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LABORATORY INVESTIGATION
In Vitro Capture of Small Ferrous Particles with a
Magnetic Filtration Device Designed for

Intravascular Use with Intraarterial
Chemotherapy: Proof-of-Concept

Study

Marc C. Mabray, MD, Prasheel Lillaney, PhD, Chia-Hung Sze, MS,
Aaron D. Losey, MD, Jeffrey Yang, BS, Sravani Kondapavulur, BS,

Derek Liu, BS, Maythem Saeed, DVM, PhD, Anand Patel, MD,
Daniel Cooke, MD, Young-Wook Jun, PhD, Ivan El-Sayed, MD,

Mark Wilson, MD, and Steven W. Hetts, MD
ABSTRACT

Purpose: To establish that a magnetic device designed for intravascular use can bind small iron particles in physiologic flow
models.

Materials and Methods: Uncoated iron oxide particles 50–100 nm and 1–5 mm in size were tested in a water flow chamber
over a period of 10 minutes without a magnet (ie, control) and with large and small prototype magnets. These same particles and
1-mm carboxylic acid–coated iron oxide beads were likewise tested in a serum flow chamber model without a magnet (ie, control)
and with the small prototype magnet.

Results: Particles were successfully captured from solution. Particle concentrations in solution decreased in all experiments
(P o .05 vs matched control runs). At 10 minutes, concentrations were 98% (50–100-nm particles in water with a large magnet),
97% (50–100-nm particles in water with a small magnet), 99% (1–5-mm particles in water with a large magnet), 99% (1–5-mm
particles in water with a small magnet), 95% (50–100-nm particles in serum with a small magnet), 92% (1–5-mm particles in serum
with a small magnet), and 75% (1-mm coated beads in serum with a small magnet) lower compared with matched control runs.

Conclusions: This study demonstrates the concept of magnetic capture of small iron oxide particles in physiologic flow models by
using a small wire-mounted magnetic filter designed for intravascular use.

ABBREVIATIONS

IAC = intraarterial chemotherapy, MTC-DOX = magnetic targeted carrier bound to doxorubicin
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Innovative ideas to potentially alter the manner in which
intraarterial chemotherapy (IAC) is administered have
included the use of drug-eluting beads, extracorporeal
filtration, and, in recent preclinical studies, an ionic
resin–based filter (1–6). An intravascular magnetic
device could potentially be used to selectively remove a
magnetic targeted carrier therapeutic agent without the
need for extracorporeal filtration/perfusion or nonselec-
tive ionic binding mechanisms. In the present study, we
explore the in vitro feasibility of such a concept, testing a
magnetic device to remove iron oxide particles from
solution.
Small magnetic iron oxide particles can be bound to

therapeutic agents such as doxorubicin and used in IAC
or transarterial chemoembolization as an oncologic
treatment like standard agents while offering the distinct
abilities to be manipulated by a magnetic field and
tracked by magnetic resonance imaging (7–15). Previous
studies that used a magnetic targeted carrier bound to
doxorubicin (MTC-DOX) showed that an external
magnet placed over the liver of the patient could
influence MTC-DOX distribution in patients with hep-
atocellular carcinoma (14,16). MTC-DOX was esti-
mated to release 25% of the bound drug into human
plasma over a period of 3 hours, but numerous different
types of magnetic iron oxide particles have been bound
to doxorubicin, with different affinities, stabilities, sizes,
and behaviors in various microenvironments depending
on the characteristics of the particles (7,8,10,15,17,18).
Other agents and classes of medications, including
thrombolytic agents, have also been bound to iron oxide
particles and could potentially also be used with the
technology developed in this investigation (7,8,19–21).
The magnetic properties of MTC-DOX or similar

agents could potentially be used to remove the agents
from the circulation, thereby decreasing systemic con-
centrations and toxicity and allowing dose escalation to
provide a better therapeutic effect. The purpose of this
proof-of-concept study was to establish that a magnetic
intravascular device could bind small iron oxide particles
in in vitro flow models. The hypothesis was that a small
magnetic device could be designed and constructed for
intravascular use and could capture iron oxide particles
in vitro.
Figure 1. Magnetic filtration devices. (a) Computer-aided design of

alternating polarity design (ie, like poles facing and repelling each ot

wire-based magnetic filtration device.
MATERIALS AND METHODS

Magnetic Devices
An initial large prototype magnetic device was empiri-
cally constructed for initial in vitro experiments. This
larger device consisted of 20 individual neodymium ring
magnets (N52 grade, 12.5-mm outer diameter, 3-mm
inner diameter, 3-mm length, estimated surface field of
3,400 G/0.34 T; K&J Magnetics, Pipersville, Pennsylva-
nia) placed on a bolt in “cow magnet” configuration
with like polarities facing and repelling each other and
secured with a bolt (Fig 1). This larger device was used
for initial flow chamber testing.
A second smaller device was constructed with size

constraints to allow for eventual percutaneous introduc-
tion into the venous system (Fig 1). This device was
constructed on a 0.014-inch-diameter guide wire
(Transend 300 ES; Boston Scientific, Marlborough,
Massachusetts) by using 15 neodymium ring magnets
(N52 grade, 5-mm length, 4-mm outer diameter, 1-mm
inner diameter, estimated surface field of 500 G/0.05 T;
SuperMagnetMan Magnetics, Pelham, Alabama). These
smaller magnets were placed on the 0.014-inch guide
wire with like polarities facing and repelling each other.
Approximately 3 mm of space was left between the
repelling magnets to increase coverage and because the
repelling magnetic forces could not be overcome easily.
The proximal- and distal-end magnets were secured in
position with layers of tape built up just beyond the
magnet, heated shrink-wrap applied over the tape, and a
small amount of glue adhesive. The overall length of the
magnetic portion of this device was 11.5 cm. This device
was introduced into an 18-F sheath with a one-way valve
by using an introducer (Cook, Indianapolis, Indiana).

Particles
For initial testing, 50–100-nm uncoated iron oxide
particles in powder form (iron[II,III] oxide; Sigma-
Aldrich, St. Louis, Missouri) and 1–5-mm uncoated iron
oxide particles in powder form (iron[II,III] oxide; Sigma-
Aldrich) were selected. To evaluate more uniform coated
particles in solution, iron oxide beads approximately 1
mm in size (800 nm by dynamic light scattering) with a
COOH (carboxylic acid) coat in solution were selected
the small and large magnetic filter devices demonstrates the

her). (b) The large magnetic filtration device and (c) the smaller
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(26.5% by weight iron[II,III] oxide; ProMag 1 Series
COOH; Bangs Laboratories, Fishers, Indiana). Standard
concentrations of each type of particle in deionized
water were used to make standard curves by using
absorbance spectrophotometry (U2810 Spectrophotom-
eter; Hitachi Digilab, Tokyo, Japan). To assess if
the uncoated powder particles clumped together when
put into solution, particle size in solution in water
was evaluated with dynamic light scattering (Zetasizer
Nano ZS90; Malvern Instruments, Malvern, United
Kingdom).

In Vitro Testing in a Water Flow Chamber
The 50–100-nm and 1–5-mm uncoated iron oxide par-
ticles were initially tested in a water flow chamber. A
total of 250 mg of particles were placed in 500 mL of
water (0.5 mg/mL) in a closed circuit flow model. The
flow model consisted of a 1,000-mL glass reservoir with
1.2-cm polyvinyl chloride tubing (Masterflex, Vernon
Hills, Illinois) and a peristaltic pump (Masterflex). The
particles in the reservoir were continuously mixed
pneumatically with a 6-mL syringe, and the fluid was
continuously cycled through the tubing at a rate of 750
mL/min to approximate hepatic venous flow. The system
was allowed to equilibrate in this manner for 5 minutes.
A 3-mL sample was taken from the reservoir at time 0 as
the magnetic device was inserted into the tubing, and
then 3-mL samples were taken at 1, 3, 5, and 10 minutes.
The pump was then stopped and the magnet removed.
Visual clearing of the solution over time was assessed.

The magnetic device was visually assessed for adherent
iron particles. Light microscopy was then performed
to visualize adherent iron oxide particles. Iron oxide
particle concentration remaining in solution was quanti-
fied in milligrams per milliliter by absorbance spectro-
photometry with comparison versus the appropriate
Figure 2. Flow chamber experiments. (a) The smaller magnetic filt

(arrow). (b) Samples were taken at times 0, 1, 3, 5, and 10 minutes dur

serum. Note the visual clearing of the serum over time as the concen
standard curve. This process was performed three times
as control without a magnet, three times with the large
magnet, and three times with the small wire-based
magnet for the 50–100-nm uncoated iron oxide particles
and for the 1–5-mm uncoated iron oxide particles (18
total runs, six of which are controls).

In Vitro Testing in Serum Flow Chamber
Following in vitro water testing, in vitro testing in serum
was performed to provide a more physiologically real-
istic scenario given the increased viscosity of serum. The
same flow chamber model used for initial testing in
water was now used with pig serum (Fig 2) in the
reservoir and with the methods described earlier. Before
absorbance spectrophotometry, a large magnet (five N52
disk magnets stuck together, each with a 19-mm outer
diameter and 5 mm thick; K&J Magnetics) was applied
to the serum sample and used to pull the particles to the
bottom of the sample tube. The serum was then removed
from the tube, and the particles were washed with water.
That water was then removed, and the particles were
suspended in 3 mL of water for absorbance spectropho-
tometry. Three runs were performed as controls and
three runs were performed with the smaller wire-based
magnetic device for the 50–100-nm uncoated iron oxide
particles, the 1–5-mm uncoated iron oxide particles, and
the 1-mm COOH-coated iron oxide beads (18 total runs,
nine of which are controls).

Statistical Analysis
Statistical analysis was performed with MedCalc soft-
ware (version 14.8.1; MedCalc, Ostend, Belgium) for
Windows (Microsoft, Redmond, Washington). As there
were slight variations in starting concentrations at time 0
for flow chamber runs, the concentrations were normal-
ized to time 0 for each run and expressed as proportional
ration device in the flow chamber during a serum experiment

ing a serum flow chamber experiment and compared with blank

tration of particles decreases.
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concentrations (ie, proportion remaining in solution vs
time 0). The mean and standard deviation were calcu-
lated at each time point for each set of three runs, and
the proportional concentrations were plotted against
time. The time-weighted mean proportional concentra-
tion (area under the curve divided by time) was used as a
summary statistic of each concentration curve set, and
the curves were compared with a two-tailed t test for sets
of two runs (serum experiments) and one-way analysis of
variance with Student–Newman–Keuls pairwise com-
parisons for sets of three runs (water experiments). A
P value o .05 was considered statistically significant.
RESULTS

Particle Characterization
The initially tested 50–100-nm and 1–5-mm uncoated
iron oxide particles in powder form exhibited clumping
visually when placed into solution. The 50–100-nm
particles measured 1,354 nm (1.354 mm) by dynamic
light scattering when in solution, much larger than their
reported size from the manufacturer, suggesting aggre-
gation/clumping in solution. The 1–5-mm particles meas-
ured 1,292 nm (1.292 mm) by dynamic light scattering
when in solution, although the upper limit of size
characterization by this method is approximately 10
mm. Much larger particle aggregates were visible in the
solution and were likely not measured. The approxi-
mately 1-mm COOH-coated iron oxide beads in solution
measured 993 nm by dynamic light scattering, and there
was no visible clumping in solution.

In Vitro Testing in a Water Flow Chamber
The 50–100-nm uncoated iron oxide particles were
captured from solution by the larger magnetic filtration
device (Fig 1b) and by the smaller magnetic filtration
device (Fig 1c) designed for intravascular use. This was
apparent through visual clearing of the solution in the
reservoir as it passed by the magnetic filtration device,
and in consecutive samples. Following the experiment,
iron oxide particles were seen on the magnetic device
Table 1 . Results of In Vitro Water Flow Chamber Experiments

Experiment 0 min 1 min 3 min 5 mi

50–100-nm

Control 1 0.899 � 0.068 1.119 � 0.254 1.009 �

Large magnet 1 0.173 � 0.072 0.032 � 0.014 0.017 �

Small magnet 1 0.334 � 0.099 0.137 � 0.054 0.065 �

1–5-mm

Control 1 0.886 � 0.058 1.086 � 0.243 0.980 �

Large magnet 1 0.240 � 0.036 0.081 � 0.049 0.018 �

Small magnet 1 0.329 � 0.032 0.097 � 0.016 0.037 �

Note–Values presented as mean � standard deviation. Values in pa
nConcentrations in water were lower in experimental runs with the m

with Student–Newman–Keuls pairwise comparisons.
on visual inspection and by light microscopy. The
concentration of iron particles in solution decreased
over time in the experiments with the larger prototype
magnetic filter present and in the experiments with the
smaller magnetic filter present (Table 1 and Fig E1
[available online at www.jvir.org]). At 10 minutes, the
concentration remaining in solution was 98% lower for
large magnet runs and 97% lower for small magnet runs
compared with control runs. This was validated
statistically: concentration curves were significantly
different (analysis of variance, F ¼ 834.991, P o .001)
for the large magnet runs (P o .05) and for the small
magnet runs (P o .05) compared with control runs.
The 1–5-mm uncoated iron oxide particles were also

captured from solution by the larger magnetic filtration
device and the smaller magnetic filtration device with
similar results (Table 1 and Fig E1 [available online at
www.jvir.org]). Concentrations decreased over time in
experimental runs with the magnets compared with
control runs. At 10 minutes, the concentrations
remaining in solution were 99% lower for large magnet
runs and 99% lower for small magnet runs compared with
control runs. Concentration curves were significantly
different (analysis of variance, F ¼ 79.445, P o .001)
for the large magnet runs (P o .05) and for the small
magnet runs (P o .05) compared with control runs.
In Vitro Testing in Serum Flow Chamber
The 50–100-nm and 1–5-mm uncoated iron oxide par-
ticles were also effectively captured from serum in the
flow chamber by the smaller magnetic filtration device
designed for intravascular use, as evidenced by decreas-
ing concentrations of particles in solution compared with
control runs (Fig 3 and Table 2). At 10 minutes, the
concentrations remaining in solution were 95% lower for
the 50–100-nm particle runs and 92% lower for the 1–5-
mm particle runs compared with their control runs.
Concentration curves were significantly different for
50–100-nm particles (P ¼ .002) and for 1–5-mm
particles (P ¼ .004) with the small magnet compared
with the matched serum control runs.
n 10 min Time-Weighted Average P Value*

0.022 1.056 � 0.056 1.026 � 0.038 (0.930–1.121)

0.010 0.012 � 0.006 0.092 � 0.015 (0.054–0.129) o .05

0.030 0.033 � 0.009 0.158 � 0.035 (0.072–0.245) o .05

0.197 1.004 � 0.176 0.994 � 0.169 (0.575–1.414)

0.009 0.011 � 0.014 0.111 � 0.010 (0.085–0.137) o .05

0.004 0.010 � 0.006 0.134 � 0.009 (0.112–0.156) o .05

rentheses are 95% confidence intervals.

agnet compared with matched controls by analysis of variance

<ce:italic>www.jvir.org</ce:italic>
<ce:italic>www.jvir.org</ce:italic>


Figure 3. Concentration curves (ie, proportion remaining in

solution compared with time 0 for each run, with error bars

representing standard deviation) from flow chamber experiments

and corresponding control experiments for 50–100-nm uncoated

iron oxide particles in serum (a), 1–5-mm uncoated iron oxide

particles in serum (b), and 1-mm COOH-coated iron oxide beads in

serum (c). The concentration decreased over time in the experi-

ments with the large and small magnetic filtration devices

compared with controls. The inconsistency in measurements

during the control experiments may in part reflect heterogeneous

mixing and clumping of the uncoated particles in solution.
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The experiments with the COOH-coated 1-mm beads
validated the results with uncoated particles, as the magnetic
forces of these particles would be less (as they are only
26.5% iron oxide by weight), but clumping and hetero-
geneity would also be expected to be less. These COOH-
coated beads were also effectively removed from the serum
flow model with the use of the smaller magnetic filtration
device, with decreasing concentrations of particles remaining
in solution (Fig 3 and Table 2). At 10 minutes, the
concentration remaining in solution was 75% lower for the
magnet runs compared with the control runs. Concentration
curves were significantly different (P ¼ .0164) for the runs
with the smaller magnetic device than for the matched
control runs.
DISCUSSION

The present study demonstrates the concept of magnetic
filtration of magnetic particles in physiologic flow
models. An initial larger magnetic filtration device
(12.5-mm diameter) was first constructed and tested in
a flow model with water to help prove the concept. A
smaller wire-based magnetic filtration device intended
for endovascular use (4-mm diameter) was then mod-
eled, constructed, and tested in flow models with water
and under more physiologic conditions with serum.
Concentrations of particles in solution were significantly
decreased in the presence of the magnetic devices in all
experiments compared with their matched controls,
demonstrating in vitro capture.
This concept could potentially be combined in the

future with existing or new therapeutic agents bound to
magnetic carriers to create a novel paradigm for locore-
gional therapy, allowing intraarterial infusion of high
concentrations of iron-bound therapeutic agents with
magnetic sequestration of excess particles from the
venous system. Other filtration ideas proposed for IAC
have included extracorporeal filtration and an ionic
resin–based filter, which require physiology-altering
extracorporeal blood flow or ionic mechanisms that
may be plagued by nonspecific ionic binding to normal
ions present in the blood (1–3,6). The concept presented
here would offer an alternative means of filtration with
the magnetic attraction of iron oxide particles to a wire-
based intravascular device. Magnetic therapeutic agents
are an area of active research, and numerous particles
have been developed that are tailored for different uses
(7,8,10,15,17–21). Magnetic manipulation of iron par-
ticles has been performed in the setting of IAC to help
localize particles with an external magnet and also with
alternating magnetic fields to create local hyperthermia
in tumors (ie, magnetic fluid hyperthermia) and augment
thrombolysis (7–10,14–16,19,20,22–25). The concept
proposed here is to use magnetism for the purposes of
intravascular filtration.
This is a proof-of-concept study, and, as such, there

are a number of limitations. Magnetic filter design was
largely empiric, based on the theoretic concept, size
constraints for in vivo use, and commercially available
materials. Future designs could incorporate magnetic
field modeling along with computational fluid dynamics
to optimize device function. The particles chosen for
experiments were initially selected for cost effectiveness,
availability, and safety. In the future, magnetic particles
already bound to chemotherapeutic or other therapeutic



Table 2 . Results of In Vitro Serum Flow Chamber Experiments

Experiment 0 min 1 min 3 min 5 min 10 min Time-Weighted Average P Value*

50–100 nm uncoated iron oxide particles

Control 1 1.110 � 0.075 1.052 � 0.239 1.078 � 0.088 1.146 � 0.218 1.091 � 0.106 (0.826–1.355)

Small magnet 1 0.284 � 0.017 0.230 � 0.016 0.185 � 0.062 0.062 � 0.085 0.219 � 0.042 (0.114–0.323) o .05

1–5 mm uncoated iron oxide particles

Control 1 0.866 � 0.056 0.942 � 0.041 0.871 � 0.191 0.847 � 0.131 0.885 � 0.107 (0.619–1.151)

Small magnet 1 0.547 � 0.058 0.250 � 0.011 0.083 � 0.016 0.069 � 0.014 0.228 � 0.003 (0.220–0.237) o .05

1–mm COOH-coated iron oxide beads

Control 1 1.039 � 0.305 0.939 � 0.124 0.805 � 0.320 0.847 � 0.186 0.887 � 0.225 (0.328–1.446)

Small magnet 1 0.548 � 0.067 0.424 � 0.079 0.269 � 0.074 0.215 � 0.053 0.365 � 0.033 (0.282–0.448) o .05

Note–Values presented as mean � standard deviation. Values in parentheses are 95% confidence intervals.
nConcentrations in serum were lower in experimental runs with the magnet compared to matched controls by t test.
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agents could be used to better simulate therapeutic
interventions. This line of research is therefore depend-
ent on particle experts continuing to develop and refine
therapeutic particles with appropriate stability, affinity,
and behavior for use with a system such as the one
described here (7,8,10,15,17,18). Clumping of the dry
uncoated particles when placed into solution caused
them to have a larger effective size than reported by
the manufacturer (4 1 mm for the 50–100-nm particles
and likely 410 mm but beyond the limits of detection by
dynamic light scattering for the 1–5-mm particles).
Clumping, along with heterogeneous mixing and layer-
ing in the flow chamber and stochastic error, likely
contributed to the inconsistent measurements in the
control experiments. The third type of particle tested
was a COOH-coated bead, which was used to address
concerns regarding particle clumping and heterogeneity
that arose with the use of the less expensive uncoated
particles. This study therefore tested particles in the
micron range of sizes, and extrapolation to true
nanoparticle-scaled particles is limited; future studies
may test additional nanometer-scale particles. Definitive
animal experiments are needed for further evaluation,
which would include biodistribution studies and IAC in
a liver tumor model with the use of magnetic therapeutic
agents such as MTC-DOX.
In conclusion, the present study has demonstrated the

concept of magnetic capture of small magnetic iron
oxide particles in vitro by using a small wire-based
magnetic filter designed for intravascular use. This
concept and device could potentially be applied in the
future to a variety of oncologic and nononcologic
locoregional therapies throughout the body.
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Figure E1. Concentration curves (ie, proportion remaining in

solution compared with time 0 for each run, with error bars

representing standard deviation) from flow chamber experi-

ments and corresponding control experiments for 50–100-nm

uncoated iron oxide particles in water (a) and 1–5-mm uncoated

iron oxide particles in water (b). The concentration decreased

over time compared with controls. The inconsistency in mea-
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surements during the control experiments may in part reflect
heterogeneous mixing and clumping of the uncoated particles in

solution.
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