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(57) ABSTRACT 

A magnetic delivery system for delivering a magnetiZable 
particle to a location in a body, the device includes a 
magnetiZable object implanted in the body, Wherein the 
magnetiZable object includes a plurality of segments dis 
tributed throughout the magnetiZable object and Wherein the 
segments are con?gured to provide a magnetic gradient for 
attracting the magnetiZable particle and an external source of 
a magnetic ?eld capable of magnetizing the magnetiZable 
particle and (ii) increasing a degree of magnetization of the 
magnetiZable object and thereby creating the magnetic gra 
dient. A drug delivery system including the magnetic deliv 
ery system and a magnetiZable particle associated With a 
therapeutic agent and/or a cell. Acell delivery system based 
on the magnetic delivery system and a magnetiZable particle 
associated With a cell. A method of using the magnetic 
delivery system for delivery of a therapeutic agent and/or a 
cell to a targeted location in a body. 
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MAGNETICALLY-CONTROLLABLE DELIVERY 
SYSTEM FOR THERAPEUTIC AGENTS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part of the 
PCT application titled “MAGNETICALLY CONTROL 
LABLE DRUG AND GENE DELIVERY STENTS” having 
the application Ser. No. PCT/US2004/011861 and ?led on 
Apr. 16, 2004, Which claims the bene?t of provisional 
Application No. 60/463,505, ?led on Apr. 16, 2003, titled 
MAGNETIZABLE IMPLANTS AND METHODS FOR 
TARGETED DELIVERY OF MAGNETICALLY SUSCEP 
TIBLE THERAPEUTIC AGENTS Which are incorporated 
herein in their entireties. 

[0002] This application claims the bene?t of provisional 
Application No. 60/680,833, ?led on May 13, 2005, titled 
METHOD OF MAGNETIC DELIVERY OF CELLS AND 
BIOLOGICS, Which is incorporated herein in its entirety. 

SPECIFICATION 

BACKGROUND OF THE INVENTION 

[0003] 1. Field of Invention 

[0004] The present invention relates to magnetically con 
trollable delivery systems and methods of using thereof to 
attract and deliver therapeutic agents attached to, or encap 
sulated Within, magnetic particles (i.e., carriers) at selected 
sites in a body or a subject. More speci?cally, this invention 
relates to the use of tWo sources of magnetic force to deliver 
therapeutic agents including cells by utiliZing magnetiZable 
particles associated With the therapeutic agents. 

[0005] 2. Description of Related Art 

[0006] The best approach for treating tumors and other 
localiZed ailments is to administer drugs only at the site of 
complication. By delivering the drug locally, the toxicity of 
the drug to the rest of the body can be reduced While 
maintaining the desired therapeutic bene?t at the site of the 
ailment. Many drugs developed by the pharmaceutical 
industry have shoWn remarkable success during in vitro 
testing and animal trials, but have yielded undesirable 
results in clinical trials due to systemic toxicity of the drug 
to the body. Thus, the ability to deliver large concentrations 
of drugs locally (i.e., only at the site of the ailment) is of 
major importance for both the pharmaceutical industry and 
for clinicians. 

[0007] HoWever, knoWn drug delivery vehicles are not 
capable of local delivery of high concentrations of drugs by 
minimally invasive techniques. This is especially true When 
repeat dosing is required. The magnetic delivery system 
described herein overcomes many of these dif?culties, and 
provides a method for concentrating drugs at selected sites 
in the body With minimal stress on the patient. 

[0008] Stents are commonly used in a variety of biomedi 
cal applications. For example, stents are routinely implanted 
in patients to keep blood vessels open in the coronary 
arteries, to keep the esophagus from closing due to strictures 
of cancer, to keep the ureters open for maintenance of kidney 
drainage, and to keep the bile duct open in patients With 
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pancreatic cancer. Such stents are usually inserted percuta 
neously under radiological guidance. 

[0009] Stents comprise a tube shaped object made of metal 
(e.g., 316 L Stainless Steel), an alloy (e.g., Nickel-Titanium) 
or polymer (e.g., polyurethane), in a Wide range of physi 
ologically appropriate diameters and lengths, Which are 
inserted into a vessel or passage to keep the lumen open and 
prevent closure due to a stricture or external compression. 
General stent design varies in the number of intersections 
and the interstrut area, the in-strut con?guration, and the 
metal-to-artery ratio. The tWo different expansion principles 
for stents are balloon-expansion and self-expansion, and the 
design types can be categoriZed into ?ve types: ring, tubular, 
multi-design, coil, and mesh (Regar et al. Br. Med. Bull. 
2001 591227-48; Hehrlein et al. Basic Res. Cardiol. 2002 
971417-23; Gershlick et al. Atherosclerosis 2002 1601259 
71; Garas et al. Pharmacology and Therapeutics 2001 
921165-78). 
[0010] Stents have been routinely used over the last ten 
years in percutaneous transluminal coronary angioplasty 
(PTCA), a procedure for the treatment of severe, symptom 
atic coronary stenosis (Garas, S. M. et al. Pharmacology and 
Therapeutics 2001 921165-178). The PTCA procedure Was 
?rst introduced in the 1970s as an alternative to coronary 
artery bypass surgery for the clearing of coronary vessels 
blocked by plaque. PTCA has proven to be a much less 
invasive procedure, With patients able to return to Work the 
Week folloWing the procedure, as opposed to the lengthy 
hospital stay required With bypass surgery (Fricker, J. Drug 
Discovery Today 2001 611135-7). Stents are used exten 
sively in PTCA procedures due to their unique ability to 
master a major complication of balloon angioplasty ((sub) 
acute vessel closure), and a superior long-term outcome in 
comparison to balloon angioplasty (Regar et al. Br. Med. 
Bull. 2001 591227-48). 

[0011] HoWever, in-stent restenosis (the re-closing of the 
vessel) remains a major limitation, particularly in coronary 
stenting. Restenosis is generally considered a local vascular 
manifestation of the biological response to injury. The injury 
as a result of catheter insertion consists of denudation of the 
intima (endothelium) and stretching of the media (smooth 
muscle). The Wound-healing reaction consists of an in?am 
matory phase, a granulation phase, and a remodeling phase. 
The in?ammation is characteriZed by groWth factor and 
platelet activation, the granulation by smooth muscle cell 
and ?broblast migration and proliferation into the injured 
area, and the remodeling phase by proteoglycan and col 
lagen synthesis, replacing early ?bronectin as the major 
component of extracellular matrix. Coronary stents com 
prise mechanical scaffolding that almost completely elimi 
nates recoil and remodeling. HoWever, neo-intimal groWth 
or proliferation is still a problem. Neo-intimal proliferation 
occurs principally at the site of the primary lesion Within the 
?rst 6 months after implantation, a major checkpoint for 
patient health post-surgery (Regar et al. Br. Med. Bull. 2001 
591227-48). Neo-intima forms during the ?rst Week after 
PTCA and the progress is Well under Way after 4 Weeks, With 
continued progression over the folloWing months (Hehrlein 
et al. Basic Re. Cardiol. 2002 971417-23). This neo-intima is 
an accumulation of smooth muscle cells Within a proteogly 
can matrix that narroWs the previously enlarged lumen. Its 
formation is triggered by a series of molecular events 
including leukocyte in?ltration, platelet activation, smooth 
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muscle cell expansion, extracellular matrix elaboration, and 
re-endothelialiZation (Regar et al. Br. Med. Bull. 2001 

59:227-48). 
[0012] Three major drug delivery techniques under con 
sideration for the prevention of restenosis are prevention 
of thrombus formation; (ii) prevention of vascular recoil and 
remodeling; and (iii) prevention of in?ammation and cell 
proliferation (Garas et al. Pharmacology and Therapeutics 
2001 92:165-78). In vitro and in vivo animal model experi 
mentation has shoWn promise in all three categories, mainly 
in antiproliferation treatments. HoWever, clinical success 
has been limited (Garas et al. Pharmacology and Therapeu 
tics 2001 92:165-78), primarily due to systemic toxicity. 

[0013] Local drug delivery provides limited systemic 
release, thereby reducing the risk of systemic toxicity. 
KnoWn techniques for local drug delivery include direct 
coating of the stent With drug, coating of the stent With a 
drug-containing biodegradable polymer, and hydrogel/drug 
coating. Biodegradable stents have also been described 
(Regar et al. Br. Med. Bull. 2001 59:227-48; Hehrlein et al. 
Basic Res. Cardiol. 2002 97:417-23; Gershlick et al. Ath 
erosclerosis 2002 160:259-71; Garas et al. Pharmacology 
and Therapeutics 2001 92:165-78; SchWartZ et al. Circula 
tion 2002 106:1867-73; Fricker, J. Drug Discovery Today 
2001 6:1135-7). Problems With these technologies, hoWever, 
include the in?ammatory response generated due to large 
polymer concentrations, the inability to deliver effective 
concentrations, one-time dosage limitations, and, in the case 
of the biodegradable stent, mechanical compromise. An 
additional concern With the polymer-coated drug-eluting 
stents is limitation of the groWth of the cell layer necessary 
to cover the stent and prevent the bare metal from coming in 
long contact With the blood, thereby leading to clot forma 
tion (SchWartZ et al. Circulation 2002 106:1867-73; Fricker, 
J. Drug Discovery Today 2001 6:1135-7). 

[0014] The ability to apply forces on magnetic particles 
With external magnetic ?elds has been harnessed in various 
biomedical applications including prosthetics (Herr, H. J. of 
Rehab. Res. and Devel. 2002 39(3):11-12), targeted drug 
delivery (GoodWin, S. J. of Magnetism and Magnetic Mate 
rials 1999 194:209-217) and antiangiogenesis strategies (Liu 
et al. J. of Magnetism and Magnetic Materials 2001 
225:209-217; Sheng et al. J. of Magnetism and Magnetic 
Materials 1999 194:167-175). US. Pat. No. 4,247,406 
describes an intravascularly-administrable, magnetically-lo 
caliZable biodegradable carrier comprising microspheres 
formed from an amino acid polymer matrix containing 
magnetic particles embedded Within the matrix for targeted 
delivery of chemotherapeutic agents to cancer patients. 
Microspheres With magnetic particles, Which are suggested 
to enhance binding of a carrier to the receptors of capillary 
endothelial cells When under the in?uence of a suitable 
magnetic ?eld, are also described in US. Pat. No. 5,129,877. 

[0015] US. Pat. Nos. 6,375,606; 6,315,709; 6,296,604; 
and 6,364,823 describe methods and compositions for treat 
ing vascular defects, and in particular aneurysms With a 
mixture of biocompatible polymer material, a biocompatible 
solvent, adhesive and preferably magnetic particles to con 
trol delivery of the mixture. In these methods, a magnetic 
coil or ferro?uid is delivered via catheter into the aneurysm. 
This magnetic device is shaped, delivered, steered and held 
in place using external magnetic ?elds and/or gradients. This 
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magnetic device attracts the mixture to the vascular defect 
Wherein it forms an embolus in the defect thereby occluding 
the defect. 

[0016] A model for inducing highly localiZed phase trans 
formations at de?ned locations in the vascular system by 
applying 1) external uniform magnetic ?elds to an injected 
superparamagnetic colloidal ?uid for the purpose of mag 
netiZation and 2) using embedded particles to create high 
magnetic ?eld gradients Was described by inventors (Forbes 
et al. Abstract and Poster Presentation at the 6th Annual NeW 
Jersey Symposium on Biomaterials, Oct. 17-18, 2002, Som 
erset, N.J This Work describes the use of uniform magnetic 
?elds in combination With large magnetic particles (greater 
than 2 micron in diameter) to form chains along the direction 
of applied ?eld and in turn use this to emboliZe micro 
vessels (50-100 microns in diameter). The use of these 
magnetiZable implants in drug delivery Was also described 
previously by authors Z. Forbes, B. B. Yellen, G. Friedman, 
and K. Barbee (IEEE Trans. Magn. 39(5): 3372-3377 
(2003)). 
[0017] KnoWn methods and devices for delivery of mag 
netiZable drug or agent-containing magnetic carrier to spe 
ci?c locations in the body rely upon a single source of 
magnetic ?eld to both magnetiZe the carriers and to pull 
them by magnetic force to the speci?c location. Previous 
attempts to use magnetic particles in these applications have 
relied on high gradient magnetic ?elds produced by magnets 
external to the body to direct magnetic particles to speci?c 
locations (see Flores, 2002; Gallo, et al., (1997); Liibbe, et 
al., (2001); Mossbach, et al., (1979); Rudge, et al., (2001)). 
The main disadvantage of this approach is that externally 
generated magnetic ?elds apply relatively small and insuf 
?ciently local forces on micron and nano-scale magnetic 
particles, and thus these methods have limited applications. 

[0018] Chen (US. Pat. No. 5,921,244) discloses inserting 
a magnet (an electromagnet or a permanent magnet) or a 
plurality of magnets into an opening in a body to attract 
magnetic ?uid/particles. The plurality of magnets is 
described to be disposed along the longitudinal axis of the 
magnetic probe. The plurality of magnets actually forms a 
larger magnet. Chen does not describe using a plurality of 
sources of magnetic ?elds or simultaneously creating a far 
penetrating ?eld and a strong magnetic ?eld gradient, Which 
cannot be accomplished With a single source. 

[0019] Gordon (US. patent Publication No. US 2002/ 
0133225) describes a device comprising an implant having 
a magnetic ?eld and a medical agent carried by a magneti 
cally sensitive carrier. The carrier is introduced into the 
blood ?oW of the organism upstream from the target tissue, 
and the carrier and medical agent migrate via the blood ?oW 
to the target tissue. Gordon discloses an implant comprising 
a magnetiZed material (e.g., a ferromagnetic or a superpara 
magnetic material). Examples describe making a stent from 
ferromagnetic materials and magnetiZed by using an exter 
nal magnet or made from a magnetiZed material. Gordon 
does not disclose optimiZing the surface of the implant for 
providing a stronger magnetic ?eld gradient. Gordon does 
not describe using a plurality of sources of magnetic ?elds. 

[0020] Single source capture methods, hoWever, are at 
odds With the underlying physics of magnetic particle cap 
ture, Which depends on the simultaneous imposition of very 
strong far-reaching magnetic ?elds and strong spatial mag 
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netic ?eld gradients. The purpose of the far-reaching ?eld is 
to increase the magnetic moment of individual drug-con 
taining particles in the vicinity of the ?eld to the point of 
magnetic saturation. Far-penetrating ?elds are most typi 
cally generated With large magnetic sources. HoWever, the 
force on a magnetiZed particle also depends on production of 
strong magnetic ?eld gradients, Which are most easily gen 
erated With very small magnetic sources. Thus, the ability to 
simultaneously produce far-penetrating magnetic ?elds that 
have strong magnetic ?led gradients is very dif?cult to 
accomplish With a single source. For this reason, Chen 
teaches use of relatively large electromagnets implanted in 
tissue beds to attract magnetic ?uid circulating Within the 
blood vessels that are relatively far aWay, Which is a less 
effective method for capturing magnetic carriers. 

[0021] The current invention recogniZes that the ability to 
simultaneously produce far-penetrating magnetic ?elds that 
have strong magnetic ?led gradients is very dif?cult to 
accomplish With a single source and offers solutions to this 
problem. The present invention further differs from previous 
techniques in that the goal is to deliver therapeutic agents to 
a desired tissue site Without obstructing ?oW through the 
blood vessel. 

[0022] Despite the foregoing developments, there is still a 
need in the art for improved methods of delivery of thera 
peutic agents utiliZing magnetic forces. 

[0023] All references cited herein are incorporated herein 
by reference in their entireties. 

BRIEF SUMMARY OF THE INVENTION 

[0024] Accordingly, the invention provides a magnetic 
delivery system for delivering a magnetiZable particle to a 
location in a body, the device comprising a magnetiZable 
object implanted in the body, Wherein the magnetiZable 
object includes a plurality of segments distributed through 
out the magnetiZable object and Wherein the segments are 
con?gured to provide a magnetic gradient for attracting the 
magnetiZable particle and an external source of a magnetic 
?eld capable of magnetiZing the magnetiZable particle 
and (ii) increasing a degree of magnetiZation of the magne 
tiZable object and thereby creating the magnetic gradient. 

[0025] In certain embodiments, the magnetic delivery 
system further comprises the magnetiZable particle located 
in the body. 

[0026] In certain embodiments, at least one of the mag 
netiZable object and the magnetiZable particle is magnetiZed 
only in the presence of the external magnetic ?eld. 

[0027] In certain embodiments, at least one of the mag 
netiZable object and the magnetiZable particle is perma 
nently magnetiZed. 

[0028] In certain embodiments, the magnetiZation of at 
least one of the magnetiZable object and the magnetiZable 
particle is increased in the presence of the external magnetic 
?eld. 

[0029] Further provided is a method of using the magnetic 
delivery system for delivery of a therapeutic agent, the 
method comprising providing the external source of the 
magnetic ?eld, implanting the magnetiZable object in the 
body, Wherein the magnetiZable object includes a plurality of 
segments distributed throughout the magnetiZable object 
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and Wherein the segments are con?gured to provide a 
magnetic gradient for attracting a magnetiZable particle 
comprising a therapeutic agent, and providing an external 
magnetic ?eld by initialiZing the external source and thereby 
(i) magnetiZing the magnetiZable particle and (ii) increasing 
the degree of magnetiZation the magnetiZable object and 
thereby creating the magnetic gradient for attracting and 
advancing the magnetiZable particle toWard the magnetiZ 
able object. 

[0030] Further provided is a method of using the magnetic 
delivery system for delivery of a cell to a body, the method 
comprising providing the external source of the magnetic 
?eld, implanting the magnetiZable object in the body, 
Wherein the magnetiZable object includes a plurality of 
segments distributed throughout the magnetiZable object 
and Wherein the segments are con?gured to provide a 
magnetic gradient for attracting a magnetiZable particle 
comprising a therapeutic agent, and administering the mag 
netiZable particle loaded Within the cell to the body, provid 
ing an external magnetic ?eld by initialiZing the external 
source and thereby magnetiZing the magnetiZable particle 
and (ii) increasing the degree of magnetiZation the magne 
tiZable object and thereby creating the magnetic gradient, 
and attracting and advancing the magnetiZable particle 
toWard the magnetiZable object using the magnetic gradient 
and thereby delivering the cell to the location in the body. In 
certain embodiments of the method, a siZe of each segment 
is selected to commensurate With a siZe of the magnetiZable 
particle such that at least one spatial dimension of each 
segment does not exceed by more than about 10,000 times 
at least one spatial dimension of the magnetiZable particle. 

[0031] Methods of administration of magnetiZable particle 
or magnetic cells include but not limited to systemic deliv 
ery (e.g., by injection, catheteriZation, etc). 

[0032] In a preferred embodiment, the invention provides 
a magnetiZable implant, preferably a stent, for targeting of 
magnetic therapeutic agents to a selected site of implantation 
of the magnetiZable implant in a subject through creation of 
a high ?eld magnetic gradient as Well as creation of a 
relatively uniform magnetic ?eld for magnetiZing the mag 
netic therapeutic agents. In the present invention, tWo mag 
netic ?elds are independently produced in order to improve 
capture ef?ciency and uniformity of captured therapeutic 
agent as a coating on the implant, as Well as to alloW for 
miniaturiZation of the implant. 

[0033] Further, the object of the present invention is to 
provide magnetiZable objects for implantation in a body or 
a subject and methods for use of these magnetiZable objects 
in delivering a therapeutic agent encapsulated in or dis 
persed in a magnetic carrier/particle to the implanted mag 
netiZable object. The magnetiZable object of the present 
invention comprises a biocompatible metal or polymeric 
structural supporting implant coated With or comprising 
segments of a magnetiZable compound. The magnetiZable 
object is speci?cally designed to produce strong magnetic 
?eld gradients through creation of magnetiZable features 
distributed throughout the implant. An exemplary embodi 
ment of a magnetiZable object of the present invention is a 
magnetic stent, the geometry of Which produces a strong 
magnetic ?eld gradient When modi?ed to comprise magnetic 
or magnetiZable segments. In this embodiment, the stent 
itself preferably comprises a magnetiZable compound. In 
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another exemplary embodiment, a magnetiZable compound 
is uniformly coated on the implant, and the magnetized state 
of the coating is locally segmented through magnetic record 
ing to provide regions of high ?eld gradients distributed 
throughout the implant. In another embodiment, the mag 
netiZable coating of the implant is etched into a pattern to 
produce strong local ?eld gradients at desired locations on 
the implant surface. In yet another embodiment, the struc 
ture of a non-magnetic supporting material of the implant 
creates Well-de?ned magnetiZed segments in an otherWise 
uniform coating of magnetic material. The magnetiZable 
compound in the implant may be permanently magnetiZed or 
remain magnetiZed only in the presence of an externally 
applied ?eld. 

[0034] OptimiZation of the segments (i.e., features) of the 
implant to produce strong magnetic ?eld gradients reduces 
the penetration of the magnetic ?eld into the surrounding 
tissue. Thus, in the present invention, in order to magnetiZe 
the magnetic carrier of a therapeutic agent to saturation, a 
second relatively uniform magnetic source is used Which can 
penetrate deep into the selected delivery site and/or tissue of 
interest. In one embodiment, this second relatively uniform 
source is applied externally through use of large electro 
magnets. In another embodiment, the second relatively 
uniform magnetic source is implanted internally. In this 
embodiment, the second relatively uniform magnetic source 
may be separate from the implant or part of the implant that 
also creates strong magnetic ?eld gradients. 

[0035] Further, the invention provides a method of deliv 
ering an activated cell to a location in a body, the method 
comprising providing the activated cell comprising a mag 
netiZable particle; providing an external magnetic ?eld; 
providing an implantable surface having a plurality of 
magnetiZable features characteriZed by regions of high ?eld 
gradients, said magnetiZable features distributed throughout 
the implantable surface; advancing the activated cell by 
in?uence of the external magnetic ?eld and the high ?eld 
gradients toWard the location in the body and thereby 
delivering the activated cell. 

[0036] Magnetic cell delivery is accomplished by the use 
of the tWo source method for magnetic drug delivery to 
magnetiZable implantable surfaces. Biological cells, includ 
ing, but not limited to endothelial and stem cells, are loaded 
With magnetiZable particles (e.g., superparamagnetic nano 
particles) and form magnetic cells. Cells can be isolated 
from the patients themselves or obtained from maintained 
cell lines. MagnetiZable particles noW provide cells With a 
large collective magnetic moment in the presence of the 
uniform ?elds used Within this method to deliver magnetic 
cells to magnetic implants Within the body. The cells are then 
injected into the body by arterial puncture, catheter release, 
or intravenous injection. The externally applied magnetic 
?eld does not serve to direct the cells to the implant. It 
saturates their magnetic moment, along With the magnetic 
moment of the implanted magnetiZable implant. The high 
local magnetic ?eld gradients to the magnetic moment and 
geometry of the implant provide the strong magnetic forces 
necessary to capture the cells out of blood ?oW. These cells 
can serve as a delivery vehicle for magnetic particles loaded 
With therapeutics or biologics (e.g., drugs, radioisotopes, 
antibodies, retroviruses, etc) or they can be used in promot 
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ing healthy tissue groWth for endothelialiZation of an 
implant, Wound healing, or otherWise needed tissue regen 
eration. 

[0037] Magnetic nanoparticles are delivered by endocyto 
sis into cells, Which can be then delivered magnetically to 
implantable surfaces, e.g., stents. These cells can be used as 
a vehicle for mass transport of drug loaded particles, or as 
a means to deliver various cell types such as adult or 
embryonic stem cells, as Well as endothelial cells. This 
invention can be used for Wound healing, in vivo engineer 
ing of neW healthy tissues, targeted delivery of cells loaded 
With magnetic drug for local targeting of pathologies such as 
heart disease, cancer, and nervous system disorders, target 
ing of autologous and allogous cell types for Wound healing 
and in vivo tissue engineering. 

BRIEF DESCRIPTION OF SEVERAL VIEWS OF 
THE DRAWINGS 

[0038] The invention Will be described in conjunction With 
the folloWing draWings in Which like reference numerals 
designate like elements and Wherein: 

[0039] FIGS. 1A and 1B are diagrams of an exemplary 
embodiment of the magnetiZable object of the present inven 
tion depicting a magnetic stent as the magnetiZable object 
implanted in an artery. In this embodiment, the magnetiZable 
stent has segments bearing a magnetiZable compound Which 
Was electro-deposited as a mesh-like structure on some of 

the struts of the stent. Darkened bars depict the segments (or 
deposits) of the magnetiZable compound Which has been 
deposited on the stent. As shoWn in FIG. 1A, blood ?oW 
through the artery brings a magnetic drug (Which is a 
therapeutic agent associated With a magnetic carrier/par 
ticle) in proximity With the implanted stent. As shoWn in 
FIG. 1B, as blood ?oWs through the stent, in the magnetic 
carrier bearing the therapeutic agent is attracted to the 
segments that have the magnetiZable compound. Thus, the 
drug can be captured on the surface of the segments or in a 
close proximity to the segments. 

[0040] FIGS. 2A and 2B are scanning electron micros 
copy images of a capture of magnetic carriers/particles (e. g., 
beads) obtained using a Wire mesh electroplated With a 
magnetiZable compound such as Cobalt Nickel (Co—Ni) 
alloy. FIG. 2A shoWs the mesh before exposure to the 
magnetic carriers/particles, and FIG. 2B shoWs the mesh 
after exposure to 2.8-micron magnetic carriers/particles. 

[0041] FIG. 3 is a schematic illustration of the preferred 
embodiment of the magnetic delivery system of the inven 
tion. 

[0042] FIG. 4A is a schematic illustration of a top vieW of 
micro-channels having Walls seeded With magnetic particles. 

[0043] FIG. 4B is a chart depicting a How of micro 
particle solutions through micro-channels shoWn in FIG. 
4A. 

[0044] FIGS. 5A and 5B are ?uorescent microscopy 
images demonstrating a capture of 2 pm and 350 nm 
diameter magnetic particles on the electroplated 316L Stain 
less Steel mesh (5A) and unplated mesh (5B) When exposed 
to magnetic ?eld under 15 cm/s ?oW velocity at 1% con 
centration in DI Water. Minimal capture Was seen on 
unplated mesh (5B) Where a 500 Gauss ?eld Was still 
applied. 
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[0045] FIG. 6 includes images of endothelial cells With 
internalized magnetic nanoparticles: vascular endothelial 
cells With internalized ?uorescent magnetic nanoparticles 
(top left); confocal image of nuclear stained endothelial cells 
With internaliZed magnetiZable nanoparticles (top right); 
magnetic endothelial cells captured to the Wires of a mag 
netiZed stent mesh (bottom left and right). 

[0046] FIG. 7A is an image of BAECs With internaliZed 
350 nm diameter nile red polystyrene magnetiZable par 
ticles, 1 hour after being passed and re-plated at a 1:6 
splitting ratio, shoWn herein at 20x magni?cation. 

[0047] FIG. 7B is an image of BAECs With internaliZed 
350 nm diameter nile red polystyrene magnetiZable par 
ticles, 1 hour after being passed and re-plated at a 1:6 
splitting ratio, shoWn herein at 40x magni?cation. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0048] The invention Was driven by a desire to develop a 
system capable of targeted delivery of magnetiZable par 
ticles to a location Within a body. Inventors have discovered 
that magnetiZable particles are attracted to regions of the 
strongest magnetic ?eld gradients and devised a tWo source 
system that produces strong and highly localiZed ?eld gra 
dients inside the body utiliZing (1) a magnetiZable object 
implanted in a body as an internal source of a magnetic 
gradient and (2) an external source of a magnetic ?eld. 
Unlike the one source systems knoWn in the prior art, this 
invention utiliZes tWo sources of magnetic in?uence for 
targeted delivery of magnetiZable particles to areas on the 
magnetiZable object implanted in a body and/or in the near 
proximity thereto. 

[0049] Accordingly, the invention provides a magnetic 
delivery system for delivering a magnetiZable particle to a 
location in a body, the device comprising a magnetiZable 
object implanted in the body, Wherein the magnetiZable 
object includes a plurality of segments distributed through 
out the magnetiZable object and Wherein the segments are 
con?gured to provide a magnetic gradient for attracting the 
magnetiZable particle and an external source of a magnetic 
?eld capable of magnetiZing the magnetiZable particle 
and (ii) increasing a degree of magnetiZation of the magne 
tiZable object and thereby creating the magnetic gradient. 

[0050] This invention provides the ability to dose the site 
repeatedly over time With various substances (the same or a 
different kind) presenting a clear clinical advantage over 
knoWn delivery systems. The long shelf-life of controlled 
release spheres and non-drug-coated stents, compared to the 
expensively steriliZed and brie?y storable drug-eluting 
stents is another bene?t of this invention. 

[0051] Further, the magnetic delivery system of the inven 
tion can be used together With drug-eluting implants to 
provide an enhancement for additional doses along the 
lifetime of the implant. The use of drug eluting implants is 
limited because of complications related to implantation, 
cracking of the polymer layer, limited dose siZe, shelf life, 
and the fact that they can only provide a single dose. The 
magnetic delivery system of the invention can be used With 
endovascular and extravascular implants for treatment of 
localiZed tumors. Implants in these cases Would have the 
sole or primary function of facilitating local magnetic drug 
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delivery, and could be implanted by catheter, or in cases 
Where open chest surgery is already required to excise 
tumors, implanted extravascularly over vessels or organs. 
This could provide a future option for local chemotherapy at 
the same site should carcinomas be found to be re-groWing 
during remission. 

[0052] It should be understood that the bene?ts of mag 
netic delivery system of the invention must not come at the 
cost of increased risk in other arenas, such as chemical 
tolerance of a magnetic coating or ?nal compositions of 
polymer and magnetite crystals. It is preferred to utiliZe FDA 
approved magnetic or magnetiZable particle composites, as 
Well as soft magnetic coatings and magnetic alloys in order 
to explore the range of manufacturing capabilities that 
maintain the fundamental essence of the technology such as 
controllable local delivery of magnetiZable particles loaded 
With a drug and/or a cell to the segments of a magnetiZable 
object. While both soft magnetic coatings and varied alloy 
composition appear to possess functionality for adapting 
implants to this magnetic drug delivery system, it is possible 
that their chemical effects and responses to MRI Will differ. 
As biocompatibility is important in clinical testing, this 
system provides desired ?exibility in the design Which 
makes it much more attractive to the industry. 

[0053] Regarding MRI, under development is a technol 
ogy Which uses magnetic material to enhance MRI safety 
and quality (Biophan, MA). This opens the possibility of 
achieving a balance betWeen such enhancements and the 
point of magnetiZation of an implant that Would create safety 
issues relative to movement or torquing of the implant. The 
current invention provides enough ?exibility in the design 
that the options of patient receiving an MRI Would not be 
compromised. One skilled in the art using the guidance 
provided in this disclosure Would be able to design a 
magnetic drug delivery system that Would not preclude safe 
and effective MRI procedures for patients receiving the 
implants in accordance With the invention. Similar concerns 
can be addressed for other types of treatment or diagnostic 
methods Wherein magnetic interference may be a problem. 

[0054] Advantages of the invention further include 
reduced immune cell and capillary concerns regarding the 
ability of magnetic drug particles to remain in tact to reach 
their target in blood ?oW, and highly accurate targeting of 
rare cell types not available in mass quantities, improved 
functionality of stem cell therapy. 

De?nitions: 

[0055] The term “magnetiZable object” as used herein 
refers to an object capable of creating strong magnetic 
gradient near its surface (i.e., a local gradient) for attracting 
magnetiZable particles Which is implanted in a body. The 
magnetiZable object has a plurality of segments distributed 
throughout the magnetiZable object. The segments are con 
?gured to provide a magnetic gradient for attracting the 
magnetiZable particle. This term is used interchangeably 
With the term “magnetic implant” in the speci?cation. 

[0056] MagnetiZable objects should not be equated With 
magnetiZable particles unless speci?cally indicated. For 
example, in certain embodiments, the magnetiZable object is 
formed by a cluster of gradient forming particles, Wherein a 
surface of each gradient forming particle represents a seg 
ment of the magnetiZable object. 
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[0057] The term “gradient forming particles” as used 
herein refers to a group or a cluster of particles siZed less 
than 10 micrometers in a diameter each and capable of 
creating a magnetic gradient for attracting the magnetiZable 
particle. Thus, gradient forming particles play a role of the 
plurality of segments. Gradient forming particles are made 
from the same materials as the magnetiZable objects made 
from and can have a variety of shapes, preferably a sphere. 

[0058] The term “segment” as used herein With relation 
ship to the magnetiZable object of the invention refers to an 
area on the magnetiZable object that is characteriZed by 
higher magnetiZation as compared to other areas of the 
magnetiZable object. In other Words, in the absence of 
segments, the magnetiZable object is not capable of provid 
ing a magnetic gradient (in the presence of magnetic ?eld) 
that is suf?ciently strong to capture magnetiZable particles. 
Thus, a combination of segments With higher magnetiZation 
With other areas of loWer magnetiZation on the magnetiZable 
object creates localiZed high gradients. It should be under 
stood that most surfaces are not ideal and have naturally 
uneven areas Which may magnetiZe differently. HoWever, for 
the purposes of this invention, such surfaces are not con 
templated as they are not capable of providing suf?ciently 
strong gradient to attract the magnetiZable particle. 

[0059] Non-limiting examples of segments are patterns of 
indentations and/or ridges of various length, Width, depth 
and shape on the magnetiZable object. In preferred embodi 
ments, segments are made by application (e.g., deposition) 
of a magnetiZable compound on a surface of the implant. 
Referring to a plain vieW of the magnetiZable object such as 
a stent or a spiral, each coil can serve as a segment. In certain 

embodiments, the segments comprise patterns of materials 
With different degrees of magnetiZation. 

[0060] By the term “magnetiZable compound”, as used 
herein, it is meant a material that conducts magnetic ?ux 
strongly. Examples of magnetiZable compounds useful in 
the magnetiZable objects (i.e., implants) of the present 
invention include, but are not limited to, cobalt, iron, iron 
oxides, nickel, and rare earth magnetic materials and various 
soft magnetic alloys (e.g., Ni—Co). In one embodiment, the 
magnetiZable compound is magnetiZed only in the presence 
of externally applied magnetic ?elds. Examples of these 
types of magnetiZable compound include, but are not limited 
to, superparamagnets and soft ferromagnets. In other 
embodiment, magnetiZable compounds knoWn as ferromag 
nets, Which can be permanently magnetiZed, are used. 

[0061] The term “coating”, as used herein, includes coat 
ings that completely cover a surface, or a portion thereof 
(e. g., continuous coatings, including those that form ?lms on 
the surface), as Well as coatings that may only partially cover 
a surface, such as those coatings that after drying leave gaps 
in coverage on a surface (e.g., discontinuous coatings). The 
later category of coatings may include, but is not limited to 
a netWork of covered and uncovered portions. Coatings can 
be ?at or raised above the surface or embossed on the 
surface (e.g., a ridge) or it can be in a shape of dots or other 
shapes creating a pattern. A combination of various coatings 
can also be used. 

[0062] Coating can be made from a magnetiZable com 
pound (e.g., stainless steel, soft magnetic alloys) and a 
non-magnetiZable compound (a polymer). Selecting the 
appropriate combination of coating and support materials, it 
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is important that the magnetiZable object prepared based on 
the selection Will have a set of segments on its surface that 
Will enable the creation of a localiZed magnetic gradient. For 
example, if the support or a surface of the magnetiZable 
object is made from a magnetiZable compound, material(s) 
of the segment can have a higher or a loWer degree of 
magnetiZation or they can be made from non-magnetiZable 
materials. On the other hand, if the support or a surface of 
the magnetiZable object is made from a non-magnetiZable 
compound, material(s) of the segment must be made from a 
magnetiZable compound. 

[0063] The term “magnetiZable particle” is used inter 
changeably With the term “magnetic carrier” and the term 
“magnetic particle” throughout this disclosure. 

[0064] Exemplary therapeutic agent loaded magnetiZable 
particles comprise a biodegradable matrix (e.g., polymer, 
protein, DNA) containing, for example, 0-40% by Weight 
therapeutic agent (e.g., drug) and 20% magnetite by Weight. 
Exemplary drugs of loW Water solubility such as paclitaxel, 
or commonly used chemotherapeutics like doxirubicin can 
be used for applications such as coronary artery disease and 
hepatic cancer, respectfully. 

[0065] The term “activated cell” as used herein means a 
cell containing magnetiZable particles. This term is used 
interchangeably With the term “magnetic cell.” 

[0066] The term “endocytosis” means the uptake particles 
by cells and includes receptor mediated endocytosis. 

[0067] MagnetiZable Object 

[0068] The magnetiZable object of the invention is an 
implant capable of creating strong magnetic gradient near its 
surface (i.e., a local gradient) When implanted, such that the 
magnetic gradient attracts magnetiZable particles. The mag 
netiZable object has a plurality of segments distributed 
throughout the magnetiZable object. The segments are con 
?gured to provide a magnetic gradient for attracting the 
magnetiZable particle. This term is used interchangeably 
With the term “magnetic implant” or “:magnetic device” in 
the speci?cation. 

[0069] In certain embodiments, the magnetiZable object is 
in the shape of a cylinder, a cylindrical rod, a cube, a cubical 
rod, a spring, a circular disc, a mesh, a ring, a Wire, a sphere 
or a combination thereof. In certain embodiments, the mag 
netiZable object is a stent, a pacemaker, a catheter, a tube, a 
vascular graft, an arti?cial joint, an arti?cial bone, a prostate 
seed, an aneurysm coil, a surgical staple, and a suture. 

[0070] It is also contemplated in this invention that the 
magnetiZable object is does not a have a continuous surface 
and can be formed from distinct entities such as, for 
example, a cluster of gradient forming particles, Wherein a 
surface of each gradient forming particle represents a seg 
ment of the magnetiZable object. 

[0071] In certain embodiments, a siZe of each segment is 
selected to commensurate With a siZe of the magnetiZable 
particle such that at least one spatial dimension of each 
segment does not exceed by more than about 10,000 times 
at least one spatial dimension of the magnetiZable particle. 
In certain embodiments, the siZe of each segment is selected 
to commensurate With the siZe of the magnetiZable particle 
such that at least one spatial dimension of each segment does 
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not exceed by more than about 100 times at least one spatial 
dimension of the magnetiZable particle. 

[0072] Those skilled in the art Would be able to select 
material for making the magnetiZable object such that it 
Would be magnetized in the presence of an external mag 
netic ?eld as those materials are knoW or are being develo 

ped(e.g., metals, metal alloys and rear earth elements). In 
certain embodiments, the magnetiZable object is made from 
at least one of materials selected from the group consisting 
of cobalt, nickel, iron, manganese, samarium and neody 
mium. 

[0073] In certain embodiments, the magnetiZable object is 
in a shape of a support made from a metal, a rare earth 
element, a ceramic, a polymer or a combination thereof. In 
certain embodiments, the magnetiZable object is in a shape 
of a coating on the support, Wherein the coating is made 
from a metal, a rare earth element, a ceramic, a polymer or 
a combination thereof. A coating is de?ned above and is 
preferably made from a magnetiZable compound. 

[0074] The magnetiZable object of the present invention 
comprises a structural supporting implant made from a 
biocompatible metal, ceramic, a rare earth element, a poly 
mer or a combination thereof. The magnetiZable object of 
the present invention further comprises a magnetiZable 
compound in a shape of a segment or a coating. 

[0075] In one embodiment, the magnetiZable compound is 
segmented on the structural supporting implant to provide 
regions of high ?eld gradients distributed throughout the 
implant. In another embodiment, the magnetiZable com 
pound is uniformly coated on the structural supporting 
implant, and the magnetiZed state of the coating is either 
locally recorded (e.g., embossed and/or indented) to provide 
regions of high ?eld gradients distributed throughout the 
implant or uniformly magnetiZed. In yet another embodi 
ment, the implant itself comprises the magnetiZable com 
pound. 

[0076] In one embodiment, the structurally supporting 
implant itself is made entirely from alloys of magnetiZable 
compounds. 

[0077] In another embodiment, a layer of magnetiZable 
compound is placed on the structural supporting implant as 
a coating With a thickness ranging from about 2 nanometers 
to about 200 microns or in segments. When placed on as 
segments of magnetiZable compound, it is preferred that 
these segments extend through and around the structural 
supporting implant from one end of the implant to the other. 
Similar arrangements include, but are not limited to, mul 
tiple rings extending over the implant and a mesh-like 
structure surrounding the implant such as depicted in FIGS. 
1 and 2. 

[0078] The magnetiZable compound can be applied to the 
structural supporting implant by various methods including, 
but not limited to, electro-deposition, evaporation and sput 
tering, and by chemical reactions. 

[0079] Magnetic particles may not alWays be uniformly 
attracted to implants that are simply coated With magnetic 
material. This is due to the fact that magnetic domains in 
such coatings are hard to control. Those skilled in the art 
Would be able to select various method of patterning the 
magnetic coating to control domain patterns in the devices 
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of the present invention Without undue experimentation. 
One method involves laser-assisted electrodeposition of 
alloys of magnetic metals such as Co, Ni and Fe. In this 
method, the implant, preferably a stent is used as a cathode 
during the deposition and a voltage slightly beloW electro 
plating threshold is applied. Magnetic material can then be 
electroplated only in those spots that are exposed to a 
focused laser beam. Another method for patterning of the 
implant With the magnetiZable compound involves the use of 
magnetic nanoparticles and nanorods separately prepared. 
These may either be purchased or made by electroplating 
into nanotemplates. Magnetic nanoparticles are then depos 
ited onto the implant through a process called dielectro 
phoresis. In this process the implant is placed into an 
aqueous solution containing magnetic nanoparticles in 
betWeen tWo insulated electrodes. Application of a relatively 
high frequency (100 KHZ-1 MHZ) electric ?eld creates 
strong, high frequency electric ?eld gradients on the implant 
that attracts the nanoparticles. 

[0080] Another method for patterning the implant 
involves recording of magnetic domain pattern on the 
implant using methods closely related to those that are 
employed in magnetic information storage devices. One 
such approach involves laser assisted thermomagnetic 
recording. In this method, the implant is ?rst uniformly 
magnetiZed by a strong external ?eld. Subsequently selected 
spots are heated by a laser in the presence of a reversed 
magnetic ?eld. The strength of the reversed ?eld is suf?cient 
to reverse magnetiZation of heated spots, but insufficient to 
reverse magnetiZation of unheated spots. Spots that have 
been heated by a laser are then magnetiZed in opposition to 
the rest of the implant magnetiZation. 

[0081] In a preferred embodiment of the device of the 
present invention, the implant is a stent comprising a metal 
lic tube such as, but not limited to, a corrugated stainless 
steel tube, coated With a magnetiZable compound such as 
cobalt, iron, iron oxides, nickel, or other rare earth magnetic 
materials or alloys, folloWed by a passivating layer of a 
biocompatible material. In this embodiment, it is preferred 
that the stent maintain its capability for balloon expansion 
and complete mechanical integrity so that it is useful not 
only in selective targeting of therapeutic agents, but also in 
keeping the lumen into Which it is inserted open. Accord 
ingly, this stent-based delivery system, When used in pro 
cedures such as PTCA, preserves the bene?cial properties of 
stents (preventing vascular recoil and remodeling) While 
delivering therapeutic agents, preferably drugs or radionu 
clides, that inhibit or measure initial thickening, respec 
tively. 

[0082] The segments of magnetiZable compound coated or 
otherWise deposited on the magnetiZable object (e.g., a 
stent) of the invention provide the stent With the capability 
to attract arterially injected magnetic carriers including, but 
not limited to magnetic particles, magnetic liposomes and 
ferro?uids encapsulating or attached to the therapeutic 
agent, over the entire stent, thus distributing the therapeutic 
agent over the entire stent so that possible clogging of the 
artery and/or stent by deposited therapeutic agent is 
decreased. 

[0083] In an alternative embodiment of the device of the 
present invention, the implant comprises a plurality of 
biocompatible metal or polymer beads, spikes or pellets 
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wherein at least one segment of each bead, spike or pellet 
comprises the magnetiZable compound. Various means for 
implanting such a device into the selected site are knoWn and 
can be selected by one of skill in the art based upon the site 
of implantation. For example, for implantation into a blood 
vessel Wall, the device may be delivered via a catheter-based 
system. In this embodiment, it is preferred that the catheter 
be equipped With a balloon coated With the plurality of 
implants so that upon expansion of the balloon the implants 
are lodged into the blood vessel. Alternatively, the balloon 
can be coated With a plurality of implants Which have been 
modi?ed to further comprise a speci?c receptor for the 
endothelial lining Which bind to the endothelial lining upon 
contact. In another embodiment, the device can be implanted 
by injection of the plurality of magnetiZable beads admin 
istered to the site of interest and lodged into the tissue by 
application of external magnetic ?eld gradients. Alterna 
tively, a device of the present invention comprising a plu 
rality of implants can be injected directly into the site of 
interest by a means similar to a biopsy needle so as to 
provide a region of high internal magnetic ?eld that attracts 
magnetic therapeutic agent-containing particles. In these 
embodiments, it is preferred that the plurality of implants be 
scattered over the site of treatment so that the therapeutic 
agent is dispersed over the treatment site and possible 
clogging of the artery by deposited agent is decreased. 

[0084] Another aspect of the present invention relates to 
the use of these devices in the targeted delivery of a 
therapeutic agent to a selected site in a subject. In this aspect, 
a device of the present invention is ?rst implanted into a 
subject at a selected site. The site of implantation in the 
subject is selected based upon Where targeted treatment is 
desired and the mode of administration for the therapeutic 
agent. 

[0085] For example, for PTCA procedures, the treatment 
site is a coronary artery at a region of stenosis. The thera 
peutic agent is preferably a drug that is administered intra 
vascularly to prevent restenosis at this site. The implant, 
preferably a stent, is thus also implanted in the coronary 
artery at the site of stenosis. In a preferred embodiment, the 
device of the present invention is implanted by catheteriZa 
tion in accordance With Well-knoWn procedures. 

[0086] While a primary application of these devices is for 
treatment of cardiovascular disease and/or restenosis, alter 
native functions for implants of the present invention are 
envisioned. These include, but are not limited to, treatment 
of tumors (benign and malignant), bacterial or viral infec 
tions, cysts, internal Wounds, and anti-rejection treatments 
for transplant patients. These treatments can be performed 
by implantation of the device at the mouth of the site of 
blood supply, or placement of a device With a plurality of 
implants Within or on the site itself, folloWed by systemic 
administration of therapeutic agent attached to or encapsu 
lated in a magnetic carrier such as magnetic particles, 
magnetic liposomes or a ferro?uid. 

[0087] There are numerous other potential sites of implan 
tation envisioned for a magnetiZable/magnetic device of the 
present invention. It is important to note that in all of these 
cases, a magnetic carrier such as magnetic particles, mag 
netic liposomes or a ferro?uid is carrying or bound With the 
therapeutic agent. These include, but are in no Way limited 
to, the lymphatic system for treatment of sWollen or infected 
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glands, and damaged or occluded vessels; in the bile ducts 
for pancreatic cancer patients; in the ureter or urethra for 
kidney drainage or kidney/bladder infections; in or on the 
surface of the larynx, trachea, or lung surface for treatment 
of respiratory disorders or cancers With the use of an 
inhalable solution of magnetic particles bound With drug. 
Further, a device of the present invention placed Within the 
esophagus could be used to capture magnetic particles 
contained Within a viscous creeping solution for treatment of 
cancers or infection. 

[0088] In addition, devices of the present invention sur 
gically placed Within the brain for local delivery of a 
therapeutic agent could be used to capture magnetic par 
ticles, preferably nanoparticles, With lipid-soluble or other 
permeability-enhancing coatings to alloW targeting of intra 
arterial chemotherapeutics. While intra-arterial chemothera 
peutics are already practiced in various manners to treat 
brain tumors, magnetic targeting of such treatments may 
limit healthy neural tissue exposure to chemotherapy While 
maximiZing dosage levels. 

[0089] External Source 

[0090] The external source of a magnetic ?eld of the 
present invention is capable of magnetiZing the magne 
tiZable particle and (ii) increasing a degree of magnetiZation 
of the magnetiZable object and thereby creating the magnetic 
gradient. Those skilled in the art using guidance provided in 
this disclosure Will be able to select the proper source and its 
capabilities Without undue experimentation. The preferred 
external source is an electromagnet. 

[0091] MagnetiZable Particle 

[0092] In certain embodiments, the magnetiZable particle 
has a diameter of less than 10 micrometers. In certain 
embodiments, the magnetiZable particle has a diameter from 
about 10 nm to about 1000 nm. 

[0093] It is also preferred that magnetic carriers such as 
magnetic particles or magnetic liposomes comprise magne 
tite. Magnetite is a member of the spinel group With the 
standard formula Fe203 or Fe304. Magnetite particles to be 
incorporated in the magnetic particles or magnetic lipo 
somes encapsulating the therapeutic agent are preferably 
around 10 nm in diameter and are dispersed Within the 
magnetic particle or magnetic liposome to account for 
10-50% of sphere volume. 

[0094] In cases Where use of a magnetic carrier compris 
ing microspheres or nanospheres for encapsulation of the 
therapeutic agent is required, the microspheres or nano 
spheres preferably comprise a biodegradable polymer, such 
as poly(lactic acid) PLA and/or poly(lactic-co-glycolic acid) 
PLGA, Which cause minimal in?ammatory response upon 
degradation. As Will be understood by those of skill in the art 
upon reading this disclosure, numerous other biodegradable 
polymers are knoWn, such as polyhydroxybutyrate and 
elastomeric poly(ester-amide), Which may also be used in 
these microspheres or nanospheres. Ultimate selection of the 
biodegradable polymer for encapsulation of the drug is 
based upon desired degradation times, side effects, and drug 
conjugation. 

[0095] In certain embodiments, the magnetiZable particle 
has a diameter from 10 nm to 500 nm. In certain embodi 
ments, the magnetiZable particle comprises at least one of 
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materials selected from the group consisting of Fe2O3, 
Fe3O4, FeNi, FePt, Fe, CoNi alloy and optionally a biode 
gradable polymer. In certain embodiments, the magnetiZable 
particle is in a form of a superparamagnetic colloidal ?uid. 

[0096] In certain embodiments, the magnetiZable particle 
comprises a therapeutic agent and Wherein the magnetic 
delivery system functions as a targeted drug delivery system. 

[0097] In certain embodiments, the magnetiZable particle 
is loaded Within a cell, thereby forms a magnetic cell and 
Wherein the magnetic delivery system functions as a targeted 
cell delivery system. In certain embodiments, the magnetic 
cell comprises a therapeutic agent, such that the therapeutic 
agent is associated With the cell, the magnetiZable particle or 
both and Wherein the magnetic delivery system functions as 
a targeted drug and cell delivery system. 

[0098] Those skilled in the art should be able to make 
magnetiZable particles utiliZing knoWn methods and mate 
rials and the guidance of this disclosure. 

[0099] Therapeutic Agent 

[0100] The therapeutic agent to be delivered by the 
method if the invention is encapsulated in, attached to, or 
dispersed in a magnetic carrier/particle. For example, the 
therapeutic agent may be encapsulated in magnetic particles 
including, but not limited to, microspheres and nanospheres 
or magnetic liposomes. Alternatively, the therapeutic agent 
may be dispersed in a ferro?uid or in a colloidal ?uid. In 
embodiments Wherein the magnetic carrier involves mag 
netic particles and/or liposomes, it is preferred that the 
particles and/or liposomes be less than 10 micrometers in 
siZe to prevent clogging of any small arterioles. 

[0101] Selection of a therapeutic agent to be encapsulated 
Within the magnetic carrier such as magnetic particles or 
magnetic liposomes or dispersed in a magnetic carrier such 
as ferro?uid and used With the devices of the present 
invention is dependent upon the use of the device and/or the 
condition being treated and the site of implantation of the 
magnetiZable device. For example, multiple therapeutic 
agents have been experimented With and tested for preven 
tion of restenosis folloWing PTCA and any of these can be 
used With the stents of the present invention. Some examples 
of such therapeutic agents include, but are not limited to, 
antiplatelet agents such as aspirin, glycoprotein receptor 
antagonists, and cilostaZol for prevention of thrombus for 
mation by interfering With platelet aggregation; anticoagu 
lants such as heparin, hirudin, and coumadin for prevention 
of thrombus formation by blocking the coagulation pathWay; 
calcium channel antagonists for reducing vascular recoil and 
remodeling; groWth factor inhibitors, such as trapidil, an 
inhibitor of PDGF; immunosuppressants such as Rapamycin 
(Sirolimus; Rapamune®); anti-in?ammatory agents; and 
anti-proliferation agents such as Actinomycin D (Cos 
megen®), Estrogen (Estrodiol®), and Paclitaxel (Taxol®). 
Thus, for PTCA procedures and tumor treatments using a 
magnetiZable stent of the present invention, a preferred 
therapeutic agent for encapsulation may be Actinomycin D, 
Rapamycin or Paclitaxel. Other therapeutic agents that can 
be administered, include, but are not limited to radioactive 
materials, gene vectors, genetically modi?ed viruses such as 
retroviruses, and living cells, such as endothelial cells, that 
are attached to magnetic particles. The ability to attract 
endothelial cells to the implant Will greatly decrease the time 
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it takes to form an endothelial layer on the stent, and may 
inhibit the groWth and migration of smooth muscle cells that 
are largely responsible for the neo-intimal groWth. 

[0102] Magnetically targeted therapeutic agent delivery 
achieved through use of the present invention alloWs for 
reduced initial in?ammation response often experienced in 
clinical tests of polymer/drug-coated stents, as the amount of 
polymer necessary for targeted delivery can be reduced. In 
addition, since the magnetic vehicles are deliverable via 
arterial injection, minimally invasive means for delivery of 
the therapeutic agents at selected times can be used. Thus, in 
a procedure such as PTCA, a therapeutic agent may not need 
to be delivered until sufficient time has elapsed for endot 
helium groWth over the stent. Further, multiple doses of the 
therapeutic agent or combinations of therapeutic agents can 
be administered. 

[0103] In some embodiments, the device of the present 
invention and/or magnetic carrier of the therapeutic agent 
may require magnetiZation just prior to, during or folloWing 
administration of the therapeutic agent. In these embodi 
ments, the device and/or magnetic carrier of the therapeutic 
agent is magnetiZed by a magnetic ?eld applied externally to 
the subject. 
[0104] The utility of the devices of the present invention 
in targeting a therapeutic agent to the site of their implan 
tation is based upon obtaining an attractive magnetic force 
upon the injected magnetic carrier of the therapeutic agent 
that overcomes the drag resistance in moving toWards the 
Wall. The magnetic force can be optimiZed by using a device 
that contains a plurality of magnetic features, producing 
strong magnetic ?eld gradients that pull the therapeutic 
agent encapsulated or attached to the magnetic carrier to 
desired locations on the surface of the implant of the device. 
The implant of the device is designed to be in direct or 
proximal contact With the transporting medium for the 
therapeutic agent so that the therapeutic agent-containing 
magnetic carrier Will be attracted most strongly. For 
example, in one embodiment as depicted in FIGS. 1A and 
1B, the transporting medium is blood of a blood vessel that 
has been injected With a colloidal solution of therapeutic 
agent-containing magnetic particles. In another embodi 
ment, the transporting medium is that of an aerial passage 
Way that has been exposed to a gaseous solution of thera 
peutic agent-containing magnetic particles in the form of a 
nasal spray or inhalation. In yet another embodiment, the 
transporting medium comprises lymphatic or cerebrospinal 
?uid that has been injected With therapeutic agent-contain 
ing magnetic particles that are attracted to a device of the 
present invention in the lymph nodes or brain. 

[0105] In a preferred embodiment of the invention, high 
magnetic ?eld gradients Within the body are applied to the 
magnetiZable particle Which is in a form of an injected 
superparamagnetic colloidal ?uid carrying a therapeutic 
agent With the aid of uniform magnetic ?eld created by the 
external magnet toWard a target, an endovascular implant 
(e.g., a stent). The design of the magnetiZable object 
involves patterning the surface of endovascular implants 
With a soft magnetic coating capable of producing high local 
magnetic ?eld gradients Within the body. A conceptual 
diagram of the preferred embodiment can be found in FIG. 
3. 

[0106] In the preferred embodiment of the invention, the 
magnetic delivery system is used for the treatment or 
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prevention of coronary restenosis following angioplasty. 
The magnetic delivery system of the invention is a viable 
alternative or enhancement to drug-eluting stents, offering 
increased control of dose siZe, the ability to treat a site 
repeatedly, and a Wide array of applications for treatment of 
other pathologies. 

[0107] As described in detail beloW, the magnetic delivery 
system utiliZing micron and sub-micron scale magnetic 
particles for site-speci?c delivery of pharmaceuticals and 
magnetic cells is described based on the theoretical and 
experimental models (e.g., parallel plate and pipe ?oW 
analysis, and cell culture models). 

[0108] In the preferred embodiment, the present invention 
is used for treatment and prevention of coronary restenosis. 
The magnetiZable object is in a shape of a stent as described 
beloW. The magnetic delivery system Will operate by ?rst 
implanting the stent at designated sites in the cardiovascular 
system, and then attracting injected or otherWise adminis 
tered doses of magnetically susceptible drugs as magnetiZ 
able particles to the sites of the implant the With the aid of 
the external magnetic ?eld and magnetic ?eld gradient 
created by the implant (i.e., stent). In vitro experiments 
demonstrated that magnetiZable particles Were attracted to 
regions of the strongest magnetic ?eld gradients. 

[0109] Ability of local magnetic ?eld gradients to trap 
magnetic particles can be demonstrated based on computa 
tional models. Adaptation of these models to the analysis of 
a magnetiZable steel mesh (i.e., the magnetiZable object) 
provided insight for implant magnetiZation, external mag 
netic ?eld parameters, particle and vessel siZes, as Well as 
preliminary dose concentrations for beginning in vitro ?oW 
simulations. 

[0110] Determination of the attractive magnetic forces in 
the preferred embodiment that is necessary to capture agent 
containing magnetic particles Was achieved by modeling the 
force on a single magnetic particle in bloW ?oW due to the 
magnetic ?eld from a bar of magnetic material as folloWs. 

[0111] A rigid sphere transported along in Poiseuille ?oW 
through a tube has been shoWn to be subject to radial forces 
Which tend to carry it to a certain equilibrium position at 
about 0.6 tube radii from the axis, irrespective of the radial 
position at Which the sphere enters the tube (Segre, G. and 
Silberberg, A. J. Fluid Mech. 1962 14:136). Further, it has 
been shoWn that the trajectories of the particles are portions 
of one master trajectory, and that the origin of the forces 
causing the radial displacements is in the inertia of the 
moving ?uid (Segre, G. and Silberberg, A. J. Fluid Mech. 
1962 14:136). 

[0112] Before the effects of multiple particles inside a 
lumen coated three dimensionally With magnetic segments 
can be modeled, it must ?rst be ensured that Were there only 
one particle, and one bar of magnetic material, that the 
magnetic attraction Would be strong enough that in ?uid 
How the particle Would be able to overcome the drag 
resistance and attach to the implant. Accordingly, the mag 
netic force has been modeled as FZ, the force in the Z 
direction on a particle by a bar of magnetic material directly 
placed along the lumen of the vessel. From basic electro 
magnetic theory it is knoWn that the force on a magnetiZable 
spherical bead in an external magnetic ?eld is given by 
Equation 1. 
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[0113] In Equations 1 and 2, go is the magnetic perme 
ability of free space, H is the total external magnetic ?eld, 
m is the magnetic moment of the particle attracted to the 
implant, V is the volume of the particle, and X is the 
magnetic susceptibility of the particle. As can be seen from 
Equation 1, the force is directly proportional to both the 
magnetic moment of the particle and the magnetic ?eld 
gradient. The trajectory of the particle is computed numeri 
cally according to Eq. 3 by modeling the movement of the 
particle toWards the Wall in a velocity ?oW ?eld. Aparticle 
is captured if its trajectory terminates on the site of the 
implant: 

[0114] Using values ranging from extreme to moderate to 
account for varying inducible magnetic ?eld strength, par 
ticle siZe, and blood ?oW velocity, simulations have shoWn 
that for a variety of different physiologically signi?cant 
parameters, FZ can indeed overcome the vertical drag resis 
tance. These equations must then be modeled based around 
a circumference equally spaced With magnetic segments, 
and a ?uid containing multiple magnetic particles. 

[0115] In vitro experiments of various kinds have been 
conducted Which demonstrate the utility of devices of the 
present invention in drug delivery. In one set of experiments, 
a 316L stainless steel stent Was coated With cobalt by 
electro-deposition. This mesh Was then placed Within a How 
chamber, and magnetic particles Were ?oWn through the 
chamber at varying velocities to assess the capability of the 
mesh to attract them. Aggregation of magnetic particles on 
the magnetic stent Was increased as compared to a non 
magnetic stent. 

[0116] In another set of experiments, magnetiZable beads 
Were embedded in microchannels and magnetic micro 
spheres Were injected into the channel under applied mag 
netic ?eld in order to determine if the embedded beads could 
capture the microspheres. Again the magnetic microspheres 
aggregated on the magnetiZed embedded beads. 

[0117] Experiments using microfabricated ?uidic chan 
nels Were carried out to shoW a uniqueness of using the 
magnetiZable stent With the surface-modi?ed nanoperticles. 
Micro?uidic channels of various siZes (50x50, 100x100, 
500x500 pm cross-section) Were fabricated in polydimethyl 
siloxane (PDMS). The Walls of the micro-channels Were 
seeded With superparamagnetic/latex composite micropar 
ticles (5 pm diameter) (See Forbes Z G, Yellen B B, Barbee 
KA, Friedman G, An Approach to Targeted Drug Delivery 
Based on Uniform Magnetic Fields, IEEE Transactions on 
Magnetics, 39 (5): 3372-3377, (2003)). Top vieWs of the 
micro-channels and of the entire experimental set-up are 
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schematically illustrated in FIG. 2. Various concentration 
solutions of commercially available magnetic particles of 
various siZes (1 pm, 3 pm, 5 pm, 7 pm) Were observed to 
How in the channels While applying external relatively 
uniform magnetic ?eld varied up to 300 Oe (0.03 Tesla). 
When no magnetic ?eld is applied, magnetic particle solu 
tion ?oWs freely. When the applied magnetic ?eld exceeded 
30 Oe aggregation of particles is observed. Stronger ?elds 
lead to faster and more pronounced attraction of magnetic 
particles in solution toWard the Walls. In loWer concentration 
particle solution, particle chains attracted to the Walls form 
relatively sloWly (10 s of seconds). In higher concentration 
particle solution, aggregation of particles on the micro 
channel Walls occurs very quickly. Examples of aggregation 
of magnetic carriers in the micro-channels are shoWn under 
various ?oW conditions and ?elds Were observed. 

[0118] The possibility of making stents that could attract 
magnetic particle carriers under similar conditions Was also 
con?rmed using the technique. Commercially available 
(e.g., Cordis Corp) stainless steel stents Were ?rst con?rmed 
not to attract commercially available magnetic particles (100 
nm, 1 pm and 5 pm diameter). A basic set-up for electro 
plating these stents Was developed and stents Were coated 
With 1 pm thick layer of cobalt. The cobalt coated stents 
Were placed into the magnetic particle solution and strongly 
attracted magnetic particles When a permanent magnet 
applying a relatively uniform ?eld Was placed above the 
stents. The cobalt coated stents remained covered by the 
magnetic particles even after Washing. 

Explanation of Basic Principles of the Proposed 
Method 

[0119] The magnetic force dragging isolated magnetic 
carriers toWard the stent is: 

FEM-v)? (1) 

Where the magnetic moment MM»? of the drug carrying 

particle is approximately proportional to the total ?eld ? up 
until saturation Which occurs for most nanoparticles in the 

range of about 600 Oe (0.06 Tesla). The total ?eld §=§em+ 
?stent experienced by the magnetic carriers consists of 
contributions due to the stent and due to the external magnet. 
HoWever, While the ?eld of the external magnet is much 
larger than the ?eld of the stent, it is largely uniform (V 

?extz0). The stent, on the other hand, produces very large 
gradients near itself because of the presence of very small 
magnetiZed features on it. Thus, from (1) and from above 
arguments, the force on magnetic drug carriers can be 
approximately Written as 

[0120] The above formula makes it clear that forces cap 
turing drug carriers are maximiZed When a strong external 
uniform magnetic ?eld is superimposed on a ?eld produced 
by an insert With tiny features maximiZing ?eld gradients. 
Inventors believe that this can not be achieved by a single 
external magnet. Numerical simulations have been carried 
out to study ef?ciency of magnetic carrier capture by mag 
netiZed inserts. These simulations have indicated that cap 
ture of magnetic carriers as small as 100 nm is feasible With 
stents that are patterned With magnetiZed features that are 
2-3 pm in diameter and about 200-500 nm in thickness. 
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[0121] It Was observed that magnetic carriers may not 
alWays be uniformly attracted to stents that are simply 
coated With magnetic material. This is due to the fact that 
magnetic domains in such coatings are hard to control. This 
invention provides several means of patterning the magnetic 
coating to control domain patterns. 

[0122] One embodiment involves laser assisted elec 
trodeposition of alloys of magnetic metals such as Co, Ni 
and Fe. Stents Will be used as cathodes during the deposition 
and voltage slightly beloW electroplating threshold Will be 
applied. Magnetic material can then be electroplated only in 
those spots that are exposed to a focused laser beam. 

[0123] Another approach to stent patterning involves the 
use of magnetic nanoparticles and nanorods separately pre 
pared. These may either be purchased or made by electro 
plating into nanotemplates. Magnetic nanoparticles (e.g., 
ferromagnetic) Will then be deposited onto the stents through 
a process called dielectrophoresis. In this process the stent 
Will be placed into an aqueous solution containing magnetic 
nanoparticles in betWeen tWo insulated electrodes. Applica 
tion of a relatively high frequency (100 KHZ-1 MHZ) 
electric ?eld Will create strong high frequency electric ?eld 
gradients on the stent that Will attract the nanoparticles. 

[0124] Another approach involves recording of magnetic 
domain pattern on stents using methods closely related to 
those that are employed in magnetic information storage 
devices. One such approach Will involve laser assisted 
thermomagnetic recording. In this method the stent is ?rst 
uniformly magnetiZed by a strong external ?eld. Subse 
quently selected spots are heated by a laser in the presence 
of a reversed magnetic ?eld. The strength of the reversed 
?eld is suf?cient to reverse magnetiZation of heated spots, 
but insuf?cient to reverse magnetiZation of unheated spots. 
In the end, spots that have been heated by a laser, Will be 
magnetiZed in opposition to the rest of the stent magnetiZa 
tion. 

[0125] The design of the magnetiZable object of the inven 
tion (i.e., magnetic implant) began With the selection of 
stent-simulating materials of different geometries, mesh 
siZes, and metallic content, suitable for in vitro ?oW experi 
mentation. In preferred embodiment, stainless steel materi 
als ranging from 316 (316L SS) to 302 (302 SS) grades Were 
chosen, in grid-like mesh geometries, as Well as in the form 
of a compression spring. A soft magnetic alloy of Cobalt 
Nickel Was selected as a convenient material for increasing 
the saturation magnetiZation of the materials, While retaining 
a very loW state of magnetiZation in the absence of the 
externally applied magnetic ?eld. An electroplating setup 
Was developed utiliZing a cobalt anode, borate bath contain 
ing scaled concentrations of cobalt and nickel, and con 
trolled by a potentiostat. By combining the use of very 
Weakly magnetic materials (316L SS) and highly magnetic 
materials (302 SS) With varied plating heights of soft 
magnetic alloy, ?oW experiments Were conducted to deter 
mine the scalability of magnetic capture over a range of 
saturation magnetiZations. TWo ?oW systems Were used to 
test the capture of magnetic particles onto the Wires of model 
stent materials. The ?rst system employed Was a parallel 
plate ?oW chamber (PPFC) adaptable to various channel 
heights and capable of sustaining high volumetric ?oW rates 
needed to obtain physiologically signi?cant ?oW velocities. 
These experiments provided qualitative results from ?uo 
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rescent microscopy that validated model predictions that 
magnetic particles could be captured using the proposed 
design. The system Was validated for particle siZes ranging 
from 130 nm to 2 pm in diameter, but optimiZed for 350 nm 
and 2 pm diameter superparamagnetic particles stained With 
rhodamin for nile red ?uorescence. A characteristic set of 
experimental data is shoWn in FIGS. 5A and 5B. These 
particles Were tested and validated for magnetic capture to 
both 316L and 304 steel meshes, magnetic capture through 
layers of silicone in order to simulate scar tissue, capture of 
particles concentrated in porcine blood, and for a range of 
dose concentrations and volumes. 

[0126] The second system for How analysis of the pro 
posed design utiliZed three-dimensional implants placed 
Within a pipe ?oW system. Large vessel scaled implants 
molded from 304 grade steel into 5 mm diameter tubes, as 
Well as 3 mm diameter 302 grade steel compression springs 
Were chosen for testing. These materials maintain a much 
higher inherent saturation magnetiZation due to their alloy 
content, but Were also electroplated With various heights of 
a soft magnetic alloy (e.g., Co—Ni alloy) to examine 
capture over a range of magnetic properties. The pipe ?oW 
analysis also alloWed to analyZe uncaptured magnetic par 
ticles from a single dosage pass using a MicroMag Alter 
nating Gradient Magnetometer (AGM) (Princeton Measure 
ments, NJ). AGM analysis provided capture ef?ciency 
percentages, as Well as insight into numerical capture capa 
bilities and its variance With dose concentration and material 
magnetiZation. Askilled in the art Would be able to use these 
data and guidance provided herein in selection of system 
parameters (e. g., materials, segments’ design, etc.) for appli 
cations in vivo Without undue experimentation. 

[0127] Further, the magnetic delivery system Was tested 
for biocompatibility. While the risks of the use of Cobalt 
Nickel coatings and magnetite-based magnetic particles can 
be further studied in vivo, prior art literature gave insight 
into tissue tolerance. Experiments Were conducted to exam 
ine any effects on the groWth, morphology, and behavior of 
endothelial cells as a non-limiting example due to the 
magnetic ?eld gradients of the Wires of an electroplated 
mesh as the magnetiZable object. It Was found that endot 
helial cells not only survived the delivery of a high concen 
tration of magnetic particles to cultures, but Were actually 
found to compartmentaliZe the particles into the cell. The 
endothelial cells With internaliZed magnetic particles (i.e., 
magnetic cells) maintained normal groWth, morphology, and 
behavior and Were captured magnetically to mesh surfaces. 
Images of magnetic cells are shoWn in FIG. 6. 

[0128] It Was discovered that endothelial cells Were able to 
tolerate magnetic gradients When groWn in the presence of 
a magnetically plated mesh. Further, When cells came in 
contact With delivered magnetic particles, cells Were able to 
compartmentaliZe and uptake the particles. These cultures 
Were also found to attach, spread, and divide at rates 
consistent With control cultures, and to respond to ?uid shear 
stimulation. Magnetic endothelial cells Were also success 
fully delivered magnetically to the surface of magnetic 
mesh, both in static culture as Well as in high ?oW rate in the 
parallel plate ?oW chamber. Signi?cant numbers of these 
magnetic endothelial cells Were able to survive and groW, 
even after exposure to such potentially traumatic magnetic 
forces. These results demonstrate that magnetic cells can be 
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used as delivery vehicles for a drug associated With a cell or 
a magnetic particle, as Well as for delivery of cells to a 
desired location in the body. 

[0129] In a preferred embodiment, magnetiZable nanopar 
ticles Were delivered by endocytosis into cells, Which can be 
then delivered magnetically to implantable surfaces, e.g., 
stents. These magnetic cells can be used as a vehicle for 
mass transport of drug loaded particles, or as a means to 
deliver various cell types such as adult or embryonic stem 
cells, as Well as endothelial cells. Experiments conducted 
With magnetiZable nanoparticles and BAEC cells are 
described in detail beloW. 

[0130] The implant material selected for biocompatibility 
studies Was the Woven, 316L stainless steel Wire mesh (140 
pm Wire diameter, 400 pm apertures.) This particular mate 
rial Was selected due to its large strut spacing, and extremely 
loW magnetiZation. As a result, a large difference in response 
to applied magnetic ?elds, and subsequently in capture 
ability, can be compared betWeen a virtual non-magnetic 
316L mesh and a CoNi electroplated 316L mesh. 

[0131] Because of the likely chemical reactivity of the 
CoNi coating to cells and culture medium, and in order to 
provide a “level playing ?eld” on Which cells could groW 
and easily be studied, poly (dimethyl siloxane) (PDMS) 
(DoW Corning, MI) Was used to passivate the mesh. 
Depending on the desired cover slip siZe (0.25 mm thick, 
ranging from 5 mm to 25 mm in diameter in the beloW listed 
experiments), a volume of PDMS and curing agent (10:1 
polymer to curing agent mass ratio) Was dropped onto the 
glass cover slip. The slip Was placed by vacuum upon a 
Wafer spinner at the micro-fabrication facilities of the Drexel 
University Clean Room, and Was spun for an appropriate 
period (5 to 25 seconds depending on the siZe of the slip) to 
obtain an even layer of 150 pm of PDMS. 

[0132] A 5 mm diameter circular punch-out of mesh (at 
140 pm thickness) Was then dropped on top of the PDMS 
layer, sinking into the polymer. The preparation Was then 
cured under vacuum at room temperature overnight, and 
measured With digital calipers to verify height. This creates 
a roughly 10 pm tall boundary layer betWeen the mesh and 
the cell culture surface, and While not identically physiologi 
cally relevant, provides an excellent Working model for 
studying endothelial cell cultures in close proximity to 
magnetic gradients, as Well as for endothelial cells With 
internaliZed magnetic particles in close proximity to mag 
netic forces When an external ?eld is applied. 

[0133] Spherotech (Spherotech, IL) magnetic particles 
Were selected for all pipe ?oW experiments. Spherotech 
magnetic particles Were 20% Y-FeZO3 magnetite by Weight, 
labeled With nile red ?uorescent pigment and had a nominal 
diameter of 350 nm With approximately 10% variance in 
siZe. Particles come in 2 mL Water solutions concentrated at 
1% W/v or 4.8><1011 particles/mL. These particles have a 
carboxylate per nm2 of surface area, Which can be used as a 
linker for therapeutics such as peptides, antibodies or other 
biomolecumes. 

[0134] Bovine aortic endothelial cells (BAECs) Were 
selected as a culture model. These cells Were previously 
isolated by standard technique at the University of Pennsyl 
vania. All experiments Were performed at loW-passages 
(<10). Cells Were routinely cultured in loW glucose DMEM 


















