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1. Introduction

The concept of magnetic drug targeting (MDT) has been around
for over 30 years (Häfeli, 2004), and simply entails retaining spe-
cially designed magnetic drug carrier particles (MDCPs) at a specific
site in the body using an externally applied magnetic field. How-
ever, due to magnetic forces generally being short ranged and
underwhelming compared to hydrodynamic forces in the body, the
targeted collection of such particles has met with limited success
(Lübbe et al., 1999; Xu et al., 2005). As a result, the efficacies of
the few clinical trials that have been carried out using this tradi-
tional MDT approach have fallen short of their expectation (Lübbe
et al., 1999, 2001; Lemke et al., 2004). Research is still continu-
ing with this traditional MDT approach (Alexiou et al., 2005; Ma et
al., 2007; Seliger et al., 2007; Yoshida et al., 2007; Chertok et al.,
2008); and in an attempt to overcome its shortcomings, the notion
of using a ferromagnetic implant, in conjunction with the MDCPs
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le perfusion model was developed and used under physiologically relevant
isted-magnetic drug targeting (IA-MDT). A stent coil was fabricated from

nd used to capture 100-nm diameter magnetite particles that mimicked
(MDCPs). Four key cases were studied: (1) no stent and no magnet (control),
t, (3) no stent but with a magnet (traditional MDT), and (4) with a stent
applied, the magnetic field was fixed at 0.125 T. The performance of the

re efficiency (CE) of the magnetite nanoparticles. The experiments done in
ld showed minimal retention of any nanoparticles whether the stent was
done in the presence of the magnetic field showed a statistically significant
nanoparticles, with a marked difference between the traditional and IA-
ntrol case, in one case there was nearly an 11-fold increase in CE for the
a threefold increase in CE for the traditional MDT case. This enhanced

e was typical of all the experiments. Histology images of the cross-section
that the nanoparticles were captured mainly in the vicinity of the stent.
this work with actual tissue were very encouraging and similar to those

and theoretical studies; but, they did point to the need for further studies

© 2008 Elsevier B.V. All rights reserved.

and an external magnetic field, has recently been receiving consid-

erable attention (Forbes et al., 2003, 2008; Chen et al., 2004, 2005;
Iacob et al., 2004; Ritter et al., 2004; Avilés et al., 2005, 2007a,b, in
press; Rosengart et al., 2005; Rotariu and Strachan, 2005; Yellen et
al., 2005; Zheng et al., 2006; Fernandez-Pacheco et al., 2007). This
new MDT technique is referred to as implant assisted (IA)-MDT.

IA-MDT exploits the fact that the magnetic force imparted on
a particle (e.g., a MDCP) depends on both the magnitude (H) and
the gradient of the magnetic field (�H). It further exploits the fact
that when a ferromagnetic element (e.g., a wire) is placed inside
a magnetic field it becomes magnetized, which in turn increases
both H and �H locally around the element. This idea is borrowed
from the well-known principles of high gradient magnetic separa-
tion (HGMS) (Gerber, 1994). IA-MDT now simply entails implanting
a ferromagnetic element at or near the target site and using this
magnetized element to locally enhance the collection of the MDCPs
there.

Several theoretical (Forbes et al., 2003; Chen et al., 2004, 2005;
Iacob et al., 2004; Ritter et al., 2004; Avilés et al., 2005, 2007a;
Rotariu and Strachan, 2005; Yellen et al., 2005), and some exper-
imental in vitro (Yellen et al., 2005; Forbes et al., 2003; Avilés et
al., 2007b, in press) and in vivo (Zheng et al., 2006; Fernandez-
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Fig. 2. Schematic of the isolated swine heart ventricle perfusion apparatus used in
the in vitro experiments to study IA-MDT.

apparatus. A 1 L reservoir was connected to a peristaltic pump that
was used to drive the saline/lidocaine/heparin solution through the
cannulated coronary artery while controlling the average flow rate.
The effluent was collected in a vessel and analyzed for iron using
atomic absorption spectroscopy (AAS). When a magnetic field was
applied, a single NdFeB permanent magnet (Dexter Magnetic Tech-
nology) was placed 2 cm away from the surface of the tissue, as
shown in Fig. 1. At this distance, the applied magnetic field was
0.125 T, as measured using a Model 4048 Bell Gauss/Tesla meter. A
SS 430 wire (Calfinewire), 5-cm long and either 200 or 500 �m in
diameter, was used to create a 3-cm long by 3-mm diameter coiled
stent with about 4 loops that was positioned inside the right coro-
nary artery. A photograph of the two different diameter stents is
shown in the insert of Fig. 1. The injection port was used to add
Fig. 1. Photograph of the isolated swine heart ventricle perfusion apparatus used in
the in vitro experiments to study IA-MDT.

Pacheco et al., 2007; Forbes et al., 2008) studies have been carried
out recently that emphatically show the advantage of IA-MDT over
traditional MDT when using wires (Iacob et al., 2004; Ritter et al.,
2004; Avilés et al., 2005; Rotariu and Strachan, 2005), stents (Chen
et al., 2004, 2005; Yellen et al., 2005; Zheng et al., 2006; Avilés
et al., 2007b; Forbes et al., 2008), and even seeds (Forbes et al.,
2003; Avilés et al., 2007a, in press) as implants. As valuable as these
studies have been in touting the fundamentals and applications of
IA-MDT, only a paucity of them have encompassed the complexity
of real biological systems (Zheng et al., 2006; Fernandez-Pacheco
et al., 2007; Forbes et al., 2008), and none of them have accurately
emulated the conditions normally found in the human body. Yet,
these are the kinds of studies that are sorely needed to foster the
further development of IA-MDT through clinical trials.

With this in mind, the objective of this work was to develop
an isolated swine heart ventricle perfusion model to study the
performance of IA-MDT under more realistic physiological con-
ditions. A ferromagnetic stent was fabricated from coiled 430 SS
wire and positioned inside the right coronary artery of an isolated
swine heart, and 100-nm diameter magnetite particles were used
to mimic MDCPs. The effects of several important parameters on
the collection of these MDCPs were studied, including the fluid

flow rate, stent wire diameter, and presence and absence of both
the stent and the magnetic field. While a heart might not be con-
sidered as a typical organ for drug targeting applications, it was
anticipated that the coronary artery and the capillary network of
this isolated swine heart ventricle perfusion model would serve as
an ideal platform to study IA-MDT applications in the circulatory
system.

2. Experimental

Swine hearts averaging 300 g were obtained from a local meat
processing plant. The hearts were received within 30 min of harvest,
the right ventricle was dissected for further use, and the right coro-
nary artery cannulated with a homemade cannula. 200 mL of saline
solution (0.9%, w/v NaCl) containing 400 mg/L lidocaine (Sigma,
USA) and 5000 units/L heparin (Sigma, USA) were infused through
the artery to flush the blood from the tissue. The right ventricle was
stored at 4 ◦C until needed.

Fig. 1 shows a photograph of the experimental apparatus used in
the perfusion experiments. Fig. 2 depicts a simple schematic of this
Fig. 3. Bar graphs of the capture efficiency (CE) of the 100 nm magnetite nanopar-
ticles obtained from the four different experiments indicated. The flow rate was
40 mL/min, the stent wire diameter was 500 �m (when used), and the magnetic
field strength was 0.125 T (when applied). The * indicates a statistically significant
difference (p < 0.05) from the control case (no magnet and no stent).
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Fig. 4. Photomicrographs of the cross-section of the right coronary artery stained
with Prussian Blue (for iron) and Nuclear Fast Red (for contrast). These histology
images were obtained from three different experiments: (A) no magnet and no stent
(control case), (B) no stent but with the magnet (traditional MDT case), and (C) with
the magnet and the stent (IA-MDT case). The flow rate was 40 mL/min, the stent
wire diameter was 500 �m (when used), and the magnetic field strength was 0.125 T
(when applied). Blue regions (aided by the arrows) indicate the areas where iron,
i.e., magnetite nanoparticles, is visible. Scale bar is 500 �m.

a suspension of 100-nm diameter magnetite particles (Chemicell,
Germany) that were used to mimic MDCPs.

An experiment consisted of initially flowing 400 mL of the
saline/lidocaine/heparin solution, followed by 200 mL of just saline
solution through the cannulated artery. This solution entered the
coronary artery, and flowed through it, branched arteries and heart
tissue. Some of it exited the other end of the severed coronary
Fig. 5. Photograph of the partially segmented right coronary artery of the isolated
swine heart exposing the stent and traces of the magnetite nanoparticles after an IA-
MDT experiment. The flow rate was 40 mL/min, the stent wire diameter was 500 �m
and the magnetic field strength was 0.125 T.

artery, some of it exited other small arteries and some of it seeped
from all around the heart tissue. All of this effluent was collected
and a sample was analyzed by AAS for iron. While keeping the flow
of the saline solution constant, 0.5 mL of a 2.8 mg/mL MDCP sus-
pension was then injected, and two 50 mL samples of effluent were
collected and analyzed by AAS for iron. The system was flushed
with 1 L of saline solution and a sample of the effluent was again
collected and analyzed by AAS for iron. A magnet was then placed
2 cm away from the tissue and a second injection of 0.5 mL of a
2.8 mg/mL MDCP suspension was made. Again, two 50 mL samples
of effluent were collected and analyzed by AAS for iron.

The performance of the system was characterized by the capture
efficiency (CE), defined as the percentage of nanoparticles retained
in the tissue, compared to those pumped through it. 2 mL aliquots
from the samples were digested with 1 mL of concentrated nitric
acid (Sigma, USA) at 105 ◦C for 1 h inside a vacuum oven, and ana-
lyzed using AAS for iron. Tissue samples were fixed in 10% buffered
formalin and stained with Prussian Blue (Polysciences), a specific
stain for iron, and with Nuclear Fast Red (Polysciences), a contrast
stain.

The first set of experiments consisted of using heart tissue with-

out the stent, performing the experiments initially without the
magnet, and then using the same heart with the magnet in place. A
second set of experiments consisted of carrying out the same proce-
dure, but with the stent implanted inside the right coronary artery
of the heart tissue. Average flow rates of 20, 40 and 80 mL/min were
used, which corresponded to average artery velocities of approxi-
mately 5, 10 and 20 cm/s with the 3-mm diameter coiled stent in
place.

All experiments were done in triplicate with different heart tis-
sue samples for statistical analysis. The average from the three runs
was computed and presented around one standard deviation. Sta-
tistical analysis was done using a T-test analysis with p < 0.05 found
to be significantly different.

3. Results and discussion

A series of IA-MDT experiments were carried out with the iso-
lated swine heart right ventricle perfusion model to study the
feasibility of retaining MDCPs within this kind of vasculature. The
notion was to demonstrate that inside of actual tissue, using con-
ditions normally found in the human body, a significant number
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ent:
Fig. 6. Photomicrographs of the cross-section of the right coronary artery stained
were obtained from five different locations along the artery after an IA-MDT experim

(D) at the end of the stent, and (E) after the stent. The flow rate was 40 mL/min, the stent w
(aided by the arrows) indicate the areas where iron, i.e., magnetite nanoparticles, is visibl

of magnetite nanoparticles would be captured, just like in previ-
ous non-tissue studies (Avilés et al., 2007b). Two parameters were
investigated, i.e., the fluid flow rate and the diameter of the stent
wire, in the presence and absence of the stent and in the presence
and absence of the applied magnetic field. Two of these four pos-
sible cases represented the traditional and implant assisted MDT
approaches, while the other two represented non-magnetic situa-
tions, with one of them being the control case (no magnet and no
stent). The results are shown in Figs. 3–8.

Fig. 3 shows a plot of the capture efficiency of the MDCPs for
the four different situations, i.e. (1) with no magnet and no stent
(control case), (2) with no magnet but with a stent, (3) with no
stent but with a magnet, and (4) with both the magnet and the
stent. In all cases, the stents were made from the 500-�m diameter
wire, and the flow rate was set at 40 mL/min. First and foremost,
in the control case the capture efficiency (CE) of the magnetite
nanoparticles in the tissue averaged less than 3%. Even when the
stent was put in place without the magnet, the CEs were still quite
russian Blue (for iron) and Nuclear Fast Red (for contrast). These histology images
(A) before the stent, (B) at the beginning of the stent, (C) at the middle of the stent,

ire diameter was 500 �m, and the magnetic field strength was 0.125 T. Blue regions
e. Scale bar is 500 �m.

low, averaging only about 5% and exhibiting no statistical difference
from the control case. These results were very important because
they demonstrated conclusively that the nanoparticles were unob-
structed while passing through the artery and capillary tissue of the
isolated swine heart. In contrast, when the magnet was used with-
out the stent being present, i.e., the traditional MDT scenario, the CE
increased to just over 8%, which was still quite low but statistically
different from the control case. Although the applied magnetic field
clearly caused a slight increase in the retention of the nanoparti-
cles within the tissue, this result confirmed the less than adequate
performance typically produced by the traditional MDT approach.
However, when the stent and the magnetic field were both present,
i.e., the IA-MDT scenario, the CE increased to 25%. This was a signif-
icant increase in the CE compared to any of the other cases. In fact,
the CE increased by a factor of three compared to the magnet alone
case and by a factor of nearly 11 compared to the control case. These
results were very encouraging as they unmistakably showed that
the presence of the implant significantly increased the capture of
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Fig. 7. Bar graphs of the capture efficiency (CE) of the 100 nm magnetite nanopar-
ticles obtained for different flow rates through the coronary artery for the three
different experiments indicated. The stent wire diameter was 500 �m (when used),
and the magnetic field strength was 0.125 T (when applied). The * indicates a sta-

tistically significant difference (p < 0.05) from the control case (no magnet and no
stent).

the nanoparticles inside the tissue under conditions that mimicked
the human body.

More confirmation of the effectiveness of the implant is pro-
vided in photomicrographs of the cross-section of the coronary
artery shown in Fig. 4. Three cases were examined, i.e. (A) with
no stent and no magnet (control case), (B) with no stent but with
the magnet (traditional MDT case), and (C) with both the stent and
the magnet (IA-MDT case). For this study, the 500-�m diameter
stent wire was used along with a flow rate of 40 mL/min. All tis-
sue samples were obtained from the center of the artery where the
stent and the magnet were located, if present. The presence of iron,
which was stained blue, revealed where the magnetite nanopar-
ticles were located; the tissue was stained red. The control case
showed that essentially no nanoparticles were collected within the
lumen of the artery. The traditional MDT case showed that some but
not many nanoparticles were collected on the inner lumen of the
artery. In contrast, the IA-MDT case showed that a significant num-

Fig. 8. Bar graphs of the capture efficiency (CE) of the 100 nm magnetite nanopar-
ticles obtained for the different stent wire diameters indicated and the traditional
MDT case (no stent but with a magnet). The flow rate was 40 mL/min and the mag-
netic field strength was 0.125 T. The * indicates a statistically significant difference
(p < 0.05) from the control case (no magnet and no stent).
Pharmaceutics 361 (2008) 202–208

ber of particles had collected along the entire inner lumen of the
artery, forming a continuous layer completely around the circum-
ference. These results all agreed with the results shown in Fig. 3
and demonstrated that the presence of the implant in the artery
caused the localized capture of a significant number of magnetite
nanoparticles near the implant.

To show that the nanoparticles were indeed collected in the tis-
sue in the general vicinity of the implant, a photograph of the swine
heart left ventricle was taken after segmenting part of the artery
to expose the stent after an IA-MDT experiment was finished. This
photograph is shown in Fig. 5. The flow rate for this experiment was
40 mL/min and the stent wire diameter was 500 �m. The magnetite
particles were observed very clearly around the stent but not before
the stent in the excised artery. For the same purpose, tissue samples
were also taken along the length of the right coronary artery of a
heart just after it was tested with the stent and magnet in place (IA-
MDT case). Fig. 6 shows the resulting photomicrographs of stained
artery cross-sections at five different locations: (A) before the stent,
(B) at the beginning of the stent, (C) at the center of the stent, (D)
at the end of the stent, and (E) after the stent. It was evident that
the majority of the nanoparticles were located in the lumen of the
artery of only those images taken along the stent, as observed from
Fig. 6B–D. A layer of nanoparticles (stained blue) was again cover-
ing the entire lumen of the artery at those locations. Although the
tissue samples taken before and after the stent (Fig. 6A and E) con-
tained some nanoparticles in the lumen of the artery, the amount
was minimal compared to the other cases. These results convinc-
ingly demonstrated that the stent not only increased the amount
of nanoparticles captured, but it also localized, i.e., concentrated,
them at a specific location in the vicinity of the stent.

The effect of the fluid flow rate through the artery on the CE of
the MDCP nanoparticles was also studied because the blood veloc-
ity varies widely depending on the specific blood vessel and site.
Fig. 7 shows this effect for flows rates of 20, 40, and 80 mL/min,
which encompass conditions that are found in many small arter-
ies, arterioles, and veins. Three cases were studied: the control
case, the traditional MDT case and the IA-MDT case with the stent
made from the 500 �m wire. In all three scenarios an increase
in the flow rate had a negative effect on the CE of the nanopar-
ticles. These results exhibited the same trends as those reported
elsewhere (Avilés et al., 2007b) and were expected since for a par-
ticle to be magnetically captured the magnetic force must overcome
the hydrodynamic force, which increases with increasing flow rate.
Nevertheless, when the magnetic field was applied the resulting

CEs were always statistically higher than those obtained from the
control case, especially for the IA-MDT case. In fact, for that case,
more than 75% of the nanoparticles were retained at a flow of
20 mL/min, which was more than twice that obtained with the
magnet alone, and more than 16 times that achieved in the con-
trol case. Similar, marked increases in the CEs were observed at
the other two flow rates, as well. These results clearly showed the
vital role-played by the stent in the collection of a significant num-
ber of nanoparticles, especially at low flow rates like those found
in small arteries, arterioles and veins. However, they also began to
illuminate some of the challenging aspects associated with IA-MDT
especially when trying to capture such small magnetic nanoparti-
cles under relatively high flow rates that are readily found in larger
arteries.

The diameter of the stent wire on the CE of the MDCP nanopar-
ticles was also studied because previous studies have shown this
to be an important IA-MDT design parameter (Chen et al., 2005).
For this purpose, a second stent was made from a 200-�m diame-
ter wire. It had the same number of coils, coil diameter, and length
as the 500-�m diameter stent, as shown in the insert of Fig. 1. In
terms of the CE of the MDCP nanoparticles, Fig. 8 compares the IA-
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MDT results obtained with both diameter wires to the traditional
MDT case (no stent) at a flow rate of 40 mL/min. The performance
obtained from either wire was significantly better than that from
the traditional MDT case, as expected from previous results. How-
ever, there was no statistical difference between the CEs obtained
from the 200 to 500 �m diameters stents; although, on average,
the larger wire did perform slightly better. According to a theoret-
ical study (Chen et al., 2005), the CE should have increased with
increasing stent wire diameter for the same size blood vessel, but
only slightly for such small particles. Although on average this was
true, statistically there was no difference, even though the stent
wire diameters differed by 2.5 times. This result suggested that a
much broader parameter study needs to be carried out. This result
also illustrated that the stent wire diameter could very consider-
ably in size without having much effect of the collection of the
MDCPs, at least within the narrow range of blood vessel and stent
wire diameters studied here.

4. Conclusions

An isolated swine heart ventricle perfusion model was devel-
oped and used to study implant assisted-magnetic drug targeting
(IA-MDT). A 3-cm long by 3-mm diameter stent coil with approx-
imately 4 loops was fabricated from a 5-cm long piece of
ferromagnetic SS 430 wire and used to capture 100 nm diam-
eter magnetite particles that mimicked actual magnetic drug
carrier particles (MDCPs). The notion was to conduct a series of
experiments using physiological tissue and conditions to further
demonstrate the feasibility of IA-MDT.

Four key cases were studied: (1) no stent and no magnet (con-
trol case), (2) no magnet but with a stent, (3) no stent but with
a magnet (traditional MDT case), and (4) with a stent and a mag-
net (IA-MDT case). When applied, the magnetic field was fixed at
0.125 T. The fluid flow (20, 40, and 80 mL/min) through the right
coronary artery and the wire stent diameter (200 and 500 �m)
were also studied. The performance of the system was based on
the capture efficiency (CE) of the magnetite nanoparticles, which
was defined as the percentage of particles retained in the tissue
that entered the system.

The experiments done in the absence of the magnetic field
showed minimal retention of any nanoparticles whether the stent
was present or not. In contrast, the experiments done in the
presence of the magnetic field showed a statistically significant

increase in the retention of the nanoparticles, with a marked dif-
ference between the traditional and IA-MDT cases. Compared to
the control case, in one set of experiments there was nearly an
11-fold increase in the CE for the IA-MDT case compared to only
a threefold increase in the CE for the traditional MDT case. Under
similar conditions, this enhanced performance by the IA-MDT case
was typical of all the experiments. Histology images of the cross-
section of the coronary artery revealed that the nanoparticles were
captured mainly in the vicinity of the stent, an important observa-
tion.

It was found that the CE decreased with an increase in the flow
rate. In contrast, it was also found that the CE statistically did not
change with an increase in the stent wire diameter; although, on
average it increased slightly. Based on previous theoretical studies,
the former result was expected and understood, while the latter
result was not expected and needs further study.

Overall, this first of its kind in vitro study with an isolated swine
heart ventricle perfusion model clearly demonstrated the signif-
icant advantage afforded by using a ferromagnetic implant with
MDT. It was also encouraging that the IA-MDT results from this
work with actual tissue were similar to those obtained from other
Pharmaceutics 361 (2008) 202–208 207

non-tissue and theoretical studies. However, they did point to the
need for further studies of IA-MDT using the isolated swine heart
ventricle perfusion model developed in this work.
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