine connected to a copper coil capped with enamel insulated wire (diameter 0.45
mm) to perform the hyperthermia experiments (Fig 1A; detailed photograph of instruments in
S1 Fig). The copper-coil-wrapped iron core (N = 100) was placed in an acrylic cylinder and
separated with water that circulated from the water bath to maintain the temperature constant
at 37°C. This device can serve as an alternating-current (AC) system of variable frequency and
generate an AMF of variable intensity. An oscilloscope (InfiniiVision DSO5012A, Agilent
Technologies, USA) was used to adjust and to measure the output power at a varied frequency
from the RLC circuit (at 43.7, 70 and 143.5 kHz). The intensity of the generated magnetic field
was detected with a facile magnetometer and compared with the results of output power in the
oscilloscope.

Cell culture and magnetic labeling of PSS-MNPs on the SK-Hep1 cell line

Before the cell culture, the exosome-depleted FBS was obtained through its centrifugation at
rate 2000 rpm for 20 min, to deplete the bovine exosomes. The SK-Hepl cell line was cultured
and seeded in culture dishes (30 mm) with DMEM (1 mL), which was supplemented with exo-
some-depleted FBS (10%), penicillin (100 unit mL™) and streptomycin (100 units mL™). The
dishes were placed in the acrylic cylinder of a hyperthermia system in an incubator (37°C,
atmosphere 5% CO,) for 24 h, to attain 90% confluence. After that 24-h cell culture, the cell
solution was washed with 1xfresh PBS 2-3 times and treated with 1xtrypsin (1 mL) at 37°C
under an atmosphere with 5% CO, for 3 min, followed by removal of trypsin by centrifugation
and addition of fresh FBS medium. The floating-cell solution was divided into a 96-well plate
(0.1 mL/well, density 5x10° cells mL™") for further characterization and applications.

For the co-culture with PSS-MNPs, the cells in the 96-well plate were treated with
PSS-MNPs at concentrations 0.01, 0.05, 0.1, 0.5, 1, 5 and 10 mg mL™" for 24 h. The MNP-
treated cells were washed three times with fresh PBS to remove excess MNPs. The cell viability
was thus detected and characterized with a MTT assay. The cell viability is expressed as the
percentage of the absorption of cells treated with MNPs relative to control cells.

MTT assay for examination of cell viability

MTT in PBS was prepared at stock concentration 0.5 mg mL ™. This stock solution was added
to the cell solution in volume ratio 1:1 (v/v); the cells were incubated in the incubator for 4 h
(37°C, 5% CO, atmosphere). After incubation, the supernatant in each sample was removed
carefully, and immersed in DMSO. After mild shaking (10 min), the purple formazan products
were uniformly dissolved in DMSO. An enzyme immunoassay (ELISA) microplate reader
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Fig 1. Performance of our AMF system and results of examination of the heating efficiency of PSS-MNPs. (a) Schematic device of high-
frequency AMF-induced heating system. The system contains of three main parts—resonant RLC circuit machine, tank for cooling with
circulated water and magnetic-field-induced sample tank. (b) Magnetic-field relative-frequency curve of our AMF device. (c) Time-dependent
temperature (TDT) curve of PSS-MNPs (30 mg mL™?) under varied intensity of applied AMF (27, 71.5 and 143.5 G) for 20 min from initial
temperature 23 °C. SAR and ILP values are labeled in the figure. (d) SAR vs PSS-MNP concentration (3.125, 6.25, 12.5, 25 and 50 mg mL™") for
varied intensity of applied AMF (27, 71.5 and 143.5 G) for 30 min. (e) SAR values vs H x f (product of generated AMF and operating
frequency, generated AMF intensity s ) with PSS-MNP concentrations 3.125, 6.25, 12.5, 25 and 50 mg mL ™" under hyperthermia operation
for 30 min. (f) TDT curve of culture medium with added PSS-MNPs of concentration 2.5, 5, 10, 20, 40, 80 and 160 mg mL ™" in the case of a
fixed AMF (43.7 kHz, 143.5 G) for 30 min.

https://doi.org/10.1371/journal.pone.0245286.9001
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(Thermo Scientific, Fisher Scientific, USA) was used to measure the absorbance of samples at
wavelength 570 nm.

Examination of endocytosis efficiency of PSS-MNPs on the SK-Hep1 cell
line via Prussian-blue staining

A commercial magnetic iron-oxide nanoparticle solution (EMG 705) at varied concentration
was used to calibrate a standard curve for the MNP concentration. This EMG 705 MNP solu-
tion was dried with baking at 110°C to remove the aqueous solvent and moisture, followed by
addition of HCl solution (0.5 mL, 5 M) at 60°C for 4 h to convert iron oxide to Fe>* jons to
form a yellow solution. Before adding an equal amount of K4[Fe(CN);] solution (5% w/w) to
the iron ion solution, the solution turned from yellow to blue because of the formation of blue
stains. After 40 min to complete the reaction between iron and K [Fe(CN)g], the absorbance at
620 nm was read with an ELISA microplate reader; the absorbance at each concentration mea-
sured on the PSS-MNP concentration served to produce a standard curve.

Similarly, the cells were co-cultured with PSS-MNPs (0, 0.01, 0.05, 0.1, 0.5 and 1 mg mL™?)
for 24 h and centrifuged at 1000 rpm for 5 min. The supernatant was removed; about 5 x 10°
cells were dispersed in a phosphate buffer solution (1 mL) and dried in an oven at 110°C, fol-
lowed by addition of HCI (0.5 mL, 5 M) at 60°C for 4 h to convert iron oxide to Fe*" ions. An
equal amount of K4[Fe(CN)¢] solution (5% w/w) was added and mixed, and reacted at room
temperature for 40 min. After the color became stabilized, the absorbance at 620 nm was read
with the ELISA microplate reader. The absorbance values were converted into an uptake con-
centration of PSS-MNPs according to the standard curve from the EMG 705 and the thermo-
gravimetric analysis (TGA) of PSS-MNPs in a previous study [17]. The uptake concentration
in cells measured at each concentration was plotted against the PSS-MNP concentration. The
uptake concentration is divided by the total number of cells to obtain the PSS-MNP uptake
concentration of a single cell.

Hyperthermia experiments performed on cells

I. Heating efficiency of PSS-MNPs. After the preparation of PSS-MNPs, their solution at
various concentrations and for varied duration of operation for primary heating efficiency was
evaluated on applying the AMF system through a time-dependent analysis. The temperature
was detected with a thermocouple. The experimental setup is shown in S1 Fig.

II. Cell pretreatment of hyperthermia experiments. The experimental steps were similar
to the descriptions in the previous part. Cells were seeded at concentration 5x10° cells/dish
(medium volume 1 mL) in culture dishes (30 mm) at 37°C under 5% CO,. After incubation
for 24 h, cells were treated with PSS-MNPs at varied concentration for the hyperthermia exper-
iments. Before the in vitro hyperthermia treatments, the AMF system was preheated and main-
tained in an incubator (37°C, 5% CO,).

Herein, (1) in the extracellular magnetotherapy treatments, after cells were treated with
PSS-MNPs (5 or 10 mg mL™") and incubated for 24 h, the cells were immediately moved onto
the AMF setup structure and the AMF was applied. (2) For intracellular hyperthermia exami-
nations, cells were treated with PSS-MNPs (0.05 or 0.5 mg mL™), and incubated (24 h) for cell
endocytosis. The dose concentrations were chosen on the basis of results from Prussian-blue
staining such that the PSS-MNP uptake attained a maximum internalization value when the
cells (SK-Hepl cell line) were treated with PSS-MNPs (0.05 or 0.5 mg mL™). The incubated
cells were washed twice with PBS until the black-grey particles and medium solution were
removed before the AMF application. After AMF treatments, the cells were further character-
ized with a MTT assay to examine the cell viabilities.
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DAPI/PI staining

Cells were fixed with paraformaldehyde (PFA, 3.7%) for 10 min and then washed in PBS. The
cell nuclei were stained with DAPI (1:1000 dilute) and PI (1 pL, 10 ug mL™), incubated in the
dark for 30 min and sequentially analyzed with a fluorescence microscope (Olympus CKX41).
Cells were imaged with an inverted fluorescence microscope equipped with blue, green and
UV filters. The wavelength of the divergent light was about 400 nm; the wavelength of maxi-
mum absorption was 358 nm; the wavelength of maximum emission was 461 nm. All experi-
mentally reported data were produced in triplicate.

Data analysis

Data analysis was performed (Origin 85 Pro, OriginLab Corporation, Northampton, MA,
USA). Three independent tests were performed to obtain the final results. The values acquired
from experiments in series are represented as mean + standard deviation (SD). At least Stu-
dent’s t test was used to compare the cell viability between PSS-MNP untreated, PSS-MNP
treated and hyperthermia-treated cell groups on the SK-Hepl HCC cell line; the significance
level was set at p < 0.05, p < 0.01 and p < 0.001.

Results
Properties of PSS-MNPs and AMF system building

In previous work, the prepared hydrophilic PSS-MNPs showed the features of satisfactory sat-
uration magnetization (60 emu g at 300 K), nanoscale size (average 11 nm, measured with a
transmission electron microscope TEM), appropriate monodispersity (hydrodynamic size in
PBS 75-250 nm, average 130 nm, polydispersity index 0.0039), and high uptake efficiency and
low cytotoxicity in human SK-Hep1l and mouse NIH-3T3 cell lines [17]. We demonstrated
that the rate of cellular uptake of PSS-MNPs in SK-Hep1 was significantly greater than in
NIH-3T3 cells, indicating a possible tumor specificity to the HCC cells in the absence of a con-
jugated antibody on the MNP surface [17]. The PSS-MNP property summary is shown in S2
Fig (TEM image) and S1 Table.

In the present study, for a MFH evaluation of PSS-MNPs in HCC cells in vitro, we built an
AMEF system shown in Fig 1A and S1 Fig. The system consists of a hollow- cylinder-shaped
acrylic structure, a resonant RLC-circuit machine (AC power supply), a circulation tank for
water cooling (constant temperature) and an iron cylinder core wrapped with copper coil
(N =100) (a self-made electromagnet). The resonant RLC-circuit machine with variable oper-
ating frequency provided a variable generated magnetic field from the AMF system, showing
that the generated AMF intensity decreased as the operating frequency increased (Fig 1B).

To evaluate the heating efficiency and SAR contributed from PSS-MNP relaxation under
varied AMF control parameters, PSS-MNPs (1 mL, 30 mg mL™') were applied with operating
efficiency 27x167, 71.5x70 and 143.5x43.5 kG Hz for 20 min at temperature 23 °C (Fig 1C).
SAR and ILP values as the heat dissipation by PSS-MNPs expressed as W g and H m* kg
were calculated; the period 20 min was considered for this SAR and ILP calculation:

SAR = (Cygyen)/ (X ) x (dT/dt)),

‘magnetic element

in which Csopyent is the heat capacity of water, 4.18 ] g’1 K Xmagnetic clement 1S the mass fraction
of MNPs in the solution (g L") and dT/dt is the slope of the curve of temperature change (K or
°C) versus time (s) [18].

ILP = SAR/(f x H?),
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in which fis the AMF operation frequency and H is the magnetic field generated from the
AME system [19].

At operating frequency 43.5 kHz, the temperature, SAR and ILP reached 65 °C, 4.9 W g
and 0.885 nH m” kg, respectively; this heating efficiency was better than those at operating
frequency 167 kHz (36 °C, 1.65 W g !, 0.687 nH m” kg ') and 70 kHz (26 °C, 0.53 W g, 0.725
nH m” kg') (Fig 1C). Although the SAR values decreased gradually as the PSS-MNP concen-
tration increased (Fig 1D and 1E), PSS-MNPs at 5 mg mL ™" sufficed to attain temperature 42
°C from 23 °C in 30 min under AMF operation at 143.5 G, 43.5 kHz (Fig 1F).

Superior SAR values were hence obtained when the PSS-MNP concentration was about
3-10 mg mL"'; the MNP concentration affected the performance of SAR significantly (Fig
1D). In the larger H X f state (product of generated AMF and operating frequency: generated
AMEF intensity s '), the SAR value increased (Fig 1E); to increase the heating efficiency of iron
oxide is hence a feasible method to increase further the magnetic field output (H x f state) of
the AMF system.

Biocompatibility analysis of PSS-MNPs in human hepatocellular
carcinoma (HCC) cells

To assess the availability of PSS-MNPs for the HCC cancer therapy, we selected the SK-Hep1
cell line to examine the primary in vitro biocompatibility. The SK-Hep1 cells were co-incu-
bated with PSS-MNPs (0, 0.05, 0.1, 0.5, 1, 5 and 10 mg mL™") separately for 24 h, followed by
implementing a MTT assay and Prussian-blue staining to test the biocompatibility and inter-
nalization efficiency, respectively. As the MTT assay showed, the rate of cell survival was still
more than 90%, which shows that the PSS-MNPs showed no significant cytotoxic effect on the
SK-Hepl cell line (Fig 2A). The efficiency of cell internalization of MNPs indicated maximum
endocytosis values 70 ug mL™' for SK-Hep] cells that had been treated with PSS-MNPs (0.5 mg
mL™") (Fig 2B).

Extracellular hyperthermia in human HCC cells for PSS-MNP evaluation

After the SK-Hepl cells were co-incubated with PSS-MNPs (5 or 10 mg mL™") for 24 h, the
cells were treated with MFH for 0.5, 1, 2 and 3 h. The cell viability values of MNP-treated cells
significantly decreased to 61.13% and 33.71% (PSS-MNP concentrations 5 and 10 mg mL ™",
respectively) for SK-Hepl cells, indicating that PSS-MNP-based MFH performed an effective
killing effect on the HCC cells relative to the control groups without MFH treatment (Fig 2C).
Notably, the MFH effect after 3 cycles (1 cycle: MFH 1 h, off 30 min) effectively decreased the
cell viability in SK-Hepl cells (30.68%; Fig 2D); as the MFH operating duration and PSS-MNP
concentration increased, the inhibition of tumor cells became more efficient.

Fig 3 shows optical and fluorescent images of DAPI/PI-stained HCC cells on performing
the clear DAPI and PI staining of the nuclei and dead cells, respectively. It is significant that
the cells untreated and treated with MFH exhibited distinct results on cell proliferation: MFH-
untreated SK-Hepl cells in Fig 3 show similar results with Fig 2A because of a lack of PI
stained cells under fluorescence observation, indicating that the PSS-MNPs exhibited a low
cytotoxicity. In contrast, most cells that underwent MFH for 1 h were stained with PI, imply-
ing detrimental effects and damage to the HCC liver-cancer cells. In addition, the appearance
of the cell-MNP-mixture solution in an Eppendorf tube showed an obvious change of their
dispersity (Fig 3C); the MFH-treated cells tended to shrink, undergoing a decreased cell ductil-
ity and aggregating with each other (ii and iii in Fig 4A and 4B). Under enlarged fluorescent
images (Fig 4B), few DAPI-stained nuclei in MFH-treated cells broke into fragments (Fig 4B
(v, vi)), resulting in intracellular matrix damage and possible apoptotic reaction due to heat
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Fig 2. In vitro examination of a SK-Hepl1 cell line to evaluate PSS-MNPs. (a) SK-Hep1 cells (5%10° cell mL™') were incubated with PSS-MNPs at 0, 0.05, 0.1, 0.5, 1, 5 and
10 mg mL™, respectively. After incubation for 24 h, cell viability was tested with MTT analysis. (b) Examination of internalization efficiency of PSS-MNPs in a SK-Hep1
cell line through application of Prussian-blue staining. (c, d) Extracellular hyperthermia effects on a SK-Hepl cell line induced by PSS-MNPs (concentrations 5 and 10 mg
mL™?) after high-frequency AMF treatments (43.7 kHz, 143.5 G) for operating durations 0.5, 1, 2 and 3 h. Control groups in (c) and (d) mean the cells were untreated with
PSS-MNPs. (e, f) Extracellular hyperthermia effects on a SK-Hepl cell line induced by PSS-MNPs (concentrations 5 and 10 mg mL™) after high-frequency AMF treatment
(43.7 kHz, 143.5 G) for 0-3 cycles. The definition of cycle in hyperthermia-treated cell lines was set as the hyperthermia operation period 30 or 60 min with 30 min
machine off; the definition of a cycle in a control group means that a MTT assay was implemented after the cells were co-cultured with PSS-MNPs for 1.5 h. Control
groups in (e) and (f) mean the cells were treated with PSS-MNPs and cultured for varied duration of incubation, which was the duration of incubation with the
hyperthermia examination and the product of duration of treatment operated.

https://doi.org/10.1371/journal.pone.0245286.9002

influence and the mechanical force by magnetized PSS-MNPs. The cell size of the SK-Hepl
cells moreover decreased posterior to the MFH treatments (Fig 4C), accompanied with defor-
mation of the cell nuclei. The negative effects on cell growth and proliferation were hence con-
tributed from MFH treatments.
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Fig 3. Cell morphologies and appearance of DAPI/PI-stained cells. (a) Observations of SK-Hepl1 cell line after incubation for 24 h with PSS-MNPs under optical and
fluorescence microscopes (merged) and (b) photographs of SK-Hepl cells treated with PSS-MNPs before and after 1 h of extracellular hyperthermia treatment. The scale

bar is 30 um.

https://doi.org/10.1371/journal.pone.0245286.9003

PSS-MNP induced intracellular hyperthermia effects in human HCC cells

Dependent on the characterization of the efficiency of PSS-MNP endocytosis uptake and bio-
distribution in HCC cells (Figs 2B and 3), the concentration of PSS-MNP saturation uptake
treated in SK-Hepl1 cells was 0.5 mg mL™". In intracellular MFH treatment the cells that were
co-cultured with PSS-MNPs (0.5 mg mL™") were implemented to study the therapeutic effects
of MNPs inside SK-Hepl cells. Contrary to the previous statement, the intracellular MFH
effects on SK-Hepl cells had, however, no obvious MFH effects, resulting in cell-viability val-
ues about 85% (Fig 5A). Whether the cells were in an unsaturated or saturated state of the
MNP concentrations (0, 0.5, 5 mg mL "), the thermal lethal effects were insignificant, perhaps
because of the decreased amount of effective endocytosed MNPs in cells. As another reason,
there might be a cooling effect contributed by the extracellular culture medium, causing an
easing of thermal effects. In Fig 5B, the SK-Hep1 cells were treated with PSS-MNPs (0.5 mg
mL™), followed by intracellular MFH treatments with varied solvent volume (0.2, 0.4, 0.6, 0.8,
1 mL medium), which shows that treatment with less solvent (culture medium) exerted more
efficient thermal lethal effects.

Intermittent PSS-MNP induced intracellular hyperthermia effects and the
influences of secondary administration on human HCC cells

The MNP-treated SK-Hepl cells underwent further AMF operations for a few cycles. The defi-
nition of 1 cycle in Fig 6 is that the cells were treated with AMF operation for 2 h with 0.5 h
rest in a medium (volume 0.2 mL) at 37°C and 5% CO, atmosphere. As the operating cycles
increased, the therapeutic effect on SK-Hepl HCC cells improved. The cell viability of
SK-Hep1 cells after three cycles of AMF induction exhibited 65% (Fig 6A), indicating that pos-
sible apoptosis and extracellular matrix damage occurred as the result of hyperthermia
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Fig 4. Images and distribution of cell size of DAPI-stained SK-Hepl1 cells treated or untreated with MFH. DAPI-
stained MNP-treated SK-Hep1 cells were (a) untreated or (b) treated with MFH for 1 h; size comparison of SK-Hep1
cells before and after MFH operation (1 h) after co-culture 24 h with PSS-MNPs (10 mg mL™). The SK-Hepl cells were
incubated with PSS-MNPs (i, iv) 0, (ii, v) 5 and (iii, vi) 10 mg mL™"! for 24 h, followed by PBS washing three times to
remove the waste and excess PSS-MNPs from the medium. The cell solutions were then (a) observed under optical and
fluorescence microscopes or (b) treated with hyperthermia for 1 h before microscope observation. Scale bars in figures
are 30 pm. (c) Differences in size distribution of SK-Hepl1 cells co-cultured with PSS-MNPs (10 mg mL™) for 24 h
before and after MFH (1 h). The inset figure presents an enlarged image of MFH-treated SK-Hepl1 cells with a
definition of measured cell size (yellow dashed line), which labels the maximum cell size of the calibrated individual
single cells.

https://doi.org/10.1371/journal.pone.0245286.g004

treatment after PSS-MNP administration. After AMF inductions, the cells were immediately
treated with PSS-MNPs (0.5 mg mL™") as a secondary administration for 24 h, followed by a
few cycles of AMF applications (Fig 6B). The SK-Hepl cells that experienced such a secondary
administration exhibited a worse cell viability, from 65% to 55%, after incubation for 24 h; the
cells attained cell viability 43% after a further two cycles of MFH treatment.

Discussion

SK-Hep1 cells derived from a patient with liver adenocarcinoma were treated as a human
HCC cell-line model because of their invasive and metastasic nature [20]. Recent studies indi-
cate that the SK-Hepl cells express mesenchymal stem-cell (MSC) markers without a perfor-
mance of liver function but an endothelial function of endocytosis and tubular formation [21,
22]. The proposal to categorise the SK-Hepl cells as liver sinusoidal endothelial cells but not as
the HCC cell line is thus increased. The tumorigenesis, aggression and metastasis from

Intracellular hyperthermia examination
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Fig 5. Cell viability examination for intracellular MFH effects on SK-Hep1 cells with varied concentration and volume. (a) Hyperthermia effect on HCC cells induced
by intracellular MNPs (concentrations 0.05 and 0.5 mg mL™") after high-frequency AMF hyperthermia for 1 h. The control groups indicate that the samples were treated
with an AC magnetic field without added MNPs. (b) Intracellular hyperthermia magnetotherapy effects in a culture medium of varied volume. The cells were treated with
PSS-MNPs (0.5 mg mL™) for 24 h; untreated cell lines were incubated as control groups. Both MNP-treated and untreated cells were washed with PBS and filled with fresh
culture medium (0.2, 0.4, 0.6, 0.8 and 1 mL) before AMF induction. Cells were treated for 2 h with AMF, at magnetic field 157 G and frequency 43.7 kHz. The degree of
significance is given as * p<0.05; “* p<0.01 and *** p<0.001.

https://doi.org/10.1371/journal.pone.0245286.9005
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Fig 6. Intermittent hyperthermia effect on PSS-MNP intracellular hyperthermia therapies with varied operating duration. The duration was varied from (a) a few
operations of MFH in one day (0-3 times) to (b) numerous MFH treatments operated within two days (3 times + incubation 24 h + 0-2 times next day). SK-HEP1 cells
were treated with PSS-MNPs (0.5 mg mL ™) for cell endocytosis for 24 h, followed by washing with PBS to remove excess MNPs before AMF induction. The fresh culture
medium volume was adjusted to 0.2 mL. (a) MNP-treated cells were treated for 2 h with an AMF of magnetic field 157 G and frequency 43.7 kHz, and then rested for 30
min before the next AMF operating cycle. (b) After AMF treatment three times of a first administration, the cells were treated with PSS-MNPs (0.5 mg mL™) as a second
administration for 24 h; intermittent hyperthermia steps were further treated and implemented for a few cycles. The degree of significance is given as * p<0.05; ** p<0.01

and *** p<0.001.

https:/doi.org/10.1371/journal.pone.0245286.9006

SK-Hepl cells can still not be ignored and threaten human health; tumor treatments to kill
SK-Hepl cells without side effects must still be developed.

Based on the PSS-MNP characterization in previous work, the PSS-MNPs were biocompat-
ible in human HCC SK-Hep1 and mouse NIH-3T3 cells [17]. In the present study, the
PSS-MNPs magnetized with an AMF released thermal energy, which performed lethal thermal
effects on the SK-Hepl1 cells for in vitro examination. In a summary of the above results, the
(1) AMF efficiency and (2) volume of the solvent medium are confirmed to affect the MNP-
induced lethal thermal effects on the SK-Hepl cells in the MFH treatments; the optimal hyper-
thermia parameters were determined under the operating conditions AMF frequency 43.7
kHz and solvent volume 0.2 mL in our self-made AMF machine (Figs 1 and 5). The magne-
tized PSS-MNPs exhibited significant intracellular hyperthermia effects on SK-Hepl cells; as
the operating period and duration increased, the lethal effects accumulated and enhanced to
kill the MNP-treated tumor cells (Fig 6).

In our experimental setup, the components for our self-made hyperthermia machine were
purchased commercially and assembled without further remodeling or modification (Fig 1A
and S1 Fig). Compared to a commercial hyperthermia operation, the maximum effective AFM
generated in our setup achieved 143.5 G under operation at 43.7 kHz; these power and gener-
ated magnetic field were less than those in previous studies (magnetic field intensity >200 G,
>15kA m™") [23, 24]. The AMF increased, notably, as the operating frequency decreased in
our setup, the reverse of the performance of commercial hyperthermia products: the AMF
intensity normally increases as the operating frequency increases [11]. The integration of heat
from MNP-induced Néel relaxation under a large external magnetic field and MNPs hence
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forced oscillations at a small operating frequency, which are both in areas of extreme opposites,
to become a prospective topic of studies of MNP-based tumor therapy.

The extracellular hyperthermia treatments in SK-Hep1 cells (Fig 2D) exhibited a signifi-
cantly more effective lethal effect than an intracellular treatment (Fig 5A). In extracellular
hyperthermia treatment groups (Fig 4), the SK-Hepl1 cells exhibited a ductile appearance and
the intact DAPI-stained nuclei under microscopic observation before the MFH treatment (Fig
less cell ductility of SK-Hepl cells, which tended to aggregate to each other, in comparison of
Fig 4A. The cell proliferation and growth are considered to have been affected by the AMF-
induced MNPs. Some DAPI-stained cells exhibited cell nuclei of broken shapes (Fig 4B(v, vi))
with cell size decreased from 11.36 to 8.99 um on average (Fig 4C) after the hyperthermia treat-
ments, indicating a possible thermal or mechanical effect induced from PSS-MNPs to the
SK-Hepl cells.

In an evaluation of the heating efficiency of PSS-MNPs, they (concentration 30 mg mL™)
with MFH treatment under AMF operation at frequency 43.5 kHz and 143.5 G showed SAR
49 W g and ILP 0.885 nH m” kg ' (Fig 1C). The small SAR and ILP values were predictable
in the MFH operations, because of AMF operating frequency <100 kHz. Despite an ineffective
heating rate, with a greater duration of MFH treatment, a temperature >43 °C was still
achieved (within 30 min, Fig 1F), and resulted in the apoptosis and death of SK-Hep1 cells.

For an evaluation of the mechanical effect, as previously stated, the debris of cell nuclei
were observed after MFH treatments (Fig 4B(v, vi)). Similar results-the treated cells exhibiting
round and shrunken shapes with shattered cell nuclei-have been reported by previous authors
concerning tumor therapies; among previous research on the apoptosis induced by MNPs or
magnetic microstructures, Kim et al. and Zhang et al. utilized low-frequency AMF [25] and a
dynamic magnetic field [26], respectively, to induce a mechanical force or torque inside the
cytoplasm through the induction of magnetic components bound to the specific receptors (on
the cell membrane) or lysosome (inside the membrane). According to Kim et al., the N10 gli-
oma cancer cells treated with gold-coated (thickness 5 nm) iron-nickel permalloy discs (20:80,
thickness 60 nm, diameter ~1um) showed a morphology difference between before and after
low-AMF operation (frequency 20 Hz, intensity 90 G, duration 10 min), observed with an
atomic force microscope: the cell morphology of treated N10 cells altered from a ductile and
elongated appearance with clear and distinct nuclei to a round, flat and nucleus-fractionated
mochi-like cell, indicating that cell disruption and apoptosis were activated by the magnetized
permalloy-disc-induced torque that caused cell death [25]. Also, Zhang et al. prepared lyso-
somal-associated membrane protein 1 (LAMP1) antibodies conjugated with superparamag-
netic iron-oxide nanoparticles and studied how the mechanical force contributed from the
MNP rotation affected and disrupted the lysosome intracellularly in both rat insulinoma
tumor cells and human pancreatic beta cells. To control the MNPs remotely, a dynamic mag-
netic field was used to magnetize the MNPs and applied a mechanical force in the intracellular
environment; because of the weak dynamic magnetic field used (intensity 300 G, frequency 20
Hz, duration 20 min), the generated heat was ensured to have been contributed from the MNP
rotations (frictional force) and Néel relaxation was negligible, so that the efficacy and effects of
mechanical force on the tumor killing were precisely studied. Posterior to the operation of the
dynamic magnetic field, a shrinkage of lysosome size in human pancreatic beta cells was
achieved, indicating that the disruption of lysosome was induced by the MNP rotations in a
dynamic magnetic field [26]. According to other studies concerning high-frequency AMF
hyperthermia, treated cells had normally decreased cell sizes and altered their shapes to round
after MFH; intracellular nuclei and organelles are typically deformed irregularly but main-
tained an intact appearance after thermal treatment above 43°C, followed by apoptosis. A
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decreased cell size was observed after MFH treatments [27, 28]. The above references hence
indicate that cell disruption is the main characteristic of cells destroyed by MNP mechanical
effects; the hyperthermia effects induced cell deformation irregularly. Both mechanical and
thermal effects affect and decrease the cell ductility and size. Our present work showed that
most treated SK-Hepl cells underwent nuclear deformation and others exhibited nuclear dis-
ruption, according to DAPI-stained images (Fig 4B), proving that MFH treatments with low-
alternating-magnetized PSS-MNPs assisted with our AMF machine exhibited both mechanical
and thermal effects contributing to killing the SK-Hep1 cells.

The most challenging issue in future applications is to control the heat surrounding the
treated HCC cells or the liver organs: (1) the intracellular thermal effects of PSS-MNPs in a
large volume of medium were inadequate to kill SK-Hepl cells in in vitro tests (Fig 5A), i.e.
there is a hesitation whether the AMF-induced heat generated would be removed by the
human blood flow during in vivo tests in the future, and (2) the safety of PSS-MNPs in an ani-
mal body (in vivo), because of a lack of antibody on the MNPs, must still be confirmed. Despite
an improved MFH efficiency obtained with a decreased volume of medium and intermittent
treatment (Figs 5B and 6), the efficacy on SK-Hepl cells with PSS-MNPs could be improved,
having attained 43% cell viability in a two-day therapy, but the real cases in in vitro tests defi-
nitely differ from those in in vivo treatments. Blood vessels in the tumor region have been
proved to cause irregular cooling around the tumor sites [2]; the tumor size significantly affects
the heating rate and the SAR values [29], and low-frequency AMF (<100 kHz) could enhance
and benefit the metabolism and blood circulation with negligible heat in the absence of MNPs
[30]. The decreased heating efficiency of PSS-MNPs in animal bodies could be predicted. Con-
trary to concerns about cooling effects from blood flow, the heating of tissues at distance 2 cm
from the tumor that attained temperature 43 °C in thermotherapy is prohibitive [31]; it is
essential that the tumor sites are confirmed with accurate non-invasive techniques before in
vivo tests, such as MRI assisted with computerized tomography (CT) or ultrasound imaging. It
thus becomes a trend that instruments for centralized magnetic-field alignments are equipped
or cooperate with imaging instruments as a series of systematic equipment integration, such as
magnetic-resonance thermometry (MRT), to implement an efficient MNP accumulation in
the tumor sites [3]. Thus, based on the above-mentioned conditions and predictable problems,
the cooperation of (1) one-day endocytosis of MNPs for intratumoral treatments and (2) extra-
cellular hyperthermia immediately before an injection into the solid-tissue tumor sites are
superior plans for treatments using PSS-MNPs. In case that PSS-MNPs exhibit a non-uniform
distribution surrounding not only tumor cells but also in normal tissues, the integration of
PSS-MNPs with phospholipid-bilayered carriers conjugated with a specific antibody is one
candidate to improve tumor specificity and an effective administered concentration to tumor
cells [32].

Conclusion

We assembled a facile hyperthermia system to conduct low-frequency AMF hyperthermia of
SK-Hepl HCC cells with PSS-MNPs. The AMF system can provide magnetic field 143.5 G
with alternating frequency 43.7 kHz, which could be predicted to impose lethal effects on the
tumor cells with integration of magnetic hyperthermia and mechanical force. According to the
results, the PSS-MNPs have significant thermal therapeutic effects in the extracellular magnetic
heat treatment rather than in intracellular magnetotherapy. Decreasing the volume of culture
medium improved the lethal effects of intracellular MFH treatment. Moreover, intermittent
treatments can further increase the mortality of cancer cells to achieve the same level of effect
as extracellular magnetotherapy. Although the results of the in vitro MFH tests in SK-Hepl
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HCC cells exhibited positive consequences, the primary results in cell-level in vitro experi-
ments are only a reference for the ideal state of PSS-MNP thermotherapeutic applications; one
must still take into account the size of the tumor and the three-dimensional structure of the
state in the animal body. The MFH in vivo treatment efficacy depends on the MNP properties
(magnetic and biomedical properties), extrinsic parameters (equipment quality and efficiency)
and assistance of imaging (determination of tumor and nanoparticle distribution). The
improvement and optimization of an AMF machine integrated with diagnostic tools and sur-
gical techniques using PSS-MNPs are hence essential for clinical applications in HCC tumor-
cell thermotherapy.

Supporting information

S1 Fig. Illustration and photograph of a magnetothermal setup and a test of its thermal
heating. In the thermal control tests, a dish (30 mm) of MNP/medium mixture was placed on
the copper-coil-wrapped iron core (N = 100), followed by power-supply operation to generate
an AC magnetic field. The AMF frequency was obtained from an oscilloscope. The tempera-
ture of the MNP/medium mixture was detected with a thermocouple. To examine the MNP
hyperthermia efficiency, we set the water bath to 23 °C to compare with a heated medium tem-
perature.

(TIF)

$2 Fig. Transmission electron microscope (TEM) image, mono-particle size distribution
and thermogravimetric analysis (TGA) of PSS-MNPs. TEM (Philips field-emission, TEC-
NAI 20, electron gun ZrO/W(100) Schottky type, resolution < 0.23 nm, Philips, Holland) and
thermal analyzer (Mettler-Toledo 2-HT, Switzerland) were used for characterization. (a) A
TEM image of PSS coated MNPs is shown; (b) the individual particle sizes were in the range of
tens nm; scale bar 100 nm. (c) Thermal analyses of PSS-MNPs was implemented from 23 °C to
800°C at rate 10 °C min™' in an alumina (Al,05) pan under a nitrogen atmosphere. The con-
tent of coated polymer, considered as PSS, was 14.1% of the whole PSS-MNPs.

(TIF)

S3 Fig. In vitro examination of human SK-Hepl HCC and mouse NIH-3T3 fibroblast cell
lines to evaluate the cytotoxic effects of PSS-MNPs on cancer and normal cells. The control
groups indicate that the human SK-Hepl HCC and mouse NIH-3T3 fibroblast cell lines
(5x10° cell mL™") were treated with medium only; AMF groups mean that the cell lines were
treated with an AC magnetic field without added MNPs for 40 min; PSS-MNP co-culture
groups indicate that the cell lines were co-cultured with PSS-MNPs (0.4 mg mL™") without
applied AMF for 40 min; MFH groups indicate that the cells were added with PSS-MNPs (0.4
mg mL™), followed by AMF operation (43.7 kHz, 143.5 G) for 40 min.

(TIF)

S4 Fig. Analyses of hydrodynamic diameter distribution of PSS-MNPs in varied simulated
physiological microenvironment with DLS measurement (Brookhaven 90 plus particle-
size analyzer, red diode laser, 40 mW, nominal wavelength 640 nm, Brookhaven instru-
ments Corp., USA). (a) PSS-MNPs suspended in extracellular (400 pL H,O,/PBS solution, pH
6.8) and intracellular (10 mM GSH/EDTA solution, pH 5.0) condition. The GSH concentra-
tion in hepatocytes is normally 10 mM greater than the concentration in most cells (1-2 mM)
[33]. (b) On adding a small amount of negatively charged compounds (25 mM sodium citrate
in PBS), the zeta potential values of MNPs were improved from -21.16 mV to -25.98 mV, indi-
cating greater electrostatic interaction of PSS-MNPs, associated with nanoparticle dispersity,
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exhibited in PBS; the smaller hydrodynamic diameter distribution was thus attained.
(TIF)

S1 Table. Summary of PSS-MNP properties from our previous work [17], including satura-
tion magnetization, average core size of individual particles, average hydrodynamic diam-
eter and quantification of cellular uptake mass and ratio in the human SK-Hep1 and
mouse NIH-3T3 cells.
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