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APOPTOSIS-TARGETING NANOPARTICLES

STATEMENT OF GOVERNMENTAL SUPPORT

This invention was made with government support under grant number

1P30GM092378, awarded by the NIH of the United States government. The

government has certain rights in the invention.

RELATED APPLICATIONS

This application claims the benefit of priority to U.S. Provisional Patent Application

No. 61/529,637, filed on August 31, 2011, which application is hereby incorporated

herein in its entirety to the extent that it does not conflict with the present disclosure.

FIELD

[0003] The present disclosure relates to nanoparticles configured to target apoptotic cells,

particularly apoptotic macrophages of vascular plaques, and methods of use thereof,

including diagnostic and therapeutic uses.

BACKGROUND

[0004] Atherothrombotic vascular disease (ATVD) remains the number one cause of death in

the industrialized world, and this problem is growing annually due to the increasing

rate of obesity and insulin resistance worldwide. Although oral drugs that lower

systemic risk factors have been successful, there is a tremendous treatment gap that

leaves up to 70% of the high-risk population at continued risk. A number of

promising arterial-wall targets have been identified and validated using molecular-



genetic approaches in animal models of atherosclerosis, but many of these are not

amenable to oral or even standard systemic therapy.

[0005] Currently, there is no widely accepted diagnostic method to prospectively identify

vulnerable plaques which could lead to ATVD. However, such prospective

identification of vulnerable plaques could reduce the morbidity and mortality of

thromboembolism.

[0006] Apoptosis, or programmed cell death is a genetically controlled process that

contributes to the instability of atherosclerotic lesions. Apoptosis of the macrophages

and of smooth muscle cells (SMC) play an important role in the process of plaque

rupture and thrombus formation. Exposure of anionic phosphatidylserine (PS) on the

outer leaflet of the cell membrane is one of the earliest molecular events in apoptosis.

From the technical viewpoint, apoptosis will be an attractive target for the diagnosis of

atherosclerotic plaques prone to thrombotic event as well as cancer.

[0007] The most common method of detecting PS on cell surface involves the use the Ca2+-

dependent, PS-binding protein annexin V. For in vitro assays, the 35-kDa annexin V

protein is typically labeled with a fluorescent dye, whereas radioactive and diffusion-

weighted magnetic resonance imaging (MRI) techniques are employed for in vivo

imaging. Although it is utilized extensively, the labeled annexin V protein is

expensive and moderately unstable, and the application of diffusion-weighted MRI is

limited because the method relies on strong magnetic field gradients and is sensitive to

artifacts. Additionally, the magnitude of changes associated with annexin V diffusion-

weighted MRI is small, making it difficult to discern the distinction between the tissue

shrinkage, necrosis, and other processes that occur with an arterial wall vessel.

[0008] Other possible options for targeting PS include peptides that bind PS with high affinity

and specificity and zinc 2,2'-dipicolylamine (Zn +-DPA) coordination complexes,

which have been shown to mimic the apoptosis sensing function of annexin V.

[0009] An alternative approach to detection of PS translocation (as a proxy for apoptosis) is

detection of the collapse of mitochondrial membrane potential ( | m) . ∆ψιη is a

hallmark of the initiating phase of apoptosis. Unlike the transient nature of PS



exposure, collapse of is an ongoing process. monitoring could offer an

effective strategy for detection of vulnerable plaques by monitoring apoptotic

macrophages atherosclerotic plaques of arterial-wall leading to early diagnosis and

aggressive management to help prevent or slow the progression by delivering

therapeutics that exhibit direct effects on macrophage inflammation related to ATVD

or coronary heart disease (CHD) in general.

SUMMARY

[0010] The present disclosure describes, among other things, nanoparticles that target

apoptotic cells. In embodiments, the nanoparticles selectively target apoptotic

macrophages. In embodiments, the nanoparticles are used for imaging and diagnosis

of vulnerable plaques. In embodiments, the nanoparticles are used to deliver

therapeutic agents to vulnerable plaques for targeted therapy.

[0011] The nanoparticles described herein contain one or more moieties configured to target

or monitor apoptotic cells. Such moieties may be PS-targeting moieties or ∆ψιη

monitoring moieties. The nanoparticles may also include one or more moieties

configured to target macrophages. The nanoparticles may include one or more

contrast agent for purpose of visualization, imaging, diagnosis, or the like. In addition,

or alternatively, the nanoparticles may include one or more therapeutic agents

configured to treat CHD, ATVD, or the like.

[0012] By targeting nanoparticles to apoptotic cells or apoptotic macrophages, the

nanoparticles may accumulate in vascular plaques. If the nanoparticles include a

contrast agent, visualization of accumulated nanoparticles may be used for the

diagnosis of vulnerable plaques of ATVD. If the nanoparticles include a therapeutic

agent, targeted therapy may be delivered for treatment of ATVD or CHD.

[0013] Advantages of one or more of the various embodiments presented herein over prior

nanoparticles, imaging methodologies, treatment modalities, or the like will be readily

apparent to those of skill in the art based on the following detailed description when

read in conjunction with the accompanying drawings.



BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1A is an overview of an embodiment of a reaction scheme for HDL-mimicking

nanoparticles by nano-precipitation for atherosclerotic plaques.

[0015] FIG. IB is an overview of an embodiment of a reaction scheme for HDL-mimicking

nanoparticles by nano-precipitation.

[0016] FIGS. 2A-B are an overview of an embodiment of a reaction scheme for blended

nano-precipitation of a nano-sensor for atherosclerotic plaques.

[0017] FIG. 3 presents transmission electron microscopy (TEM) images of nanoparticles

formed as described herein.

[0018] FIG. 4 presents bar graphs showing the size (left panel) and zeta potential (right panel)

of various nanoparticles formed as described herein.

[0019] FIG. 5 presents images of vials containing chloroform (CHCI3), phosphatidyl serine

(PS) or phosphatidyl choline (PC) in which fluorescent-labeled PS targeting

nanoparticles were introduced.

[0020] FIG. 6 presents confocal fluorescent micrographs of apoptotic cells incubated with PS

targeting fluorescent-labeled nanoparticles.

[0021] FIG. 7 presents MRI images of apoptotic cells incubated with iron-oxide containing

PS targeting nanoparticles.

[0022] FIG. 8 presents TEM images of mitochondrial matrix targeted nanoparticles.

[0023] FIG. 9 presents bar graphs showing the size (left panel) and zeta potential (right panel)

of the mitochondrial matrix targeted nanoparticles.

[0024] FIG. 10 presents bar graphs showing the results of ELISA assays performed against

IL-6 (left panel) and TNF- (right panel) of macrophages challenged with

mitochondria targeted nanoparticles, as indicated.



[0025] FIGS. 11A-B are confocal images of cells incubated with mitochondrial matrix

targeted nanoparticles (A) and with non-mitochondrial targeted nanoparticles (B).

[0026] FIG. 12 is a graph showing cholesterol binding effects of a HDL-mimicking

nanoparticle as described herein.

[0027] FIG. 13 presents graphs showing results of cytotoxicity experiments of HDL-

mimicking nanoparticles, as indicated.

[0028] The drawings in are not necessarily to scale. Like numbers used in the figures refer to

like components, steps and the like. However, it will be understood that the use of a

number to refer to a component in a given figure is not intended to limit the

component in another figure labeled with the same number. In addition, the use of

different numbers to refer to components is not intended to indicate that the different

numbered components cannot be the same or similar.

DETAILED DESCRIPTION

[0029] In the following detailed description, reference is made to the accompanying drawings

that form a part hereof, and in which are shown by way of illustration several specific

embodiments of devices, systems and methods. It is to be understood that other

embodiments are contemplated and may be made without departing from the scope or

spirit of the present disclosure. The following detailed description, therefore, is not to

be taken in a limiting sense.

[0030] All scientific and technical terms used herein have meanings commonly used in the

art unless otherwise specified. The definitions provided herein are to facilitate

understanding of certain terms used frequently herein and are not meant to limit the

scope of the present disclosure.

[0031] As used in this specification and the appended claims, the singular forms "a", "an",

and "the" encompass embodiments having plural referents, unless the content clearly

dictates otherwise. As used in this specification and the appended claims, the term



"or" is generally employed in its sense including "and/or" unless the content clearly

dictates otherwise.

[0032] As used herein, "have", "having", "include", "including", "comprise", "comprising"

or the like are used in their open ended sense, and generally mean "including, but not

limited to". It will be understood that "consisting essentially of, "consisting of, and

the like are subsumed in "comprising" and the like.

[0033] As used herein, "treat" or the like means to cure, prevent, or ameliorate one or more

symptom of a disease or condition.

[0034] As used herein, "lipid" includes phospholipid.

[0035] "Peptide" and "polypeptide" are used interchangeable herein.

[0036] As used herein, a compound that is "hydrophobic" is a compound that is insoluble in

water or has solubility in water below 1 microgram/liter.

[0037] As used herein a compound that is "hydrophilic" is a compound that is water soluble

or has solubility in water above 10 mg/liter.

[0038] As used herein, "bind," "bound," or the like means that chemical entities are joined by

any suitable type of bond, such as a covalent bond, an ionic bond, a hydrogen bond,

van der walls forces, or the like. "Bind," "bound," and the like are used

interchangeable herein with "attach," "attached," and the like.

[0039] As used herein, a molecule to moiety "attached" to a core of a nanoparticle may be

embedded in the core, contained within the core, attached to a molecule that forms at

least a portion of the core, attached to a molecule attached to the core, or directly

attached to the core.

[0040] As used herein, a "derivative" of a compound is a compound structurally similar to the

compound of which it is a derivative. Many derivatives are functional derivatives.

That is, the derivatives generally a desired function similar to the compound to which

it is a derivative. By way of example, mannose is described herein as a macrophage

targeting moiety because mannose binds macrophage mannose receptors.



Accordingly, a functional mannose derivative is a mannose derivative that may bind a

macrophage mannose receptor with the same or similar affinity as mannose (e.g., has

dissociation constant that is within about a 100 fold range of that of mannose, such as

within about a 10 fold range of that of mannose). By way of further example,

triphenyl phosophonium (TPP) is described herein as a mitochondrial targeting moiety

because it can accumulate, or cause a compound or complex (such as a nanoparticle)

to which it is bound to accumulate, in the mitochondrial matrix. Accordingly, a

functional derivative of TPP is a derivative of TPP that may accumulate, or cause a

compound or complex to which it is bound to accumulate, in the mitochondrial matrix

in a similar concentration as TPP (e.g., within about a 100 fold concentration range,

such as within about a 10 fold concentration range).

[0041] Nanoparticles, as described herein, include a core and one or more targeting moieties,

as well as one or more contrast agents or one or more therapeutic agents. In

embodiments, the contrast agents or therapeutic agents are contained or embedded

within the core. If the nanoparticle includes therapeutic agents, the agents are

preferably released from the core at a desired rate. In embodiments, the core is

biodegradable and releases the agents as the core is degraded or eroded. The targeting

moieties preferably extend outwardly from the core so that they are available for

interaction with cellular components, which interactions will target the nanoparticles

to the appropriate cells, such as apoptotic cells; organelles, such as mitochondria; or

the like. The targeting moieties may be tethered to the core or components that

interact with the core.

[0042] I . Core

[0043] The core of the nanoparticle may be formed from any suitable component or

components. Preferably, the core is formed from hydrophobic components such as

hydrophobic polymers or hydrophobic portions or polymers or lipids. In embodiments,

the core includes phospholipids which may form micelles having a hydrophobic core

and a hydrophilic outer surface. The core may also or alternatively include block

copolymers that have hydrophobic portions and hydrophilic portions that may self-

assemble in an aqueous environment into particles having the hydrophobic core and a



hydrophilic out surface. In embodiments, the core comprises one or more

biodegradable polymer or a polymer having a biodegradable portion.

Any suitable synthetic or natural bioabsorbable polymers may be used. Such polymers

are recognizable and identifiable by one or ordinary skill in the art. Non-limiting

examples of synthetic, biodegradable polymers include: poly(amides) such as

poly(amino acids) and poly(peptides); poly(esters) such as poly(lactic acid),

poly(glycolic acid), poly(lactic-co-glycolic acid) (PLGA), and poly(caprolactone);

poly(anhydrides); poly(orthoesters); poly(carbonates); and chemical derivatives

thereof (substitutions, additions of chemical groups, for example, alkyl, alkylene,

hydroxylations, oxidations, and other modifications routinely made by those skilled in

the art), fibrin, fibrinogen, cellulose, starch, collagen, and hyaluronic acid, copolymers

and mixtures thereof. The properties and release profiles of these and other suitable

polymers are known or readily identifiable.

In various embodiments, described herein the core comprises PLGA. PLGA is a well-

known and well-studied hydrophobic biodegradable polymer used for the delivery and

release of therapeutic agents at desired rates.

Preferably, the at least some of the polymers used to form the core are amphiphilic

having hydrophobic portions and hydrophilic portions. The hydrophobic portions can

form the core, while the hydrophilic regions may for a shell that helps the nanoparticle

evade recognition by the immune system and enhances circulation half-life. Examples

of amphiphilic polymers include block copolymers having a hydrophobic block and a

hydrophilic block. In embodiments, the core is formed from hydrophobic portions of a

block copolymer, a hydrophobic polymer, or combinations thereof.

Any suitable hydrophilic polymer may form a hydrophilic block of a block copolymer.

Examples of suitable hydrophilic polymers include polysaccharides, dextran, chitosan,

hyaluronic acid, and the like. In embodiments, polyethylene glycol (PEG) is a

hydrophilic polymer used to serve as the hydrophilic portion of a block copolymer.

II. Targeting Moieties



[0049] The nanoparticles described herein include one or more moieties that target the

nanoparticles to apoptotic cells or that allow for monitoring of apoptosis. In

embodiments, the nanoparticles include a moiety that targets the nanoparticles to

macrophages. The targeting moieties may be tethered to the core in any suitable

manner, such as binding to a molecule that forms part of the core or to a molecule that

is bound to the core.

[0050] In embodiments, a targeting moiety is bound to a hydrophilic polymer that is bound to

a hydrophobic polymer that forms part of the core or that is bound to a lipid, such as a

phospholipid, that is bound to, or forms part of, the core. In embodiments, a targeting

moiety is bound to a hydrophilic portion of a block copolymer having a hydrophobic

block that forms part of the core.

[0051] The hydrophilic polymers, or portions thereof, may contain, or be modified to contain,

appropriate functional groups, such as -OH, -COOH, -NH2, -SH, or the like, for

reaction with and binding to the targeting moieties that have, or are modified to have,

suitable functional groups.

[0052] Examples of targeting moieties tethered to polymers and lipids are presented

throughout this disclosure for purpose of illustrating the types of reactions and

tethering that may occur. However, one of skill in the art will understand that

tethering of targeting moieties to polymers, lipids, polypeptides, or the like, may be

carried out according to any of a number of known chemical reaction processes.

[0053] Targeting moieties may be present in the nanoparticles at any suitable concentration.

In embodiments, the concentration may readily be varied based on initial in vitro

analysis to optimize prior to in vivo study or use. In embodiments, the targeting

moieties will have surface coverage of from about 10% to about 100%.

[0054] A. Moieties for targeting apoptotic cells

[0055] Any suitable moiety for targeting a nanoparticle to cells undergoing apoptosis or that

are about to undergo apoptosis may be incorporated into the nanoparticle. In

embodiments, the targeting moiety targets phosphatidylserine (PS). Because exposure

of PS on the outer leaflet of the cell membrane is one of the earliest molecular events



in apoptosis, targeting PS that has been translocated to the outer membrane may serve

as a proxy for targeting apoptotic cells.

[0056] Any suitable moiety that targets PS may be used. In embodiments, the PS-targeting

moiety is a polypeptide that binds PS with high affinity and specificity. Such

polypeptides may be readily identified by one of skill in the art through any suitable

mechanism, such as through the use of phage display libraries; e.g. as described in

Butera et al. (2009), "Peptidic targeting of phosphatidylserine for the MRI detection of

apoptosis in atherosclerotic plaques", Mol. Pharm. 6:1903-1919. Non-limiting

examples of polypeptides that bind PS with a high affinity and specificity include

polypeptides that include the following amino acid sequences LIKKPF (SEQ ID

NO: 1), PGDLSR (SEQ ID NO:2), DAHSFS (SEQ ID NO:3) or the like.

[0057] Preferably, the polypeptide includes an amino acid capable of conjugating to a pendant

reactive group of the polymer. Examples of reactive groups that the polymer may

have for reaction with a polypeptide include maleimide, glycidyl, isocyanate,

isothiocyante, activated esters, activated carbonates, anhydride, sulfhydryl and the

like. By way of example, any native or biomimetic amino acid having functionality

that enables nucleophilic addition; e.g. via amide bond formation, may be included in

polypeptide for purposes of conjugating to the polypeptide having a suitable reactive

group. Lysine, homolysine, ornithine, diaminoproprionic acid, and diaminobutanoic

acid are examples of amino acids having suitable properties for conjugation to a

reactive group of the polymer, such as carboxyl group. In addition, the N-terminal

alpha amine of a polypeptide may be used to conjugate to a suitable reactive group of

the polymer, if the N-terminal amine is not capped. By way of another example,

disulfide bond formation between the polymer and the polypeptide may be used to

bind the polypeptide to the polymer. Similar reaction strategies to those mentioned

above for binding a polypeptide to a polymer may be used for binding a polypeptide to

a lipid, such as a phospholipid.

[0058] In embodiments, a PS-targeting polypeptide is conjugated to a hydrophilic polymer,

such as PEG. The hydrophilic polymer may be bound to a hydrophobic polymer, such

as PLGA, that forms a part of the core of the nanoparticle or may be bound to a lipid,



such as a phospholipid. The lipid may form part of the core or may be bound to the

core through hydrophobic interactions. One example of a tethered PS-targeting

moiety that may be used in accordance with the teachings herein is PLGA-&-PEG-

LIKKPF having a structure as shown in Formula I :

P GA- -PEG - P
, 1

where m, n, and o are any suitable integer. PLGA-COOH may be coupled to PEG-

NH2 to give PLGA-&-PEG. Coupling of the polypeptide to PEG may occur before or

after coupling of PEG to PLGA. The PLGA may form a part of the core of the

nanoparticle.

Another example of a tethered PS-targeting moiety that may be used in accordance

with the teachings herein is distearoyl-s«glycero-3-phosphoethanolamine (DSPE)-

PEG-LIKKPF having a structure as shown in Formula II:

II.



[0059] It will be understood that the compounds of Formulas I and II, which contain the PS-

targeting moieties, are shown for purposes of illustration and that other polymers,

phospholipids or PS-targeting polypeptides may be employed.

[0060] In embodiments, the PS-targeting moiety includes a zinc 2,2'-dipicolylamine (Zn +-

DPA) coordination complex. Zn +-DPA complexes have been shown to mimic the

apoptosis sensing function of annexin V. Zinc(II) readily forms a complex

coordinated to the three nitrogen atoms of DPA. Zinc(II) is also a viable choice for a

metal cation because it is not redox active, and it does not quench the fluorescence of

an attached dye. The Zn +-DPA PS-targeting moiety may be conjugated to a

hydrophilic polymer, such as PEG. The hydrophilic polymer may be bound to a

hydrophobic polymer, such as PLGA, that forms a part of the core of the nanoparticle

or may be bound to a lipid, such as a phospholipid. The lipid may form part of the

core or may be bound to the core through hydrophobic interactions. One example of a

tethered Zn +-DPA complex that may be used in accordance with the teachings herein

is PLGA-6-PEG-Mal-DPA having a structure as shown in Formula III:

where m, n, and o are any suitable integer. The DPA moiety, such as 2-(bis(pyridine-

2-ylmethyl)amino)ethanethiol, may be coupled to PEG using maleimide-PEG-NEL to

give NH2-PEG-Mal-DPA, which may be coupled to PLGA-COOH to give PLGA-6-

PEG-Mal-DPA as shown in Formula III.

[0061] Another example of a tethered Zn +-DPA complex that may be used in accordance

with the teachings herein is DSPE-PEG-Mal-DPA having a structure as shown in

Formula IV:



[0062] It will be understood that the compounds of Formulas III and IV, which contain the

DPA complex, are shown for purposes of illustration and that other polymers or

phospholipids may be employed.

[0063] The degree of PS binding depends of the number of Zn +-DPA moieties in the

nanoparticle. It has been shown that more Zn +-DPA binding motifs increase polar

interactions among molecules and membranes, as well as produce a stronger response

to PS. The Zn +-DPA preferably detects the bilayer membranes containing 5% PS or

less, which is the fraction of PS that signals the onset of apoptosis. Other coordination

complexes, those involving different arrangements of dipicolylamine and other

dimetallic sensors, may be employed as an alternative to Zn +-DPA

[0064] While not intending to be bound by theory, it is believed that the DPA moiety of

PLGA-6-PEG-Mal-DPA may become buried in the lipid layer and not be readily

available for Zn + binding. It has been found that conjugation of the DPA moiety to

the phospholipid distearoyl-swglycero-3-phosphoethanolamine (DSPE) via a PEG

intermediary to produce DSPE-PEG-Mal-DPA resulted in increased Zn + binding

relative to PLGA-6-PEG-Mal-DPA (data not shown).

[0065] B. Moieties for monitoring apoptosis - Mitochondrial targeting

[0066] Any suitable moiety for monitoring apoptosis may be incorporated into a nanoparticle.

In embodiments, the apoptosis monitoring moiety is a moiety that facilitates

accumulation of the nanoparticle in the mitochondrial matrix. The collapse of

mitochondrial membrane potential (∆ψηι) is a hallmark of the initiating phase of

apoptosis. Upon collapse of the mitochondrial membrane, components of the

mitochondrial matrix are released into the cytoplasm. Thus, if a nanoparticle having a

suitable contrast agent is targeted to the mitochondrial matrix, ∆ψηι (and thus



initiation of apoptosis) may be detected by observing the spreading of the nanoparticle

(via the contrast agent) from the mitochondrial matrix throughout the cytoplasm. By

way of example, accumulation of the nanoparticles within the mitochondrial matrix

would be indicative of non-apoptotic cells, while diffusely spreading of the

nanoparticles throughout the cytoplasm would be indicative of cells in the initial

stages of apoptosis.

Any suitable moiety for facilitating accumulation of the nanoparticle within the

mitochondrial matrix may be employed. Due to the substantial negative

electrochemical potential maintained across the inner mitochondrial membrane,

delocalized lipophilic cations are effective at crossing the hydrophobic membranes and

accumulating in the mitochondrial matrix. Triphenyl phosophonium (TPP) containing

compounds can accumulate greater than 1000 fold within the mitochondrial matrix.

Any suitable TPP-containing compound may be used as a mitochondrial matrix

targeting moiety. Representative examples of TPP-based moieties may have structures

indicated below in Formula V, Formula VI or Formula VII:

V;





In embodiments, the delocalized lipophilic cation for targeting the mitochondrial

matrix is a rhodamine cation, such as Rhodamine 123 having Formula VIII as

depicted below:

where the secondary amine (as depicted) may be conjugated to a polymer, lipid, or the

like for incorporation into the nanoparticle.

Of course, non-cationic compounds may serve to target and accumulate in the

mitochondrial matrix. By way of example, Szeto-Shiller peptide may serve to arget

and accumulate a nanoparticle in the mitochondrial matrix. Any suitable Szetto-

Shiller peptide may be employed as a mitochondrial matrix targeting moiety. Non-

limiting examples of suitable Szeto-Shiller peptides include SS-02 and SS-31, having

Formula IX and Formula X, respectively, as depicted below:



where the secondary amine (as depicted) may be conjugated to a polymer, lipid, or the

like for incorporation into the nanoparticle.

For purposes of example, a reaction scheme for synthesis of distearoyl-swglycero-3-

phosphoethanolamine (DSPE)-PEG-TPP is shown below in Scheme I . It will be

understood that other schemes may be employed to synthesize DSPE-PEG-TPP and

that similar reaction schemes may be employed to tether other mitochondrial targeting

moieties to DSPE-PEG or to tether moieties to other polymers, copolymers, or lipids.

, Scheme I .

[0071] C. Moieties for targeting macrophages

[0072] To increase the affinity of a nanoparticle for macrophage cells, which are

characteristic of atherosclerosis lesions, mannose or other simple sugar moieties may



be incorporated into the nanoparticle. Simple sugars, such as mannose and galactose,

may selectively interact with macrophages through receptors. For example,

macrophages contain macrophage mannose receptors and lectins that selectively bind

galactose (macrophage galactose-binding lectin). Through these selective interactions,

the presence of such simple sugars or compounds that include such simple sugars may

be used to target the nanoparticles to macrophages. In embodiments, a macrophage

targeting moiety includes mannose, galactose or lactobionic acid.

[0073] Because the presence of the simple sugars facilitates interactions of the nanoparticle

with macrophages, the sugar moieties are preferable shielded in the nanoparticle until

the nanoparticle reaches the desired location, such as an atherosclerotic plaque, to

minimize exposure to the reticulo-endothelial system (RES).

[0074] The sugar moieties may be temporarily shielded in any suitable manner. In

embodiments, the sugar moieties are shielded by a hydrophilic polymer, such as

polyethylene glycol (PEG); a hydrophilic portion of a polymer, such as a block

copolymer containing a PEG block; a hydrophilic polymer bound to a lipid that is

bound to the core or is part of a compound that, at least in part, forms the core; or the

like. The shielding polymer may form a portion of the core of the nanoparticle (e.g.,

when the polymer is a block co-polymer and a hydrophobic block of the polymer

contributes to formation of the core) or may be otherwise bound to the core.

[0075] Preferably, the shielding polymer is releasable from the nanoparticle when the

nanoparticle reaches its target location, such as an atherosclerotic plaque, to expose the

macrophage-targeting moiety. For example, the shielding polymer may be bound to

the core, a polymer, a lipid, or the like via a cleavable linker. The cleavable linker

may be cleaved when reaching the target location. Any suitable cleavable linker may

be employed. In embodiments, the cleavable linker is a peptide linker cleavable by a

matrix metalloproteinase (MMP). One example of a peptide linker cleavable by

MMP2 is a polypeptide having the amino acid sequence GPLGVRG (SEQ ID NO:4).

Regardless of the linker employed, cleavage preferably takes place at cleavage enzyme

(such as MMP) concentrations at or below those present in atherosclerotic plaques. In



embodiments, cleavage of the cleavable linker induces surface switching that results in

exposure of the macrophage-targeting moiety.

[0076] Other cleavable linkers that may be employed are those susceptible to cleavage by

glutathione, pH changes, temperature changes, or the like.

[0077] Non-limiting examples of macrophage targeting moieties bound to polymers, lipids, or

the like include mannose, galactose, or lactobionic acid bound to short hydrophilic

polymer chains, such as PEG5 00. In embodiments, the short hydrophilic polymer

chains are bound to the core via a lipid or hydrophilic polymer. For example, PEG5 00

may be bound to a hydrophobic polymer, such as PLGA, which forms at part of the

core. In embodiments, the short hydrophilic polymers are bound to a lipid, such as

distearoyl-swglycero-3-phosphoethanolamine (DSPE), which is bound to the core or to

a hydrophilic polymer forming part of the core. Larger hydrophilic chains, such as

PEG 3400, may serve as shielding polymers. The shielding polymers may be bound to

the core via a hydrophobic polymer, lipid or the like. The shielding polymers may be

bound to the hydrophobic polymer, lipid, or the like via a cleavable linker.

[0078] In embodiments, the macrophage targeting moieties are bound to PEG, such as

PEG5 00, which is bound to PLGA (i.e., PLGA-PEG-targeting moiety). In

embodiments, the macrophage targeting moieties are bound to PEG, such as PEG5 00,

which is bound to DSPE (i.e., DSPE-PEG-targeting moiety).

[0079] In embodiments the shielding polymer, such as PEG 3400, is bound to PLGA (i.e.,

PLGA-PEG) and may be bound to PLGA via a cleavable linker (i.e., PLGA-linker-

PEG). In embodiments, the shielding polymer, such as PEG 3400, is bound to DSPE

(i.e., DSPE-PEG) and may be bound to DSPE via a cleavable linker (i.e., DSPE-

linker-PEG).

[0080] The macrophage-targeting moieties may be bound to the polymers or lipids in any

suitable manner. By way of example, DSPE-PEG-mannose may be synthesized

through amide coupling of D-mannosamine hydrochloride with DSPE-PEG-COOH;

e.g., as shown in the following reaction scheme:



Scheme II,

where EDC is l-ethy3-3-(3-(dimetbylamino)- propy 1jearbodiimide.

[0081] DSPE-PEG-lactobionic acid may be synthesized according to the following reaction

[0082] It will be understood that the reaction schemes shown in Schemes II and III are for

purposes of illustration and that other reaction schemes may be employed, as well as

other phospholipids, polymers, or mannose or galactose containing compounds.

[0083] III. Phospholipid monolayer

[0084] In embodiments the nanoparticle includes a phospholipid monolayer, which may be

present at the interface of the hydrophobic core of the nanoparticle and the hydrophilic

shell. The phospholipids of the monolayer have hydrophobic tails that interact with

the hydrophobic core of the nanoparticle. The phospholipids may thus be used to

tether various components, such as targeting moieties or contrast agents, to the core.

The lipid layer may also serve to prevent agents in the core from freely diffusing out

of the core and may reduce water penetration into the core.

[0085] Any suitable lipid or phospholipid may be employed. Examples of lipids or

phospholipids that may be employed include lecithin, DSPE of different chain lengths,

DSPE containing branched PEG, or the like. Preferably, the lipids are biodegradable.

In embodiments, a lipid used to form a phospholipid monolayer is distearoyl-

SMglycero-3-phosphoethanolamine (DSPE).



[0086] As discussed above, the lipids may be used to tether various components to the core.

In embodiments, the tethered components are further tethered by intervening

polymers, preferably hydrophilic polymers such as PEG. The lipids may include

reactive groups, or may be modified to contain reactive groups, for reaction with and

binding to various polymers (which have or may be modified to have appropriate

reaction groups) or other components (which have or may be modified to have

appropriate reaction groups).

[0087] Examples of lipid-based tethered molecules include DSPE-PEG-lactobionic acid,

DSPE-PEG-mannose, and DSPE-PEG-TPP discussed above. It will be understood

that other phospholipids and hydrophilic polymers (other than DSPE and PEG) may be

employed. It will be further understood that moieties such as DPA, PS-binding

polypeptides, and the like may be tethered to a phospholipid, with or without an in

intervening hydrophilic polymer, in a similar manner.

[0088] IV. HDL Components

[0089] In embodiments, the nanoparticle includes HDL or HDL-mimicking components.

HDLs oppose atherosclerosis directly, by removing cholesterol from foam cells, by

inhibiting the oxidation of low-density lipoproteins (LDLs), and by limiting the

inflammatory processes that underlie atherosclerosis. HDLs also have anti-

thrombogenic properties. Thus, HDL-cholesterol (HDL-C) interrupts the process of

atherogenesis at several key stages. Along with apoE, which promotes cholesterol

efflux from foam cells, apoA-1 containing HDL is thought to facilitate the transport of

cholesterol from lesions. Accordingly, incorporating HDL components and associated

components, such as apoA- 1 protein or a synthetic mimetic thereof, into a nanoparticle

that targets atherosclerotic lesions may provide significant benefits to patients with

ATVD or CHD.

[0090] In embodiments, an HDL component incorporated into the nanoparticle is cholesterol,

such as cholesteryl oleate, reconstituted HDL from human plasma, or the like. In

embodiments, the cholesterol is incorporated into, or forms a part of, the hydrophobic

core of the nanoparticle. In embodiments, the cholesterol may incorporate into

phospholipid monolayer, if present in the nanoparticle.



[0091] ApoA-1 or any suitable apoA-1 peptide mimetic may be incorporated into the

nanoparticle. One example of an apoA- 1 peptide mimetic is a polypeptide having the

amino acid sequence FAEKFKEAVKDYFAKFWD (SEQ ID NO:5). ApoA-1 or

apoA-1 mimetics will tend to self-assemble into the nanoparticles, particularly if the

nanoparticle includes a phospholipid monolayer, and thus need not be tethered to other

components such as polymers or lipids. However, such polypeptides may be tethered

to polymers or lipids.

[0092] In embodiments, a self-assembled apoA-1 peptide network and a colloidal

phospholipid monolayer mimic plasma derived HDL.

[0093] V. Contrast Agents

[0094] A nanoparticle (NP) as described herein may include one or more contrast agents for

purpose of imaging, visualization or diagnosis. Any suitable contrast agent may be

employed. In embodiments, the contrast agent is suitable for in vivo magnetic

resonance imaging (MRI), such as iron oxide (IO) nanocrystals. In embodiments, the

contrast agent is suitable for ex vivo/in vivo optical imaging, such as quantum dot (QD)

(fluorescence), cdots, pdots, or the like. In embodiments, the nanoparticle includes

both contrast agents for MRI and agents for fluorescent optical imaging.

[0095] A single construct containing complementary imaging agents could be of enormous

benefits for atherosclerosis. NPs with the ability to carry both fluorescent (QD) and

MRI (IO) probes represent an unique platform, which can find wide preclinical

applications in the study of inflammatory atherosclerosis, postinfarction healing,

transplant rejection, and early aortic valve disease, to name a few. These contrast

agents enable the attainment of both high imaging sensitivity from fluorescence and

high spatial resolution from MRI, which also helps to compensate for the limited

imaging depths of fluorescence imaging. A targeted single NP platform containing

both fluorescence and MRI contrast agents to allow imaging of apoptotic macrophages

in the vulnerable plaque could help open the door for many promising human

applications, including imaging of micro thrombi associated with vulnerable coronary

plaques.



[0096] As both QD and 10 can be synthesized in the same size range and with similar capping

ligands, the NP platform will be uniform and can allow facile exchange of the

components without significantly altering the overall properties of the NP. The

localized regions of higher fluorescence signal seen ex vivo using this platform may be

useful for correlating with vulnerable plaques identified in vivo by MRI.

[0097] Contrast agents may be incorporated into the NP in any suitable manner. In

embodiments, the contrast agents are incorporated into the core or are contained

within the core. In embodiments, the contrast agents are tethered to a lipid, polymer,

protein or other component of the nanoparticle. Such tethering can be carried out as

described above with regard to other components of the nanoparticle, such as

targeting moieties.

[0098] By way of example, as described herein QD has been conjugated to PEG to form QD-

conjugated amine-terminated PEG (NH2-PEG-QD) that was conjugated to PLGA-

COOH to produce PLGA-6-PEG -QD.

[0099] Contrast agents may be present in a nanoparticle in any suitable amount. In

embodiments, a contrast agent is present in a nanoparticle from about 0.05% by

weight to about 20% by weight of the nanoparticle.

[00100] VI. Therapeutic Agents

[00101] A nanoparticle, as described herein, may include any one or more therapeutic agent.

The therapeutic agent may be embedded in, or contained within, the core of the

nanoparticle. Preferably, the therapeutic agent is released from the core at a desired

rate. If the core is formed from a well-known and well-studied polymer (such as

PLGA) or combination of polymers, the release rate can be readily controlled.

[00102] In embodiments, a therapeutic agent or precursor thereof is conjugated to a polymer,

lipid, etc., in a manner described above with regard to targeting moieties. The

therapeutic agent may be conjugated via a cleavable linker so that the agent may be

released when the nanoparticle reaches the target location, such as an apoptotic

macrophage.



[00103] The therapeutic agents may be present in the nanoparticle at any suitable

concentration. For example, a therapeutic agent may be present in the nanoparticle at

a concentration from about 0.01% to about 20% by weight of the nanoparticle.

[00104] In embodiments, the nanoparticle includes one or more therapeutic agent useful for

treatment of vascular plaques, ATVD, or CHD. For example, a nanoparticle may

include one or more statin, one or more fibrate, or combinations thereof. Suitable

statins include atorvastin, simvastatin, and lovastatin. Suitable fibrates include

bezafibrate, fenofibrate, and gemfibrizol. In embodiments, atorvastatin is present in

combination with one or more of simvastatin, lovastatin, bezafibrate, fenofibrate, or

gemfibrizol.

[00105] In embodiments, a nanoparticle includes chenodeoxylcholic acid or another repressor

(e.g., siRNA) of PCSK9. Repression of PCSK9 promotes hepatic LDL receptor

degradation, and may enhance efficacy of statins or fibrates when used in

combination.

[00106] VII. Size of Nanoparticle

[00107] Nanoparticles, as described herein, may be of any suitable size. Generally, the

nanoparticles are of a diametric dimension of less than about 999 nanometers, such as

less than about 750 nm, less than about 600 nm, less than about 500 nm, less than

about 400 nm, less than about 300 nm, or less than about 200 nm. In addition, or

alternatively, the nanoparticles may be of a diametric dimension of greater than about

5 nm. In embodiments, the nanoparticles are from about 30 nm to about 300 nm in

diameter. In embodiments, the nanoparticles are separated according to size, such as

from about 20 nm to about 40 nm, from about 40 nm to about 60 nm, from about 60

nm to about 80 nm, from about 80 nm to about 100 nm, or from about 100 nm to about

150 nm.

[00108] The size of the nanoparticle is one factor that may influence bio-distribution and

mitochondrial uptake, if appropriate.

[00109] VIII. Synthesis of Nanoparticle



[00110] Nanoparticles, as described herein, may be synthesized or assembled via any suitable

process. Preferably, the nanoparticles are assembled in a single step to minimize

process variation. A single step process may include nanoprecipitation and self-

assembly.

[00111] In general, the nanoparticles may be synthesized or assembled by dissolving or

suspending hydrophobic components in an organic solvent, preferably a solvent that is

miscible in an aqueous solvent used for precipitation. In embodiments, acetonitrile is

used as the organic solvent, but any suitable solvent may be used. Hydrophilic

components are dissolved in a suitable aqueous solvent, such as water, 4 wt-% ethanol,

or the like. The organic phase solution may be added drop wise to the aqueous phase

solution to nanoprecipitate the hydrophobic components and allow self-assembly of

the nanoparticle in the aqueous solvent.

[00112] A process for determining appropriate conditions for forming the nanoparticles may be

as follows. Briefly, functionalized polymers and phospholipids may be co-dissolved

in organic solvent mixtures (in embodiments, the phospholipids or functionalized

phospholipids are dissolved in the aqueous solvent). This solution may be added drop

wise into hot (e.g, 65°C) aqueous solvent (e.g, water, 4 wt-% ethanol, etc.), whereupon

the solvents will evaporate, producing nanoparticles with a hydrophobic core coated

with phospholipids. The phospholipids used at this stage may be a mixture of non-

functionalized phospholipids and functionalized phospholipids (e.g., conjugated to

targeting moieties) than may also include a hydrophilic polymer component, such as

PEG. Once a set of conditions where a high (e.g., >75%) level of targeting moiety

surface loading has been achieved, contrast agents or therapeutic agents may be

included in the nanoprecipitation and self-assembly of the nanoparticles.

[00113] If results are not desirably reproducible by manual mixing, microfluidic channels may

be used.

[00114] Aqueous suspension of nanoparticles containing DPA moieties on the surface may be

reacted with an aqueous solution of Zn(N0 )2.6H20 for the formation of multiple Zn +

- DPA PS binding sites on the NP surface. Contrast agent (such as IO or QD) and



Zn + loading in the NPs may be quantified by ICP-MS. Therapeutics loading and

encapsulation efficiency (EE) may be determined by HPLC.

[00115] Resulting NPs may be tested and characterized for their physical characteristics. For

example, the effect of MMP2 on the cleavage of the PEG chains may be established

via particle size measurements. Preferably, cleavage is observed at MMP2

concentrations below those in atherosclerotic plaques. Libraries of NPs may be

screened these for desired characteristics.

[00116] NPs may be characterized for their size, charge, stability, IO and QD loading, drug

loading, drug release kinetics, surface morphology, and stability using well-known or

published methods.

[00117] NP properties may be controlled by (a) controlling the composition of the polymer

solution, and (b) controlling mixing conditions such as mixing time, temperature, and

ratio of water to organic solvent. The likelihood of variation in NP properties increases

with the number of processing steps required for synthesis.

[00118] The size of the nanoparticle produced can be varied by altering the ratio of

hydrophobic core components to amphiphilic shell components. The choice of

PEGylated lipids and bilayer forming phoshpholipds can affect resulting nanoparticle

size. PEGylated lipids are known to form small micellar structures because of surface

tension imposed by the PEG chains. NP size can also be controlled by changing the

polymer length, by changing the mixing time, and by adjusting the ratio of organic to

the phase. Prior experience with NPs from PLGA-b-PEG of different lengths suggests

that NP size will increase from a minimum of about 20 nm for short polymers (e.g.

PLGA3000-PEG750) to a maximum of about 150 nm for long polymers (e .g.

PLGAioo,ooo- PEGio,ooo). Thus, molecular weight of the polymer will serve to adjust

the size.

[00119] NP surface charge can be controlled by mixing polymers with appropriately charged

end groups. Additionally, the composition and surface chemistry can be controlled by

mixing polymers with different hydrophilic polymer lengths, branched hydrophilic

polymers, or by adding hydrophobic polymers.



[00120] Once formed, the nanoparticles may be collected and washed via centrifugation,

centrifugal ultrafiltration, or the like. If aggregation occurs, NPs can be purified by

dialysis, can be purified by longer centrifugation at slower speeds, can be purified with

the use surfactant, or the like.

[00121] Once collected, any remaining solvent may be removed and the particles may be dried,

which should aid in minimizing any premature breakdown or release of components.

The NPs may be freeze dried with the use of bulking agents such as mannitol, or

otherwise prepared for storage prior to use.

[00122] For purposes of illustration, an example of a reaction scheme that may be employed

for nanoprecipitation and self-assembly of a macrophage, mitochondrial matrix-

targeted HDL mimicking polymer lipid hybrid is depicted in the reaction scheme

shown in FIG. 1A. As depicted, the organic phase, which contains cholesteryl oleate,

PLGA and PLGA-PEG-QD is nanoprecipitated in the aqueous phase, which contains

DSPE-PEG-TPP, DSPE-Lactobionic Acid, and apoA-I peptide mimetic, the resulting

mixture is vortexed, stirred and the nanoparticles are allowed to self-assemble. FIG.

IB provides additional detail regarding the reaction scheme. The aqueous phase may

be heated and the organic phase may be added to the aqueous phase in drop wise

fashion under gentle stirring. The resulting mixture may be vortexed for any suitable

time, such as about 3 minutes, and gentle stirring at, for example, room temperature

may occur for a suitable time (e.g., about 2 hours) to allow for self-assembly. Solvent

and free molecules may be removed by any suitable process, such as washing and use

of a centrifugal filter with an appropriate molecular weight cut off (e.g., about 10000

Da).

[00123] The organic phase components may be present in the organic solvent, such as

acetonitrile, at any suitable concentration, such as from about 1 mg/ml to about 5

mg/ml. The aqueous phase components may be present in the aqueous solvent, such

as 4wt-% ethanol, at any suitable concentration. Following nanoprecipitation of the

organic phase, the apoA-1 peptide may be present at a weight ratio of 15% relative to

the PLGA polymer.

[00124] While not shown, it will be understood that therapeutic agents may be placed in the

organic phase or aqueous phase according to their solubility. For example, most



statins or fibrates may be dissolved in the organic phase. Chenodeoxyxholic acid can

be dissolved in aqueous phase.

[00125] FIGS. 2A-B illustrate another reaction scheme for preparing an embodiment of a

nanoparticle. In the depicted reaction scheme PLGA-6-PEG-COOH, PLGA-6-PEG-

Mal-DPA, PLGA-6-PEG-LIKKPFG, and PLGA-6-PEG-mannose may be dissolved in

an organic solvent, such as DMF, and nanoprecipitated in an aqueous solvent and

allowed to self-assemble into nanoparticles schematically represented in FIG. 2B.

[00126] It will be understood that the reaction scheme and components depicted in FIGS. 1A-

B and 2A-2B are only for purposes of illustration and not limitation. It will be

understood that other components and reaction schemes may be employed to produce

a nanoparticle as described herein.

[00127] As indicated in the provisional application to which the present application claims

priority, in embodiments the NP core includes a PLGA matrix, and the core is coated

with functionalized polyethylene glycol (PEG) chains. Conjugated PLGA-&-PEG

block copolymer was chosen for its controlled biodegradability, safety, and

compatibility in biological systems. Multifunctional PEG also allows for the

conjugation and binding of targeting moieties for apoptosis in atherosclerotic plaques.

Initially, synthesis of the NP was accomplished by attaching the targeting ligands to

the block copolymer, or by attaching the ligands to heterofunctional PEG chains and

then conjugating to PLGA. Reagents used in conjugations include but are not limited

to: 1-Propanephosphonic acid cycle anhydride (T3P), N-Hydroxysuccinimide, and 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide) (EDC) (Table 1).

Table 1: Common polymer to ligand conjugations attempted.



[00128] Combinations of the functionalized PLGA-&-PEG polymers were combined to

produce polymeric nanoparticles by a blended precipitation method.

Nanoprecipitation was accomplished by dissolving polymer in organic solvents at

various mg/mL concentrations, and the polymer solution was added dropwise to

water, with or without the encapsulation of a fluorophore or an MRI contrast agent.

Solvents utilized in nanoprecipitation include: Ν ,Ν -dimethylformamamide (DMF),

acetonitrile (ACN), among others. Nanoprecipitation blended multiple compositions

of the functionalized polymers by weight, and further optimization of nanoparticle

size and targeting abilities may be carried out by adjusting percent compositions.

[00129] As an alternative to blended nanoprecipitation methods, a PLGA core may be coated

with a surface-switching lipid polyethylene glycol conjugate that ensures long

circulating properties. Hybrid nanoparticle synthesis includes phospholipids and 1,2-

distearoyl-swglycero-3-phosphoethanolamine -N-carboxy to polyethylene glycol

(DSPE-PEG) dissolved in organic solvents. The PLGA, hydrophobic phospholipids,

and DSPE-PEG chains will self-assemble into NPs. Incorporating DSPE-PEG in the

phospholipid monolayer stabilizes the NP platform and provides for a longer in vivo

circulation. Additionally, the carboxylic ends of the DSPE-PEG chains allow for the

binding of apoptosis targeting moieties. The PS-sensing and macrophage-targeting

ligands may be conjugated directly to the NP surface. Adjusting the concentrations of

PLGA and PEG will vary the size and number of PEG chains. The quantity of

functionalized ligands added to the surface may be optimized. A technique involving

microfluidic rapid mixing may also be used for producing PLGA-PEG NPs. A

construct composed of ligand-functionalized gold nanoparticles surrounding a

polymeric nanoparticle may also be used for the detection of and potential drug

delivery vehicle for atherosclerotic plaques.

[00130] To enable visualization of NP accumulation with clinical imaging modalities, the

PLGA core may incorporate either a fluorophore or iron oxide nanocrystals, for

fluorescence or magnetic resonance imaging, respectively. The inclusion of imaging

agents may be accomplished through similar self-assembly methods. Confocal

imaging of the fluorophore encapsulation may be taken to optimize loading. After

sufficient loading has been confirmed, iron oxide nanocrystals from variable



concentrations synthesized from literature methods may be encapsulated. The 10

concentration may be varied to achieve suitable loading efficiency for MRI. Human

and murine macrophage cell lines may be used, with and without chemical induction

of apoptosis, to assess the PS sensing ability of the NP construct.

[00131] IX. Use and testing

[00132] In general, a nanoparticle as described herein may be targeted to apoptotic cells or be

useful for monitoring apoptosis of cells. Preferably, the nanoparticle targets

macrophages within atherosclerotic plaques. However, the nanoparticles may target

other apoptotic cells, such as cancer cells.

[00133] The nanoparticles may be used for visualization, imaging, monitoring, diagnosis, or

treating apoptotic cell populations. For example, the nanoparticles may be used for

visualization, imaging, monitoring, diagnosis, or treating atherosclerotic plaques or

diseases associated therewith, such as ATVD or CHD.

[00134] The performance and characteristics of nanoparticles produced herein may be tested or

studied in any suitable manner. By way of example, therapeutic efficacy can be

evaluated using cell-based cholesterol lowering assays. Toxicity, bio-distribution,

pharmacokinetics, and efficacy studies can be tested in rodents or other mammals.

Zebrafish models may be employed for combined imaging and therapy studies.

Atherosclerotic rabbits and pigs may be used to further evaluate diagnostic or

therapeutic potential of nanoparticles. Some additional details of studies that may be

performed to evaluate the performance or characteristics of the nanoparticles, which

may be used for purposes of optimizing the properties of the nanoparticles are

described below. However, one of skill in the art will that other assays and procedures

may be readily performed.

[00135] Uptake and binding characteristics of nanoparticles (NPs) encapsulating fluorescent

QD will be evaluated in any suitable cell line, such as RAW 264.7, J774, jurkat, and

HUVEGs cells. The immunomodulatory role of NPS may be assayed by determining

the release of cytokines when these cells are exposed to varying concentrations of

NPs. Complement activation may be studied to identify which pathways are triggered

using columns to isolate opsonized NPs; e.g. as described in Salvador-Morales C,



Zhang L, Langer R, Farokhzad OC, Immunocompatibility properties of lipid-polymer

hybrid nanoparticles with heterogeneous surface functional groups, Biomaterials 30:

2231-2240, (2009). Fluorescence measurements may be carried out using a plate

reader, FACS, or the like. Because NP size is an important factor that determines

biodistribution, NPs may be binned into various sizes (e.g., 20-40, 40-60, 60-80, 80-

100, 100-150, and 150-300 nm) and tested according to size.

[00136] Smooth muscle cells (SMCs), macrophages, and endothelial cells are major cell types

of interest in atherosclerotic plaques. The uptake of NPs with and without MMP2 in

these cell types may be evaluated via high throughput fluorescence imaging

techniques. If the nanoparticles include a shielding polypeptide having a MMP2

cleavable linker that protects a macrophage binding moiety (e.g., mannose, galactose,

lactobionic acid), it is anticipated that only in the case where the NPs are incubated

with macrophages and MMP2, receptor-mediated uptake of NPs will be observed. The

results of such uptake experiments may be confirmed using MRI imaging of pellets of

cells incubated under MMP2 and control situations. MRI measurements of cell pellets

may be performed at 7 T systems using a 38 mm transmit and receive 1H quadrature

coil. A set of 4-6 cell vials may be placed in an MRI system with agarose phantom as a

background signal. A single slice T2*, T2, and T l images of the cell vials of different

concentrations may be obtained. T2* weighting may be achieved using a single-slice

multi-gradient echo sequence. Quantitative T2 measurement may be performed using a

Carr-Purcell-Meiboom-Gill sequence. From these measurements, rl, r2 and r2*

relaxivites may be calculated. These ex-vivo measurements may be used to aid in

determining optimum concentration, imaging sequence, and parameters for in vivo

imaging. For apoptosis detection, Jurket cell may be used. For both MRI and FL

imaging, cells may be treated with etoposide for induction of apoptosis. Annexin-V

may be used as a control. In addition, selectivity towards apoptotic over necrotic cell

may be evaluated via staining with the DNA intercalator 7-aminoactinomycin D (7-

AAD), which enters necrotic cells.

[00137] The effect of therapeutic agents such as statins, fibrates, or combinations thereof in NP

formulations may be examined on macrophage-derived foam cells formed by oxidized

LDL (oxLDL) which is a hallmark of early atherogenesis. RAW 264.7 macrophages



may be treated with various doses of oxLDL for foam cell formation which can be

followed by Oil Red O staining. After foam cell formations, these cells may be treated

with targeted NPs containing therapeutic agents. Cellular lipids may be obtained by

sonicating the cells in hexane/isopropanol (3/2, v/v) and extracting for 24 h . After

removing cell debris by centrifugation, the supernatant may be dried under nitrogen

flush and re-dissolved in isopropanol. Total cholesterol can be determined with an

Amplex Red Cholesterol Assay Kit.

To conduct an extensive combined imaging and therapy study where NPs include 10-

QD and therapeutic agent, such as statin, a zebrafish model may be employed,

preferably after in vitro testing and optimization using cell culture systems. Imaging

and therapeutic efficacy of lead NPs may be assessed in zebrafish to eliminate

problematic formulations early in development. Efficacy of statin combination and

imaging ability of NP constructs may be evaluated in high-cholesterol diet (HCD)-fed

zebrafish larvae. An advantage of using zebrafish is that their larvae are optically

transparent until about the 30th day of development, which enables temporal

observations of fluorescent probes in a live animal. Hypercholesterolemia and

lipoprotein oxidation achieved in zebrafish and characteristics of vascular lipid

accumulation in inflammatory processes, relevant to human atherogenesis, make the

zebrafish model an attractive in vivo system. The ability of NPs to reduce cholesterol

levels in HCD-fed zebrafish larvae may be studies. Wild-type (AB) zebrafish embryos

may be obtained by in vitro fertilization and natural spawning of adults maintained at

28°C on a 14/10 h light/dark cycle. Zebrafish larvae may be fed twice a day with

either control diet or HCD. Zebrafish larvae may be injected i.v. with NPs. After the

treatment period imaging may be performed using a confocal microscope. Zebrafish

larvae may be euthanized by exposure to 0.05% tricaine, abdomens containing

undigested food may be removed, and the remaining bodies may be pooled and gently

homogenized. Total lipoid extraction may be performed with 1:2

methanol/dichloromethane. Cholesterol esters may be saponified and total cholesterol

may be measured. Student's t-test or other appropriate statistical analysis may be used

to analyze differences between means of 2 groups.



[00139] Biodistribution (bioD) and pharmacokinetic (PK) studies may be carried out in rats or

other suitable mammals. For PK and bioD analysis, Sprague Dawley rats may be

dosed with QD-labeled, apoptosis-targeting, macrophage-targeting NPs or similar NPs

without the targeting groups, through a lateral tail vein injection. The bioD may be

followed initially by fluorescence imaging for 1-24 h after injection. Animals may be

sacrificed; and brain, heart, intestine, liver, spleen, kidney, muscle, bone, lung, lymph

nodes, gut, and skin may be excised, weighed, homogenized, and Cd from QD may be

quantified using ICP-MS. Tissue concentration may be expressed as % of injected

dose per gram of tissue (%ID/g). Blood half-life may be calculated from blood Cd

concentrations at various time points

[00140] Combined imaging and therapy studies may be employed in atherosclerotic rabbits or

pigs or other suitable animal model. NPs may be studies in a double balloon injury

New Zealand white rabbit model of atherosclerosis. The NPs may be given at the FDA

approved statin dose ranges, as typically used in patients. First, animals may be used

to determine the half-life, bioD, and cellular localization. The circulation half-life of

the NPs may be used to determine imaging time points. Post-injection imaging may be

done at 5 times the circulation half-life, when signals from the blood has cleared. The

organs of the animals may be harvested for bioD studies. 5 mm pieces may be cut

from the aorta of each animal, embedded and sectioned. The resulting tissue sections

may be imaged using confocal microscopy and TEM to investigate the distribution of

the NPs in the aorta. The delivery of the NPs into the plaque may be evaluated using

T2*-weighted MR imaging and fluorescence (FL) imaging. Groups of animals may

be used for each control NPs, and various NP formulations, free drug, saline, etc.

These animals may be injected four times, once a week for four weeks. The animals

may be imaged prior to therapy to establish baseline parameters. MR and FL imaging

may be performed at the post- injection time point determined from the circulation

half-life. Once the imaging study is completed, all the animals may be sacrificed and

their aortas may be removed for histology, staining for SMCs, macrophages, and

endothelial cells, allowing evaluation of the effects of the therapy.

[00141] Therapeutic dosages of nanoparticles effective for human use can be estimated from

animal studies according to well-known techniques, such as surface area or weight

based scaling.



[00142] In the following, non-limiting examples are presented, which describe various

embodiments of representative nanoparticles, methods for producing the nanoparticles,

and methods for using the naonparticles.

EXAMPLES

[00143] EXAMPLE 1: Synthesis of PLGA-6-PEG-Mal-DPA

[00144] A substituted DPA ligand, 2-(bis(pyridin-2-ylmethyl)amino)ethanethiol was

synthesized and characterized by spectroscopic method. This DPA ligand was coupled

to PEG using maleimide-PEG-NH2 to give NH2-PEG-Mal-DPA, which was coupled

to PLGACOOH to give PLGA-6-PEG-Mal-DPA for Zn2+ coordination. Synthesis

was characterized by NMR, MALDI-TOF measurements and purity was confirmed by

gel permeation chromatography (GPC).

[00145] EXAMPLE 2 : Synthesis of PLGA-6-PEG-LIKKPF

[00146] LIKKPF (SEQ ID NO:l) was synthesized using an automated peptide synthesizer at

the Complex Carbohydrate Research Center, UGA. The peptide was purified by liquid

chromatography methods and analyzed by Matrix Assisted Laser Desorption

Ionization (MALDI) mass spectrometry. The amino acid monomers of leucine,

isoleucine, lysine, lysine, proline, and phenylalanine were added by peptide coupling

reagents to a glycine (G) based resin.

[00147] PLGA-PEG-COOH (0.0377 g, 1.08 - 0.627 //moles) was dissolved in dichloromethane

with 0.0025 g (0.617 nmoles) EDC and 0.0030 g (0.617 µ ιοΐ ) sulfo NHS. The

mixture was stirred for 2 h, and the PLGA-PEG- NHS ester was precipitated with ice

cold diethyl ether. The product was washed twice and centrifuged for 10 min at 4000

rpm and -10°C. The pellet was dried for 30 min and added to the deprotected peptide

in the presence of 6 µ DIEA in Dichloromethane (scheme 5). The mixture stirred

overnight. The conjugated polymer-peptide was precipitated with ice cold diethyl

ether by two washings, as above. The pellet was dried overnight. The polymer-peptide



construct was redissolved in 1 mL of 50/50 (v/v) TFA/dichloromethane and stirred for

2 h with refreshing by dichloromethane. The sample was concentrated and washed

with 6 mL of diethyl ether to get rid of the TFA and precipitate the polymer-peptide,

respectively. The vial was dried, and mass of 0.021 1 g was obtained, which represents

a 95%-55% yield.

[00148] The resulting construct was characterized by NMR, MALDI-TOF measurements and

purity was confirmed by gel permeation chromatography (GPC).

[00149] EXAMPLE 3 : Synthesis of DSPE-PEG-Mannose

[00150] The carbodiimide coupling of mannosamine to l,2-distearoyl-sw-glycero-3-

phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000] (ammonium salt)

(DSPE-PEG(2000)-COOH) was carried out according methods reported in literature.

DSPE-PEG-COOH 103.8 mg (0.0364 mmole) was first micellized in 10 mL of 0.01 M

PBS buffer. EDC ( 11.1 mg, 0.0579 mmole) and Sulf-NHS ( 11.7 mg, 0.543 mmole)

were added to the DSPE in PBS, to yield a pH of 4.13. After 15 min of stirring, 15.3

mg (0.0710 mmole) of mannosamine hydrochloride was added (scheme 6). The pH of

the mixture was increased to approximately 7.0 and maintained for 3 h . The mixture

was dialyzed (MWCO 100-500 Dalton) against PBS at a pH of 7.34 overnight. The

mixture was lyophilized to yield a white powder. The DSPE-PEG-mannose was

dissolved in ethanol at 60°C to remove any unreacted sugar or buffer salts. The

ethanol was evaporated by rotovapping and by lyophilization. A white powder

weighing 0.4362 g, to give a 24 % yield.

[00151] The resulting construct was characterized by NMR, MALDI-TOF measurements and

purity was confirmed by gel permeation chromatography (GPC).

[00152] EXAMPLE 4 : Synthesis of PLGA-6-PEG-QD

[00153] For QD encapsulation, a QD-conjugated amine-terminated PEG, NH2-PEG-QD, was

conjugated to PLGA-COOH give a tri-block copolymer PLGA-&-PEG-QD using

EDC/NHS amide coupling reaction. The product was characterized DLS

measurements.



[00154] EXAMPLE 5 : Formation of Nanoparticles

[00155] In preliminary studies, varying IO and QD concentrations were encapsulated within

PLGA-6-PEG-NPs (for QD encapsulation, PLGA-6-PEG-QD prepared according to

Example 4, was used) by blending PLGA-&-PEG-LIKKPF (prepared according to

Example 2), PLGA-PEG-Mal-DPA (prepared according to Example 1) with PLGA-

PEG-COOH using nanoprecipitation. To induce the polymers to self-assemble into

nanoparticles, PLGA-PEG-Mal-DPA, PLGA-PEG-LIKKPF, and PLGA-PEG-QD

were dissolved in acetonitrile. DSPE-PEG-Mannose in 4% ethanol-water was heated

to 65 °C. The polymer solution was added slowly at an approximate rate of 1 mL/min

to to the lipid mixture. The solution was stirred for two h . The nanoparticles were

purified by using ultracentrifugation method and resuspended inn water. For Zn +

coordination, 10 of a 10 Ζη( θ 3)2 ·6Η20 was added to the nanoparticles and

incubated for approximately 30 min and purified by ultracentrifugation.

[00156] EXAMPLE 6 : Characterization of Nanoparticles

[00157] The size and zeta potential of each NP formulation was measured using dynamic light

scattering (DLS). The surface morphology was studied using transmission electron

microscopy (TEM). The resulting NPs had a size range of -150 nm with ~4% QD,

~5% IO, and -10% zinc loading as quantified by Inductively coupled plasma mass

spectrometry (ICP-MS). With our initial success in synthesizing targeted FL/MRI

active NPs with multiple functionalities on the surface.

[00158] FIG. 3 shows TEM images of certain nanoparticles (as indicated above figure). As

shown in FIG. 3, the resulting nanoparticles vary in size range but not to a substantial

degree. In FIG. 4, the size (left panel) and zeta potential (right panel) of various

nanoparticles (as indicated) are depicted.

[00159] EXAMPLE 7 : Specificity of Nanoparticles for PS

[00160] To test the preferential binding ability of the nanoparticle prepared according to

Example 5 to PS over other phospholipids viz. phosphatidylcholines (PC), we mixed a

suspension of QD-encapsulated blended NPs containing both the Zn2+-DPA binding

site and LIKKPF in 10 mM HEPES buffer with either PC or PS in CHC13. As shown



in FIG. 5, in the case of PC in CHCI3, the pink color representing NPs remained in the

buffer (upper) layer. With PS in CHCI3, NPs moved to the CHC13 (lower) layer. This

preliminary experiment supports that the NP constructs described herein can

distinguish phospholipid solutions of PS over PC

[00161] EXAMPLE 8 : Fluorescence of Apoptotic Macrophages

[00162] Fluorescence (FL) imaging of QD-encapsulated blended NPs containing both LIKKPF

and Zn +-DPA on the surface prepared according to Example 5 was performed. During

this procedure RAW 264.7 macrophages were first treated with an apoptotic stimulus,

etoposide (50 µΜ ) for 3 h and subsequently incubated with NPs for 10 min at room

temperature. This FL imaging shows that the targeted NPs stain the surface of the

apoptotic cells demonstrating PS binding on the cell surface, whereas the NPs without

any Zn + binding site shows non- specific uptake (FIG. 6). These results are believed

to be due to the fact that Zn +-DPA provides covalent binding to phosphate groups of

PS, which LIKKPF provides only non-covalent bonds.

[00163] EXAMPLE 9 : MRI of Apoptotic Macrophages

[00164] MRI of apoptotic cell pellets was initiated using IO-encapsulated blended NPs

containing both LIKKPF and Zn2+-DPA on the surface (prepared according to

Example 5). T2 weighted fast spin echo imaging of loosely packed pellets of mouse

RAW 264.7 cells at 7 T was carried out. Apoptosis was induced following the same

procedure mentioned above in Example 8. Preliminary imaging showed that the signal

intensity of apoptotic cells was drastically lowered after incubation with Zn2+-DPA-

NP construct compared with cells that were left untreated or incubated with NPs

without Zn2+-DPA (FIG. 7).

[00165] EXAMPLE 10: Synthesis of DSPE-PEG-TPP

[00166] Briefly, DSPE-PEG-NH 2 was coupled to TPP-(CH 2)4-TPP by using EDC/NHS

coupling, the product was lyophilized against water for purification and characterized

by NMR, MALDI.

[00167] EXAMPLE 11: Assembly of Mitochondrial-Targeting Nanoparticles



[00168] Targeted hybrid NPs were prepared via self-assembly of PLGA, PLGA-6-PEG-QD,

cholesteryl oleate, DSPE-PEG-TPP, DSPE-PEG-lactobionic acid, and apoA-1 peptide

through a double-step modified nanoprecipitation method. PLGA, PLGA-PEG-QD,

cholesteryl oleate were mixed. DSPE-PEG-TPP and DSPE-PEG-lactobionic acid were

dissolved in 4 wt % ethanol aqueous solution. The lipid solution was heated to 65 °C

to ensure all lipids are in the non assembled state. The PLGA-cholesterol solution was

added into the preheated lipid solution drop wise under gentle stirring. The mixed

solution was vortexed vigorously for 3 min followed by gentle stirring for 2 h at room

temperature. The remaining organic solvent and free molecules were removed by

washing the NP solution three times using an Amicon Ultra-4 centrifugal filter with a

molecular weight cutoff of 10000 Da. To prepare non targeted NPs, PVA was used

instead of DSPE-PEG-TPP during the nanoprecipitation process. The resultant NPs

were incubated with mimic apoA-1 peptide with an amino acid sequence of

FAEKFKEAVKDYFAKFWD at 4 °C for 14 h and was further purified using

ultracentrifugation. NP size (diameter, nm), polydispersity index (PDI), and surface

charge (zeta potential, mV) were obtained from three repeat measurements by dynamic

light scattering (DLS) with a Zetasizer Nano-ZS dynamic light scattering detector. QD

loading in the NPs was quantified by inductively coupled plasma mass spectrometry

(ICP-MS) and apoA- 1 loading was detrrmined by following tryptophan absorbance at

280 nm.

[00169] EXAMPLE 12: Characterization of Mitochondrial-Targeting Nanoparticles

[00170] Transmission electron microscopy (TEM) was used to determine particle size of the

nanoparticles resulting from Example 11. FIG. 8 shows the results of the TEM,

indicating that the particles are of an appropriate size for mitochondrial uptake.

[00171] The size and zeta potential of the nanoparticles were evaluated as described above in

Example 6. The results are presented in FIG. 9, with the size being shown in the left

panel and the zeta potential being shown in the right panel.

[00172] ELISA analysis was used to determine whether the nanoparticles induced immune

activation. RAW macrophages were plated at a density of 2,000 cells/well and grown

overnight. Cells were treated with NPs (0.5 mg/mL) and incubated for 12 h . As

controls, untreated RAW cells and treatment with 0.125 mg/mL of LPS was carried



out. An ELISA assay was performed against the cytokines IL-6 and TNF- according

to the manufacture's protocol. Briefly, the cell lysate was incubated in antibody-coated

plates for 2 h at RT, incubated with the cytokine-biotin conjugate and streptavidin

working solution. The stabilized chromagen was added to each well followed by a stop

solution and the absorbance was recorded at 450 nm. As shown in FIG. 10, the

nanoparticles did not induce immune activation.

[00173] EXAMPLE 13: Mitochondrial Uptake of Mitochondrial-Targeting Nanoparticles

[00174] Confocal Fluorescence microscopy was used to determine whether the nanoparticles

(prepared according to Example 10) were targeted to mitochondria. RAW and MSC

cells were seeded on microscope coverslips (1.0 cm) at a density of 6 x 10 cells/mL

and grown overnight in DMEM. The medium was changed and fluorescent targeted

and non-targeted NPs were added to a final fluorophore concentration of 10 µΜ . The

cells were incubated for 4 h at 37 °C in 5% C0 2. MitoTracker Green (100 nM) was

added and incubated for 45 min at 37 °C. The medium was removed and the cells were

fixed using cold methanol for 30 min. The coverslips were then rinsed with PBS (3x),

water (5x), and mounted on slides using mounting media. Images were collected at xx

ms for the FITC and Cy5 channels (FIGS. 11A-B). As shown in FIG. 11A,

mitochondrial matrix targeted nanoparticles preferentially accumulate in mitochondria.

While non-targeted nanoparticles accumulate in the cytosol (FIG. 11B).

[00175] EXAMPLE 14: Cholesterol Binding Experiments.

[00176] A fluorescent sterol, NBD-cholesterol, 22-(N -7-nitrobenz-2-oxa-l,3-diazo-4-yl)-

amino-23,24-bisnor-5-cholen-3/?-ol)) was used to examine the HDL-mimicking Ν Ρ

mediated cholesterol uptake to explore the therapeutic potential. The weak

fluorescence of NBD-cholesterol in polar environment was enhanced by the presence

of non-polar HDL-NP matrix (Fig. xx). This preliminary experiment is indicative that

cholesterol can irreversibly bind to TPP-HDL-apoA-l-NPs and this platform can

participate in reverse cholesterol transport pathway for providing therapeutic effects.

Cholesterol binding to HDL-apoA- 1-NPs was determined by adding 5 of varying

concentrations of NBD-cholesterol in DMF to 5 mg/mL of 995 µ of HDL-apoA-1-

NPs in water. The solutions were vortexed and incubated for ~ 20 min. Fluorescence

of the solutions were followed by exciting at 473 nm and emission from 500 to 600



nm. The binding of NBD-cholesterol to HDL-apoA-l-NPs leads to an increase in

fluorescence intensity (FIG. 12).

[00177] EXAMPLE 15: Cytotoxic Properties of Mitochondria Targeted NPs

[00178] The cytotoxic behavior of all the NPs was evaluated using the MTT assay against

RAW and MSC cells. Cells (2000 cells/well) were seeded on a 96-well plate in 200

of DMEM medium for RAW cells and xx medium for MSC cells and incubated for 24

h . The cells were treated with targeted and non-targeted NPs at varying concentrations

(with respect to PLGA) and incubated for 12 h at 37 °C. The medium was changed,

and the cells were incubated for additional 60 h. The cells were then treated with 20

of MTT (5 mg/mL in PBS) for 5 h. The medium was removed, the cells were lysed

with 100 L of DMSO, and the absorbance of the purple formazan was recorded at

550 nm. Each well was performed in triplicate. All experiments were repeated three

times. Cytotoxicity data were plotted with Graph Pad Prism (San Diego, U.S.A) (FIG.

13).

[00179] Thus, embodiments of APOPTOSIS-TARGETING NANOPARTICLES are disclosed.

One skilled in the art will appreciate that the nanoparticles and methods described

herein can be practiced with embodiments other than those disclosed. The disclosed

embodiments are presented for purposes of illustration and not limitation.



What is claimed is:

1. A nanoparticle, comprising:

a hydrophobic nanoparticle core;

a contrast agent attached to the core;

a hydrophilic outer layer surrounding the core;

a phospholipid monolayer between the core and the hydrophilic outer layer;

a macrophage targeting moiety attached to the core;

a apoptosis targeting moiety attached to the core, wherein the apoptosis

targeting moiety is selected from the group consisting of a phosphatidyl

serine (PS) targeting moiety and a mitochondrial matrix targeting

moiety.

2. A nanoparticle according to claim 1, wherein the core is formed, at least in

part, from poly(lactic-co-glycolic) acid (PLGA).

3. A nanoparticle according to claim 1 or claim 2, wherein the hydrophilic outer

layer comprises a hydrophilic polymer moiety attached to the core.

4. A nanoparticle according to claim 3, wherein the hydrophilic polymer moiety

comprises polyethylene glycol (PEG).

5. A nanoparticle according to claim 3 or claim 4, wherein hydrophilic polymer

moiety is attached to the core via a hydrophobic polymer moiety that forms at

least a part of the core.



6. A nanoparticle according to claim 3 or claim 4, wherein hydrophilic polymer

moiety is attached to the core via a phospholipid moiety that forms at least a

part of the phospholipid monolayer and which is attached to the core.

7. A nanoparticle according any of the preceding claims, wherein the contrast

agent is selected from a quantum dot, iron oxide, and combinations thereof.

8. A nanoparticle according to claim 7, wherein the contrast agent is embedded

in, or contained within, the core.

9. A nanoparticle according to claim 7, wherein the contrast agent is attached to a

hydrophilic polymer moiety that is attached to the core.

10. A nanoparticle according to any of the preceding claims, wherein the

macrophage targeting moiety comprises a sugar or a sugar derivative.

11. A nanoparticle according to claim 10, wherein the sugar is selected from the

group consisting of mannose, galactose, lactobionic acid, and derivatives

thereof.

12. A nanoparticle according to any of the preceding claims, wherein the

macrophage targeting moiety is attached to the core via a hydrophilic polymer

moiety.

13. A nanoparticle according to claim 12, wherein the hydrophilic polymer moiety

comprises PEG.



14. A nanoparticle according to claim 1 or claim 13, wherein the hydrophilic

polymer moiety is attached to a hydrophobic polymer moiety that forms at

least a portion of the core.

15. A nanoparticle according to claim 1 or claim 13, wherein the hydrophilic

polymer moiety is attached to a phospholipid moiety that forms at least a

portion of the phospholipid monolayer and which is attached to the core.

16. A nanoparticle according to any of the preceding claims, wherein the

nanoparticle further comprises a cleavable hydrophilic polymer moiety bound

to the core, wherein the cleavable hydrophilic polymer moiety is configured to

shield the macrophage targeting moiety from surface exposure until the

hydrophilic polymer moiety is cleaved.

17. A nanoparticle according to claim 16, wherein the cleavable hydrophilic

polymer moiety is attached to the core via a peptide sensitive to cleavage by a

matrix metalloproteinase (MMP), glutathione, pH changes, temperature

changes.

18. A nanoparticle according to claim 17, wherein the cleavable hydrophilic

polymer moiety is sensitive to cleavage by MMP2.

19. A nanoparticle according to any of claims 16-18, wherein the cleavable

hydrophilic polymer moiety comprises PEG.

20. A nanoparticle according to any of the preceding claims, wherein the

mitochondrial matrix targeting moiety comprises a moiety selected from the

group consisting of a triphenyl phosophonium (TPP) moiety, a Szeto-Shiller

peptide, and a rhodamine cation.



21. A nanoparticle according to claim 20, wherein the mitochondrial matrix

targeting moiety comprises a triphenyl phosophonium (TPP) moiety or a

derivative thereof.

22. A nanoparticle according to any of the preceding claims, wherein the

mitochondrial matrix targeting moiety is attached to the core via a hydrophilic

polymer moiety.

23. A nanoparticle according to claim 22, wherein the hydrophilic polymer moiety

comprises PEG.

24. A nanoparticle according to claim 22 or claim 23, wherein the hydrophilic

polymer moiety is attached to a hydrophobic polymer moiety that forms at

least a portion of the core.

25. A nanoparticle according to claim 22 or claim 23, wherein the hydrophilic

polymer moiety is attached to a phospholipid moiety that forms at least a

portion of the phospholipid monolayer and which is attached to the core.

26. A nanoparticle according to any of the preceding claims, wherein the PS

targeting moiety is selected from the group consisting of a zinc 2,2'-

dipicolylamine (Zn +- DPA) coordination complex, a PS-targeting polypeptide,

and combinations thereof.

26. A nanoparticle according to claim 25, wherein the nanoparticle comprises both

a (Zn +- DPA) coordination complex and a PS-targeting polypeptide attached

to the core.



27. A nanoparticle according to claim 25 or 26, wherein the PS-targeting

polypeptide comprises an amino acid sequence is selected from the group

consisting of LIKKPF (SEQ ID NO:l), PGDLSR (SEQ ID NO:2), and

DAHSFS (SEQ ID NO:3).

28. A nanoparticle according to claim 27, wherein the PS-targeting polypeptide

comprises an amino acid sequence LIKKPF (SEQ ID NO:l).

29. A nanoparticle according to any of the preceding claims, wherein the PS

targeting moiety is attached to the core via a hydrophilic polymer moiety.

30. A nanoparticle according to claim 29, wherein the hydrophilic polymer moiety

comprises PEG.

31. A nanoparticle according to claim 29 or claim 30, wherein the hydrophilic

polymer moiety is attached to a hydrophobic polymer moiety that forms at

least a portion of the core.

32. A nanoparticle according to claim 29 or claim 30, wherein the hydrophilic

polymer moiety is attached to a phospholipid moiety that forms at least a

portion of the phospholipid monolayer and which is attached to the core.

33. A nanoparticle according to any of the preceding claims, wherein the

nanoparticle comprises both a PS targeting moiety and a mitochondrial matrix

targeting moiety.

34. A nanoparticle according to any of the preceding claims, wherein the

nanoparticle further comprises a cholesterol moiety.



35. A nanoparticle according to claim 34, wherein the cholesterol moiety

comprises cholesteryl oleate.

36. A nanoparticle according to claim 34 or 35, wherein the cholesterol moiety

forms at lease part of the core.

37. A nanoparticle according to any of the preceding claims, wherein the

nanoparticle further comprises an apoA-1 peptide mimetic.

38. A nanoparticle according to any of the preceding claims, wherein the

phospholipid monolayer layer is formed at least from a compound comprising

a distearoyl-swglycero-3-phosphoethanolamine (DSPE) moiety or a derivative

thereof.

39. A nanoparticle according to any of the preceding claims, wherein the

nanoparticle further comprises a therapeutic agent.

40. A nanoparticle according to claim 39, wherein the therapeutic agent is selected

from the group consisting of a statin, a fibrate, and chenodeoxylcholic acid.

41. A method for diagnosis a patient as having, or as at risk of having,

atherothrombotic vascular disease (ATVD), comprising:

administering a nanoparticle according to any of claims 1-40 to the patient; and

imaging the patient to determine whether the nanoparticle accumulated in the

patient's vasculature,

wherein the patient is considered as having, or at risk of having, ATVD is the

nanoparticle accumulated in the patient's vasculature.



42. Use of a nanoparticle according to any of claims 1-40 for diagnosis a patient as

having, or as at risk of having ATVD.

43. Use of a nanoparticle according to any of claims 1-40 in the manufacture of a

diagnostic agent for diagnosis a patient as having, or as at risk of having

ATVD.

44. A method for treating a patient that has, or is at risk of having,

atherothrombotic vascular disease (ATVD) or coronary heart disease (CHD),

comprising:

administering a therapeutically effective amount of a nanoparticle according to

claim 40 to the patient.

45. Use of a nanoparticle according to claim 40 for treating a patient that has, or is

at risk of having, ATVD or CHD.

46. Use of a nanoparticle according to claim 40 in the manufacture of a

medicament for treating a patient that has, or is at risk of having, ATVD or

CHD.
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