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ABSTRACT: Microporation techniques facilitate the passive transport of
molecules into cells via mechanical, electrical, or magnetic simulation. In
this work, a combinatorial microporation technique is demonstrated
utilizing small superparamagnetic particles and inhomogeneous magnetic
pulses. This microporation technique is applied to facilitate the transport of
a model therapeutic agent (doxorubicin) into the U937 cancer cell line.
This work demonstrates that the drug transport of doxorubicin to the U-
937 cancer line increases by 75% when the cells are exposed to only a few
inhomogeneous magnetic pulses. The increased transport resulted in more
effective destruction of the cancer cells demonstrating that the technique
can be utilized to increase the effectiveness of common cancer drugs. The
results also demonstrate that the presence of the magnetic particles or the
presence of the magnetic fields does not show significant effect on cell
viability in the presence of cancer drugs.
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■ INTRODUCTION
Microporation is a methodology that increases passive
transport of macromolecules across membranes of living
eukaryotic cells.1 In this, a physical stimulus, such as electrical,
magnetic, or mechanical is applied upon a cell that will alter
the permeability of the membranes. Microporation techniques
are actively used to transport genes, drugs,2 and cell nutrients3

to cells that otherwise are not available due to the low passive
transport of these molecules. Electroporation techniques
subject cells to electric fields to open up pores for drug
delivery, achieved by the administration of high voltage electric
fields to polarize the cell membrane.4 Pore formation in this
technique requires a membrane potential larger than 200 mV.
This technique involves the close contact of an electrode pair
for the administration of electric fields. Magnetoporation
techniques rely on the application of homogeneous static or
pulsed magnetic fields to create pores in the cell membrane.5

Both electroporation and magnetoporation are based in the
polarization of the membrane resulting in irreversible micro-
poration. Sonoporation (cellular sonication) uses sound waves
(typically ultrasonic frequencies) to modify the permeability of
the cell membrane.5,6

■ EXPERIMENTAL DESIGN
With the aim of enhancing small molecule transport into cells, we
propose a combination of inhomogeneous pulsed magnetic fields with
magnetic nanoparticles to produce sound waves locally.7 Magnetic

fields are not attenuated the same extent as sound waves, therefore the
combination of the magnetic fields and nanoparticles can be used in
areas that were not available with pure sonoporation techniques. In
addition, the use of magnetic particles with specific ligands enables us
to develop molecularly targeted microporation techniques. While
both sound waves and magnetic fields affect the cells, their effect is
minimal, and it is the interaction of these two aspects that leads to
successful microporation of the membrane. The formation of the
micropores is critical in this proposed strategy. Our laboratory,7 as
well as others,8 have demonstrated that magnetic nanoparticles
possess oscillations, resulting in sound generation, due to the
application of external magnetic pulses. Furthermore, we have
determined that the origin of this oscillation is from the translational
motion of the magnetic particles in an inhomogeneous magnetic field.
Sound, generated in a variety of ways including oscillation, has been
reported to open pores within cell membranes. Our research focuses
on developing a new strategy to enhance small molecule transport
into cells through a combinatory microporation technique based on
application of magnetic pulses and magnetic nanoparticles, iron-oxide
in this work (IONPs). Herein, we propose that microporation can be
induced by nanoparticles within a cell when subjected to pulses of
inhomogeneous magnetic fields (Figure 1), resulting in the formation
of micropores that can boost the transport of small molecules into
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cells. We envision that this strategy can be universally applied for the
transport of small or large molecules into cells; such as, but not
limited to anticancer agents and probes.

■ RESULTS AND DISCUSSION

To investigate this strategy, a pilot study was conducted in
which a cell line, small molecule, and means to evaluate the
effects of transport were required. As such, we have chosen to
use the cancerous lymphocytic leukemia cell lines U-937,
anticancer agent doxorubicin, and cellular viability and HPLC
as the means to evaluate doxorubicin transport. Converting
electromagnetic energy to mechanical energy could be a
potentially useful tool to stimulate biological systems for
therapeutic purposes when drugs need to be transported into
cells. It is well-known that mechanical energy from (ultra)-
sound will increase cell permeability,1 However, its use is
somewhat limited due to the loss processes of sound waves in
biological media. Alternatively, (ultra)sound waves can be
attained from colloidal magnetic nanoparticles in the presence
of rapidly changing inhomogeneous magnetic fields.7 These
magnetic fields do not suffer the same attenuation in biological
systems as the sound waves;9 therefore, they could be more
effective in many applications. The inhomogeneous magnetic
field produces transitional motion on magnetic particles, which
leads to pressure fluctuation in a liquid.10,11 Sound waves
generated from magnetic nanoparticles lead to changes of
permeability in lipid bilayers resulting in increased transport of
small molecules.12,13 Permeability changes in lipid bilayers due
to local heating from magnetic nanoparticles is also possible

due to alternating homogeneous magnetic pulses,14−16 but it is
much less likely under the conditions presented in this work.
The magnetic field generator consists of a home-built pulsed

power generation system that produces underdamped
oscillatory pulsed currents (Figure 2A). The current in the
circuit oscillates at an oscillation frequency that corresponds to
the resonant frequency of the RLC circuit (30.9 kHz). The
inhomogeneous magnetic field is generated from an anti-
Helmholtz coil (graph shown in Figure 2B). The localization
of the applied field is illustrated within the inset of Figure 2B
(magnetic paper which upon magnetic field application shows
location of said field), which demonstrates the targeted
application possibilities. This arrangement of coil pairs yields
magnetic fields that are rapidly changing (Figure 2C) in the
center of the coil with respect to the horizontal dimension. The
magnetic field generator produces a 200 μs pulse every 20 s.
The calculated duty cycle of the magnet is 0.02%. When the
fiber optic temperature sensor is placed into the sample tube
no detectable temperature rise is observed during the
application of inhomogeneous magnetic field pulses (see SI-
Figure 1).
The biodistribution, availability, and cellular uptake of iron-

oxide nanoparticles (IONPs) have been characterized by
numerous research programs.17−22 Surface modification of the
NP coating can translate into further enhanced cellular
uptake;23,24 however, these modifications can alter the relative
benign nature of IONPs. Commercially available dextrin
coated IONPs (Dex-IONPs, purchased from www.NANOCS.
net, MP25-DX-10) were chosen for this project in the aims of

Figure 1. Graphic illustration of the proposed molecule transport via IONPs and the inhomogeneous magnetic field application resulting in small
micropore formation for molecule transport.

Figure 2. (A) Anti-Helmholtz coil used. (B) Magnetic field/gradient of the coil, and the green magnetic field visualization film illustrating the
localization of the inhomogeneous magnetic field before and after application of a magnetic pulse (red box highlights field application). (C) The
measured time dependence of the peak magnetic field and graphical illustration of pulse sequence for inhomogeneous magnetic fields.
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maximizing uptake via glucose receptor mediated endocytosis;
noting the increased glucose receptor expression upon cancer
cells.25−27 Full characterization of these nanoparticles is
available on the manufactures Web site. To investigate the
effects of Dex-IONPs in U-937 cells, the comparison of the
IC50 of doxorubicin in U-937 cells relative to doxorubicin in
the presence of various concentrations of the Dex-IONPs (0 to
1 × 10−6 mg/mL, final concentration) was performed. Dex-
IONP concentrations higher than 0.01 mg/mL showed IC50
values greater relative to the doxorubicin control alone (Table
1). The IONPs themselves have also been reported to interfere

with cellular viability assays at high concentrations, such as
Alamar blue that was employed in these investigations.28−30

When Dex-IONPs were employed with dilutions of 1/400
(0.0025 mg/mL), the IC50 of doxorubicin returned to normal
levels within the margins of standard deviation in both cell
density experiments. Additionally, when U-937 cells were

grown in the absence or in the presence of Dex-IONPs (0.0025
mg/mL final concentration), there was no difference in cellular
viability and growth, within the statistical deviation limits.
To ensure that the Dex-IONPs were present within the U-

937 cells, rather than adsorbed onto the outer membrane of
the cells, visualization was performed. U-937 cells were seeded
at 40 000 cell/well in 48-well plates, incubated for 24 h in the
presence of 0.0025 mg/mL of Dex-IONPs, isolated, and
washed with PBS to remove any adhered NPs upon the outer
surface of the cells. The cells were fixed by cold methanol,
incubated in the presence of Prussian Blue, and then counter
stained with Nuclear Fast Red. Visualization was performed
under bright field transmission. Prussian Blue stains the iron-
oxide core of the Dex-IONPs blue, whereas the Nuclear Fast
Red stains cellular membranes.31−34 In Figure 3 panels A & B,
the visualization of U-937 cells in the absence of Dex-IONPs,
shows only the effects of the Nuclear Fast Red stain upon the
cellular membrane. No blue coloration was observed within
their interiors. Figure 3 panels C and D show that when U-937
cells were treated with Dex-IONPs, there was a clear blue
coloration within the cells indicating uptake of the NP. It is
worth noting the lack of blue coloration on the exteriors of the
cellular membranes, highlighted in red by the Nuclear Fast Red
stain. Further validation of Dex-IONPs uptake within U-937
was shown by TEM. Figure 3E shows a U-937 cell that was
visualized after Dex-IONP incubation (0.0025 mg/mL), the
highlighted red box is enlarged in Figure 3F. Within Figure 3F
two Dex-IONP clusters are observed. Imaging of just the Dex-
IONPs, Figure 3G, shows the same cluster sizes of particles
observed in the U-937 cell. The Dex-presence of the IONPs
was confirmed by EDX analysis of the area (Figure 3H).
The effects of the Dex-IONPs, doxorubicin, and the

application and quantity of magnetic pulses were then
investigated. When neither the Dex-IONPs (0.0025 mg/mL)
nor doxorubicin (ran at the observed IC50 concentration) was
present there was no effect upon cell death in the presence of
0, 20, and 50 pulses, as illustrated in Figure 4. With no change
in cellular viability in the presence of magnetic pulses, it can be
inferred that the inhomogeneous magnetic field alone has no

Table 1. Assessment of Dextrin Nanoparticle Concentration
as a Function of IC50 Alteration of Doxorubicin in U-937
(Histiocytic Lymphoma) Human Cancer Cell Line after 48
h Post Dex-IONP Exposurea

Doxorubicin IC50(μM) in U-937, 48 h

Dextrin
nanoparticle
(mg/mL)

4000 cells/well, 384 plate,
50 μ L volume

40 000 cells/well, 48 plate,
700 μ L volume

0 0.023 ± 0.012 0.201 ± 0.032
0.25 4.19 ± 0.95 6.25 ± 0.208
0.01 3.44 ± 0.56 4.83 ± 0.028
0.0025 0.018 ± 0.009 0.20 ± 0.019
0.001666 0.018 ± 0.012 0.20 ± 0.027
0.00125 0.022 ± 0.008 0.32 ± 0.022
0.001 0.018 ± 0.014 0.19 ± 0.035
0.0001 0.018 ± 0.011 0.17 ± 0.024
0.000001 0.022 ± 0.019 0.20 ± 0.079

aIC50 values (μM) as determined by Alamar Blue Quantification.
Error is standard deviation of the mean, n ≥ 9 (triplicate of
triplicates); IC50 = half maximal inhibitory concentration.

Figure 3. Visualization showing the update of dextrin coated nanoparticles in U-937 human cancer cell line. (A,B) control−absence of
nanoparticles; (C,D) uptake; the insets within panels B and D are zoomed in areas for uptake comparison. Scale bars: 400 μm (A,C); 200 μm
(B,D). TEM images and spectrum for U-937 cells incubated with Dex-IONPs (E−H): U-937 cell (E), red box enlarged showing two nanoparticle
clusters (F). TEM of the Dex-IONPs individually (G), and the spectrum (H). Cells were seeded at 40 000 cells/well in a 48-well plate, incubated
with the nanoparticles at a final concentration of 0.0025 mg/mL for 24 h.
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effect upon cell death. The inclusion of Dex-IONPs at 0.025
mg/mL in the absence of doxorubicin with the three-pulse
variation showed minimal and statistically nonsignificant
increase in cell death relative to the control group. When
doxorubicin was introduced, at its observed IC50 concen-
tration, in the absence of the Dex-IONPs, cell death increased
to ∼50% in the presence and absence of magnetic pulses. No
increase in cell death was observed when both doxorubicin and
Dex-IONPs were present within U-937 with no pulses applied.
This result suggests that the presence of the Dex-IONPs, either
alone or with doxorubicin in combination, has no increased
effect upon cellular viability. However, when 20 pulses were
applied, a 15% increase in cell death was observed. Noting that
there was no cell death when 20 pulses were applied to the
system in which no Dex-IONPs and doxorubicin were present,
the 15% increase is correlated to the presence of the magnet
field pulses and the effect of said pulses upon the Dex-IONPs,
inducing microporation and allowing for an increase influx of
doxorubicin. In efforts to increase the observed effects shown
with 20 pulses, an increase to 50 pulses was explored (Figure 4,
shown in light purple). Direct comparison of the effects of
pulses upon cell death in the presence of DOX/IONPs and

magnetic fields does show a greater percentage of cell death
with higher pulses; Hhowever, a 2.5 increase in pulse
application does not result in a 2.5-fold increase in cell death.
While the combinational effects of both the Dex-IONPs and

application of the magnetic field did result in an increased cell
death response in the presence of doxorubicin, the long-terms
of effects of each upon cell viability could not be made. To
probe the long-term effects of cells exposed to Dex-IONPs as a
function of cell viability, U-937 cells were either treated with
Dex-IONPs or an equivalent amount of media only and
allowed to incubate for 72 h. No statistical difference was
observed between cells treated with various concentration of
Dex-IONPs in comparison to cells treated with media only.
From this, we can assume that the observed increase in cell
death (Figure 3) does not result from long-term exposure of
the Dex-IONPs. Treating U-937 cells with 20 pulses of in-
homogeneous magnetic fields, and then allowing them to
incubate for 72 h show no change in cell viability (Figure 5B).
Long-term effects of both Dex-IONPs and 20 magnetic field
pulses also show no statistical difference in cellular viability. On
the basis of these investigations, we can assume that neither the
presence of Dex-IONPs nor the application of magnetic field
pulses, either separately or in combination, have any
detrimental effects upon U-937 cell viability. As such, we
speculate that the observed 15% increase in cell death (Figure
4) is due to the increase transport of doxorubicin into the U-
937 cells, and not from the long-term effects of either, or both,
the Dex-IONPs and magnetic fields.
To explore if the increased observed cellular death is caused

by the increase in doxorubicin uptake, quantification of
doxorubicin within U-937 cells was performed in the absence
and presence of magnet field pulses. While 50 magnetic field
pulses were observed to lead to a marginally higher cellular
death compared to 20 pulses, doxorubicin uptake was
quantified under the latter conditions. Employing the same
experimental conditions used for cellular death analysis,
quantification of doxorubicin was achieved via HPLC (method
developed, and all relevant chromatograms are presented in the
Supporting Information). The protocol of this experiment
differed from the cellular death analysis in that quantification
of doxorubicin was performed 2 h after magnetic pulse
application, rather than 48 h. Rationale for this is based upon
the rapid translocation of doxorubicin into the nucleus, in

Figure 4. Percentage of U-937 (human cancer cell line) cell death in
combinational treatments in the presence or absence of dextrin-coated
nanoparticles, doxorubicin, and or 0, 20, or 50 magnetic pulses
applied. For each data set: 0.0025 mg mg/mL of dextrin-coated
nanoparticles used, 48 h period after magnetic field application. Error
is standard deviation of the mean, n ≥ 9 (triplicate of triplicates): ns =
no statistical difference; **p < 0.01.

Figure 5. Investigations into the possible individual and combination effects of long-term cell viability of Dex-IONPs (A), and magnetic and
combinational application (B) within U-937 cells. (A) Effects upon cell viability with the exposure of various concentrations of Dex-IONPs over a
72-h period. (B) Cell viability effect 72 h after 20 magnetic field pulses applied to U-937 cells and combinational effects of both Dex-IONPs and
pulses. Error is relative standard deviation of the mean, n ≥ 9 (triplicate of triplicates): ns = no statistical difference.
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which it elicits its therapeutic action. HPLC measurement
within U-937 cells in the absence and presence of magnet field
pulses showed a 75.2% increase of doxorubicin within cells
treated under magnet field pulses relative to those untreated
(Figure 6). The quantification of doxorubicin at later time

points showed accumulation levels lower than 75% between
the two systems. This decrease in free doxorubicin
concentrations can be a result of translocation into the nucleus
and can be indicative of the initial points of DNA adducts
formation. While there are reports that an increase in heat
around the cell can translate into higher uptake of agents upon
the cell exterior, there is not significant heat generation in this
strategy (Supporting Information, Figure SI-1).
With a 15% increase in cellular death as well as a 75%

increase in doxorubicin uptake, the next step taken was to
investigate the overall drug effectiveness of doxorubicin in this
combinational strategy. Doxorubicin was observed to have an
IC50 of 289 nM in the presence of Dex-IONPs (0.0025 mg/
mL), but the IC50 dropped to 169 nM when the combinational
strategy was applied (Figure 7). This shift in the IC50 curve is
similar to that of positive potentiators, and in this case results
in a near 60% increase in cytotoxicity. Noting that the Dex-
IONPs and the application of magnetic field pulses

independently and in combination (Figures 4 and 5) showed
no change in cellular viability, this suggests that this
combinational strategy in this exploratory investigation is a
nontoxic positive potentiating strategy for the increased uptake
of desired agents, such as anticancer agents.

■ CONCLUSIONS

In summary, the application of inhomogeneous magnetic field
pulses in the presence of dextrin coated iron-oxide nano-
particles resulting in an increase efficacy of an anticancer agent
has been disclosed. Via systematic investigation, each of the
three separate components of this combinational strategy was
shown to be noneffective independently with regards to
increased cellular uptake and increase in cytotoxicity of an
anticancer agent. Through employing doxorubicin, a known
and currently prescribed anticancer agent, the effects of
magnetic field pulses revealed a near 60% increase in
doxorubicin’s cytotoxicity in U-937 cancer cells that were
preincubated with Dextrin-coated nanoparticles. This increase
is thought to be caused by near 75% increase in cellular uptake
and accumulation of doxorubicin via this combinational
strategy. From this pilot study, we propose that through the
formation of micropores, induced by oscillation from the
magnetic nanoparticles and an applied inhomogeneous
magnetic field, transport of doxorubicin into U-937 cells is
increased. Further studies are underway to explore multiple
effects, such as, but not limited to (1) nanoparticle size and
number, (2) optimization of the magnetic field pulse
generation, (3) investigations into the application of this
strategy in various cancerous (adherent cell lines) and
noncancerous cell lines, and (4) employing other anticancer
agents and other small molecules to explore the scope of this
methods effectiveness.
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Figure 6. Quantification via HPLC of doxorubicin uptake within U-
937 human cancer cells in the presence of 0.0025 mg/mL of dextrin-
coated IONPs, 20 magnetic pulses; over 2 h. Error is standard
deviation of the mean, n ≥ 9 (triplicate of triplicates): ns = no
statistical difference; ***p < 0.0001.

Figure 7. Nanoparticle facilitated by magnetic field effects upon
doxorubicin IC50 in U-937 human cancer cells. Cells were incubated
with nanoparticles at 0.0025 mg/mL for 24 h, drug/blank added
along with 20 magnetic pulses applied, incubated for 48 h, and death
was determined via the Alamar Blue assay. Cells were plated at 40 000
cells/well in 48 well plate, 48 h. Error is standard deviation of the
mean: n ≥ 3 for each data point.
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