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3Bioeffects Division, Human Effectiveness Directorate, 71 1th Human Performance Wing, Air Force
Research Laboratory, WPAFB, Dayton, OH
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ABSTRACT

Rapid development in nanomaterial synthesis and functionalization has led to advanced studies in actuation and
manipulation of cellular functions for biomedical applications. Often these actuation techniques employ externally
applied magnetic fields to manipulate magnetic nanomaterials inside cell bodies in order to drive or trigger desired
effects. While cellular interactions with low-frequency magnetic fields and nanoparticles have been extensively studied,
the fundamental mechanisms behind these interactions remain poorly understood. Additionally, modern investigations
on these concurrent exposure conditions have been limited in scope, and difficult to reproduce. This study presents an
easily reproducible method of investigating the biological impact of concurrent magnetic field and nanoparticle exposure
conditions using an in-vitro CHO-K1 cell line model, with the purpose of establishing grounds for in-depth fundamental
studies of the mechanisms driving cellular-level interactions. Cells were cultured under various nanoparticle and
magnetic field exposure conditions from 0 to 500 pg/ml nanoparticle concentrations, and DC, 50 Hz, or 100 Hz magnetic
fields with 2.0 mT flux density. Cells were then observed by confocal fluorescence microscopy, and subject to biological
assays to determine the effects of concurrent extreme-low frequency magnetic field and nanoparticle exposures on cell-
nanoparticle interactions, such as particle uptake and cell viability by MTT assay. Current results indicate little to no
variation in effect on cell cultures based on magnetic field parameters alone; however, it is clear that deleterious
synergistic effects of concurrent exposure conditions exist based on a significant decrease in cell viability when exposed
to high concentrations of nanoparticles and concurrent magnetic field.

Keywords: Magnetic fields, magnetic nanoparticles, nano-manipulation, superparamagnetic, CHO-K1

1. INTRODUCTION

Since the 1970’s a multitude of studies have been presented on the effects of magnetic field exposures on various cell
lines, particularly at standard distribution frequencies of 50Hz and 60Hz'® and DC magnetic fields’”’; many of these
studies showing contradictory or irreproducible findings. Because of this, there has been much debate about the effects
that external magnetic fields have on cells, and more importantly, it has become clear that the underlying mechanisms
driving these effects are still unknown. Additionally, more contradictory results and complications arise when
considering cells exposed to both magnetic fields and nanoparticles concurrently™”*!°!* as studies for the combined
effects of these exposures, especially at very low magnetic field frequencies are not yet well established; there are no
consistent and agreeable results from these studies showing specific effects derived from concurrent exposures, and most
manipulation investigations neglect to focus on extraneous effects.

Previous research has demonstrated that nanoparticle size, shape, surface chemistry, chemical composition, exposure
methods and conditions, and even nanoparticle synthesis methods can influence the impact or effects that the particles
have on biological systems. It has also been unveiled that any magnetic field-induced cellular effects may depend on a
multitude of conditions ranging from cell line, stage in cell cycle, cell age, or even the age of the cells’ respective
donors."”"” Magnetic field-induced cellular level effects may also be very small and difficult to quantify and very minute
variations in magnetic field parameters such as field intensity, direction, duration of exposure, and field frequency may
have significant impacts on cell behavior, or none at all.'"*'* Despite all of these complications and the decades of debate,
magnetic nanoparticle-mediated manipulation of cells and cell structures has been a rapidly growing topic for

Optical Interactions with Tissue and Cells XXVII|, edited by E. Duco Jansen
Proc. of SPIE Vol. 9706, 97061Y - © 2016 SPIE - CCC code: 1605-7422/16/$18 - doi: 10.1117/12.2220816

Proc. of SPIE Vol. 9706 97061Y-1

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 23 Sep 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



investigation in recent years, with impressive results showing potential toward precise control of cellular behavior and
effects. Recent developments in this manipulation-focused research have focused on controlling cellular functions and
behavior by shear stress applied by magnetic force-actuation on membrane or surface-bound nanoparticles to activate ion
channels and action potentials. More fundamental studies have focused on increasing cell survivability and stress
reduction, gene regulation, cell migration, and targeted cell death. These research efforts show the immense potential of
cellular nanomanipulation techniques, and also highlight the importance of developing a more complete understanding of
the underlying mechanisms behind the magnetic field and nanoparticle interactions on the cellular level.

This paper describes magnetic field, nanoparticle, and combined or concurrent exposure experiments performed on
CHO-K1 cell line model to establish grounds for further in-depth mechanistic, proteomic, and genomic studies under
standardized conditions. For the purpose of developing future studies, and for independent verification, the magnetic
field exposure was conducted using commercially available components, while nanoparticle exposure procedures
emulate that of well-established, previously performed toxicological studies.”’ Magnetic field dosimetry was determined
first by finite element modeling simulation, and then was measured using a high precision gaussmeter, to ensure
consistent magnetic field exposures, and uniform magnetic flux density. Cytotoxicity of the exposures, or respective cell
viability and proliferation were measured by trypan blue exclusion method and colorimetric MTT assay. Additionally,
mEmerald-tubulin expressing CHO-K1 cells, and Rhodamine-B labeled nanoparticles were used to investigate any
physiological impacts or changes in nanoparticle uptake induced by the exposure conditions. For the purpose of
simplicity in this paper, the terms “magnetic field” and “magnetic field intensity” refer specifically to the magnitude of
magnetic flux density of the induced magnetic fields. These endpoints were chosen based on their relevance to
standardized methods of investigation, and the purpose of reproducibility. We believe that establishing a standardized
method for investigation of magnetic field effects, and concurrent magnetic field and nanoparticle or other exposures can
lead toward the development of more fundamental understandings of underlying mechanisms driving these effects.

2. MATERIALS AND METHODS
2.1 CHO-K1 Cell Culture

The CHO-K1 (ATCC® CCL-61™ Chinese hamster ovary, American Type Culture Collection [ATCC], Manassas, VA)
cell line was maintained in Kaighn's modification of Ham's F-12 medium (F-12K Medium) supplemented with 10%
volume fetal bovine serum (FBS) (ATCC® 30-2020™) and 1% volume penicillin/streptomycin antibiotics (ATCC® 30-
2300). Subculture procedure followed the guidelines set forth by the manufacturer, modified slightly; cells were rinsed
with Hank’s Balanced Salt Solution (HBSS, Invitrogen-GIBCO, Waltham, MA), and the subculture ratio used was 1:10,
rather than the recommended 1:4, or 1:8 due to the very rapid proliferation rate of the CHO-K1 cells. After the HBSS
rinse, the adherent CHO cells were released from the surface of the culture flask by incubation for 5 minutes with 1mL
trypsin (Trypsin-EDTA Solution, 1X (ATCC® 30-2101™), followed by dilution in 9mL full serum media. Cells were
incubated at 37 °C, 5% CO2 in a Heracell™150i CO2 incubator (Thermo Fisher Scientific Inc., Waltham, MA), in 75
cm?2 cell culture flasks and 96-well plates for continued culture, and for exposure conditions respectively. The pH level
of the culture media was controlled by 5% CO2 in the incubation chamber, in combination with sodium bicarbonate
concentration (1,500mg/mL) in media. For visualization of microtubule cytoskeleton, CHO cells were transfected with a
mEmerald-tubulin plasmid (a kind gift from Mr. Michael W. Davidson of the National High Magnetic Field Laboratory
at Florida State University, Tallahassee, FL) using Effectene (#301425; Qiagen, Gaithersburg, MD) and maintained with
G418 sulfate solution (#345812, Calbiochem, Philadelphia, PA). The stable transfection of the CHO cell line was
performed by Dr. Marjorie Kuipers and provided as a generous gift from the U.S. Air Force Research Laboratories (Fort
Sam Houston, TX).

2.2 Magnetic Field Exposure and Dosimetry

For magnetic field exposure conditions, cells were cultured in the 96-well plates, and were placed in the center of a
SpinCoil-7-X Helmholtz coil system purchased from MicroMagnetics (Fall River, MA). Driving current was supplied,
and easily regulated (from 110V 60Hz line-source) by a variable-voltage, variable-frequency Kikusui PCR500M
Compact AC Power Supply (Kikusui Electronics Corporation, Yokohama, Japan), allowing for precise control of the
system (0-270VAC, DC, 40-400Hz). A Helmholtz coil was selected as the desired magnetic field generation
configuration due to the mostly-uniform magnetic field generated over a reasonably large area at the center of the
coils.”’ * The Helmholtz coil was placed inside a NuAire Autoflow CO2 Water-Jacketed Incubator (NuAire Plymouth,
MN), maintained at 37 °C, 5% CO2, and power-supply run through an insulated port in the side of the chamber. The
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of magnetic field produced by Helmholtz coil pair. Below is shown a DC and 50Hz fields were selected because

flux density measurement from Helmholtz coil center, along either X or

Y axis as depicted above. they have been frequently investigated for

impact on cellular behavior*>"**** and
because 50Hz and 60Hz are common frequencies at which electric power distribution lines operate worldwide.”®
Additionally, a DC field was selected to provide insight about field interactions with the cells and particles, as compared
to alternating frequency effects. 100Hz frequency was selected to determine any specific frequency dependent or
frequency specific effects between 0Hz (DC), 50Hz, and 100Hz exposures. In addition, the 100Hz frequency experiment
was selected in order to gleam insight towards the magnetic field-nanoparticle interactions, and to investigate if a higher
extreme-low frequency magnetic field would have an increased effect on nanoparticle uptake, and cell viability. For all
exposure conditions, a respective parallel sham experiment was performed and used as a control group. Shams were
placed in the same incubation chamber as the magnetic field-exposed cells, at a distance such that the magnetic field
generated by the Helmholtz coil was negligible. This was possible due to the 1/r* relation of magnetic field strength,
where 1 is the distance from a magnetic field source; the magnetic field strength falls off very rapidly away from the
source of the field, and therefore only a short distance outside of the coil system, the magnetic field strength is
negligible. This procedure worked to ensure that any potential variability between additional environmental strain
between the exposed group, and the control group was related specifically to the magnetic field exposure, and not
additional conditions related to being in separate incubation chambers.
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Figure 3: TEM imaging of Fe;0,4 nanoparticles performed to verify spherical shape and particle

2.3 Nanoparticles and Characterization

Two sets of commercially available iron oxide particles were purchased, 10nm Fe304 particles dispersed in double-
distilled water at a concentration of Smg/mL from Cytodiagnostics (Burlington, Ontario, CA), and Rhodamine-B labeled
10nm Fe203 particles dispersed in DI water at a concentration of 1 mg/mL (Fe) from Ocean NanoTech (Springdale,
AR). The non-labeled particles were characterized through transmission electron microscopy (TEM; Figure 3) dynamic
light scattering (DLS) polydispersity index (PdI) and zeta potential. Dynamic light scattering is a non-destructive method
for measuring size and size distribution of particles in a colloidal solution. Zeta potential measurements can be used as an
indicator of electrostatic repulsion between the particles in a colloidal solution; the greater in magnitude the zeta
potential measurement, the more stable the particles in the colloidal solution should be. The PdI is a measure of particle
and agglomerate s ize distribution. Low PdI values indicate a very small size distribution, while larger numbers indicate
a very large size distribution. Very large values, from 0.7-1 indicate that DLS may not provide very accurate
measurements of particle size or hydrodynamic diameter, due to the large size distribution of particle agglomerates.
DLS, Zeta Potential, and PdI measurements were all taken using a Zetasizer Nano (Malvern Instruments Ltd, Malvern,
Worcestershire, UK), system at the University of Texas, San Antonio (with gracious assistance from Ms. Samantha
Franklin). TEM imaging was performed with a 120kV PC Hitachi H-7600 controlled TEM (Hitachi Ltd. Chiyoda,
Tokyo, Japan) and was provided courtesy of Elizabeth Maurer-Gardner (Research Scientist, Materials Characterization
Specialist AFRL, Dayton, OH). Particle size was observed to be 10.97 £ 0.70 nm, based on the measurement of 50
independent nanoparticles. DLS and zeta potential characterization was performed for samples of nanoparticle-water,
and nanoparticle-media dilutions at concentrations of 50, and 200 pg/mL in water, and 50, 200, and 500 pg/mL in
media, under conditions with and without 24 hour DC magnetic field exposure. These dilutions were chosen to get an
understanding of how the concentration of the particle dilution impacts agglomerate behavior under various conditions.
Based on other scientific reports, it was expected that the particles would agglomerate, due to protein-particle interaction
in cell media, and the particles’ induced magnetization when subject to the application of a large external magnetic
field'>*”*’; therefore DC magnetic field exposure was selected to induce the greatest possible magnetization of the
particles, and because preliminary results led us to believe that DC fields had the greatest impact on cell viability under
concurrent exposure conditions. The zeta potential of the particles dispersed in water was that of a moderately stable
colloidal solution, with magnitude ranging from 16.2 to 38.2 mV, however the Pdl was very high for the lowest
concentration of particles both with and without magnetic field exposure, at 0.94-0.96, indicating that the particles had
begun to sediment and settle in the solution. The average hydrodynamic diameter was measured at 1248nm and 518.2nm
for the 50 pg/mL concentration in water with and without magnetic field exposure respectively, indicating that the
average agglomerate size is larger with magnetic field exposure, even with sedimentation. At the higher concentration of
200pg/mL the colloidal solution appeared to be more stable, with PdI around 0.33-0.35, and average hydrodynamic
diameter measurements in the expected range of approximately 20nm and 50nm with and without magnetic field
exposure respectively. For particles dispersed in media, the zeta potential was measured significantly closer to zero, or
near-neutral, with magnitude ranging from 0.16 to 9.0 mV. A near-neutral zeta potential indicates that the particles may
agglomerate or coagulate fairly rapidly, however the Pdl measured for all but one sample, was measured below 0.7,

Proc. of SPIE Vol. 9706 97061Y-4

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 23 Sep 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



indicating reliable size measurements, or small size distribution of particle agglomerates. Of most importance to this
study, are the magnitudes of zeta potential measurements from particle-media dilution samples, which are all less than
10, with hydrodynamic diameters ranging from 50nm — 1 pm when exposed to magnetic field. The Rhodamine-B labeled
particles were used for fluorescence microscopy experiments only, and therefore were not a focus of characterization
study. The manufacturer report indicates that the Rhodamine-B labeled particles have a near-neutral zeta potential, and
particle size of 10nm + 2.5nm, with size distribution of ~10%. Ultimately, this difference between the Rhodamine-B
labeled particles and the non-labeled particles is not of great concern in this particular study, as all statistically significant
effects were observed at very high Fe304 concentrations, where the respective measurements in media closely reflect
this same behavior.

2.4 MTT Assay — Cell Viability and Mitochondrial Function

To assess cell mitochondrial function, and thereby viability or
proliferation, a colorimetric MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-
diphenyltetrazolium bromide) assay was used (ATCC ® 30-1010K™),
30 Using the aforementioned culture methods, cells were plated at 2 x
10° cells/mL into 96 well plates at 50ul/well, giving approximately 1 x
10* cells per well, and then exposed to each respective exposure
condition six hours later. After 24 hours of continuous exposure, the
cell media and nanoparticles were aseptically removed, and the wells
were refilled with a mixture of 100ul full cell media, and 10ul MTT
tetrazolium salt reagent. The cells were let sit for two hours, before
100ul of detergent was added to each well to dissolve formazan
crystals. The plates were then wrapped in aluminum foil, and placed on 10
a benchtop orbital shaker at room temperature, overnight; absorbance
readings were taken the following morning. Background readings were Hr— —
taken from wells that were treated identical to the experiment wells, 0 100 1000
with the exception that there were no cells plated. These background Concentration (ng/mL)

cells allowed for analysis to consider any residual particles that may Figure 4: MTT Concentration-dependent
have been left in the wells and their potential interference with the survivability curve of cells exposed to Fe;0,
absorption readings from the microplate reader. An effective dose nanoparticles and no magnetic ficld with
(ED50) was calculated to determine the concentration of the particles 95% confidence interval.

that successfully reduced the cell population to a fraction of half the

control value, after the exposure time is complete.

1004

Cell Survival (%)

2.5 Confocal Microscopy and Particle Uptake

To observe cell morphology, microtubule formation, and nanoparticle uptake with and without magnetic field exposure,
the Rhodamine-B labeled nanoparticles were added to cells cultured in poly-D-lysine coated glass-bottom dishes six
hours after the cells were plated. Immediately following the addition of the nanoparticle solution, the culture dishes were
placed in respective exposure and sham positions in the exposure incubation chamber for 24 hours. A Zeiss LSM 710
confocal microscope (Carl Zeiss Microlmaging GmbH, Jena, Germany) with DIC40X 1.2NA objective (Carl Zeiss
Microlmaging) was used in conjunction with the ZEN 2012 software (Zen 2012 SP1 Black Edition — Ver. §,1,3,484,
Carl Zeiss Microscopy GmbH) to image the mEmerald-tubulin expressing CHO-K1 cells and Rhodamine-B labeled
nanoparticles. The peak excitation and emission wavelengths for mEmerald and Rhodamine-B are 487/509 and 540/625
respectively, and the pinhole was adjusted for 1pum sections for all time-series imaging. For various positions on the
culture dishes, multiple images were taken in time series - 30 cycles at a rate of one cycle every 12 seconds, for a total
period of six minutes, to observe cell-nanoparticle interaction, intracellular trafficking, and tubulin change. Single image
acquisition of CHO cells with fluorescent tubulin expression was done with a line step of one, and line average four to
acquire clear images of microtubule formations. Numerical values were obtained by mean fluorescence of cells exposed
to Rhodamine-B labeled nanoparticles, which was measured and compared between cells subjected to DC magnetic field
exposure and those of sham exposure conditions. As microtubules have been identified as playing a significant role in
vesicular intracellular trafficking®', CHO-K1 cells with both mEmerald-tubulin expression and nanoparticle exposures
were imaged after magnetic field and sham exposure conditions, in an attempt to observe any changes in tubulin-
nanoparticle interaction, tubulin expression, and microtubule structure and formation. The public domain Java-based
program Fiji** was used for independent image and image-series processing.
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3. RESULTS

The cytotoxicity of 10nm Fe304 nanoparticles was assessed by means of MTT assay, for magnetic field exposures at
DC, 50Hz, and 100Hz frequencies. The measurements for nanoparticle exposure without any applied external magnetic
field are displayed in figure 4, and as sham exposures in Figure Sa-c. These results closely resemble those of other
reported toxicity assessments for Fe304 particles’****, showing a minor increase in mitochondrial activity at very low
doses ~10pg/mL, and significant reduction at extremely high concentrations, upward of 250ug/mL and higher.
Additional assays were performed for cells cultured under nanoparticle and concurrent (DC, 50Hz, or 100Hz) magnetic
field, or respective sham exposure conditions. The ED50 value for nanoparticle (no magnetic field) exposure was
calculated at 370ug/mL, which is also in agreement with previous studies. Statistical significance compared to controls
was determined using Student’s unpaired t-test with two-tailed P value < 0.05. MTT assay results for the various
magnetic field exposure conditions showed a minor increase in viability at low Fe304 nanoparticle concentration in most
trials; however the difference was not statistically significant when compared to sham conditions. At higher nanoparticle
concentration, there was observed a marked reduction in cell viability, when compared to the respective sham exposures.
Our data suggests a trend of reduced cytotoxicity with increased magnetic field frequency; the DC magnetic field
appears to have the most significant reduction on cell viability, followed by 50Hz, and finally, the least significant
impact on cell viability has been observed with the 100Hz magnetic field exposure. A compilation for comparison of all
exposure conditions is displayed in Figure 5.
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Figure 5: MTT Concentration-dependent survivability curves for cells exposed (red) vs sham (blue)
for Fe;04 nanoparticles and (a) DC magnetic field, (b) S0Hz magnetic field (¢) 100Hz magnetic
field, and (d) the respective A from sham conditions. The greyed section represents the area beyond
the EDs, for cells not exposed to magnetic fields. Sham exposure A measured against trials in an
independent incubator. Interval fits represent 95% confidence.
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(a)

(b) . . . .
’ . . . .
’ . . . .

Figure 6: Select images from confocal microscopy study without DC magnetic field exposure; (a)
bright field images (b) Fluorescent mEmerald tubulin expression (c) Fluorescence imaging with
Rhodamine-B labeled particles and (d) Overlay results from bright field and Rhodamine-B
fluorescence imaging to show particles inside the cell structures.

For particle uptake, cytoskeletal structure and tubulin network analysis, confocal fluorescent microscopy image analysis
showed that the mEmerald-tubulin expressing cells (Figure 6b) demonstrated no significant difference in tubulin network
after magnetic field, or concurrent magnetic field and nanoparticle exposures; however there was measured a significant
impact on particle uptake and localization due to magnetic field exposures, especially with nanoparticle exposures of
very lower concentrations (figure 7). The Rhodamine-B labeled Fe,O; particles were observed to be endocytosed, or
taken into the cells, and trafficked throughout the cells (figure 6¢-d). Little to no nanoparticles were observed within the
perinuclear region of the cells, but clusters were observed in what are likely lysosomal structures within the cells.

4. DISCUSSION

Though the MTT assay appears to show a correlation between magnetic field frequency and cell viability or
mitochondrial activity, it may be beneficial to reproduce the experiments for increased accuracy, as all three magnetic
field exposures do appear to have the same general effect on the cells; the apparent decrease in toxicity with 100Hz
magnetic field exposure, compared to DC and 50Hz frequency conditions may be the result of a small variation in
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dilution for those exposure conditions introduced by pipette and dilution error. This may be concluded by data shown in
Figure 5d, a graph showing the respective difference in survival from exposure and sham conditions. The 100Hz delta
curve follows almost exactly the curves of the DC and 50Hz exposures, with a right-shift of one concentration value, and
peaks with the same trend. The ED50 of each exposure condition was calculated by interpolation as 370pg/mL,
217pg/mL, 237.4pg/mL, and 303.3pg/mL for no magnetic field, DC, 50Hz, and 100Hz, respectively. The differences
between ED50 for each magnetic field exposure may yet again be attributed to the right-shift in delta mentioned
previously. This suggests that there may be no difference in the effect of 2.0mT DC, 50Hz, and 100Hz frequency
magnetic fields exposures on the CHO-K1 cell line. This information is contradictory to the argument that the frequency
of externally applied magnetic fields would have a direct effect on the response or behavior of the cells, and suggests that
at extremely-low frequencies, the effects of magnetic fields and concurrent magnetic field-nanoparticle exposures are
frequency independent.

Mean Fluorescence Intensity 250 Mean Fluorescence Intensity 50
ug/mL 16 ug/mL o

50
g g W
< 40 <12
2 2
s T 10
D 30 =
8 g 8
o o
g 20 g 6
g g
S 10 S
o T 2

0 0

No MF Exposure MF Exposure No MF Exposure MF Exposed

Figure 7: Mean fluorescence intensity of cells measured with, and without DC magnetic field exposure at nanoparticle
concentrations of 250 pg/mL and 50 pg/mL respectively. The impact of magnetic field exposure on particle uptake is much
more significant at the lower particle concentrations.

Due to the prominence of the DC field on cytotoxicity and cell viability measurements in the initial studies, all
fluorescence and microscopy studies were performed with DC magnetic field exposure conditions in an attempt to
investigate the cellular physiology effects of the exposures though we report no measurable difference in tubulin network
density, higher resolution imaging, or an improved analysis algorithm may be useful in reproducing the experiment.
Additional labeling methods for tracking lysosomal structures, such as LysoTracker Red can also be used to confirm the
nanoparticle locations in lysosomes, and for real-time imaging of nanoparticle and cell behavior when directly under
magnetic field exposure conditions; this should help to further elucidate the mechanisms behind the decreased cell
viability from concurrent exposure conditions. Future experiments will include variable frequency exposures, increased
line averaging, higher resolution imaging, and more rapid image capture, to enhance image clarity and analysis, as well
as further investigations of mitochondrial response to magnetic field and nanoparticle exposures by method of oxidative
consumption rate (OCR) and recovery from modulation and induced inhibition
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