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Nanometer (10-° meter)

57 983 273X

57 983 273X

12 756.32 km



Nanotechnology!

Nano = 10° nanus=vavol=dwarf

Nanotechnology deals with structures sized between
1 nm to 100 nm in at least one dimension

What is special about nano?

-Fundamental properties of materials change

-Large surface to volume ratio Gold nanoparticles

-Multifunctionality




Nanomedicine

* Wikipedia definition
— Nanomedicine is the medical application of nanotechnology.
Nanomedicine ranges from the medical applications of nanomaterials,
to nanoelectronic biosensors, and even possible future applications of
molecular nanotechnology. Current problems for nanomedicine involve
understanding the issues related to toxicity and environmental impact of
nanoscale materials.

 NIH definition

— Applications of nanotechnology for treatment, diagnosis, monitoring,
and control of biological systems.



Applications of nanomedicine

Drug delivery. Nanoscale particles/molecules developed to improve the bioavailability
and pharmacokinetics of therapeutics. Examples are liposomes (and virosomes), polymer
nanoparticles, nanosuspensions and polymer therapeutics. Drugs in which a protein

Is combined with a polymer nanoparticle or chemical nanostructure to improve its
pharmacokinetic properties would be classified as nanomedicine-based drug delivery.

Drugs and therapy. Nanoscale particles/molecules used in the treatment of diseases
that according to their structure have unique medical effects and as such differ from

traditional small-molecule drugs. Examples include drugs based on fullerenes or
dendrimers.

In vivo imaging. Nanoparticle contrast agents, particularly for MRI and ultrasound, that

provide improved contrast and favorable biodistribution. For example, superparamagnetic
iron oxide nanoparticles for use as MRI contrast agents.

Wagner et al. Nat Biotechnol. 2006



Applications of nanomedicine

Imaging
nanoparticle

Drug-carrying
nanoparticle

— T r——

Nanomaterials can be used as drug

-

-
./‘\\

carriers, with timed release of contents

2 : 3 ‘\\._’/s_\~ X k
Tumor cells Tr

A

njected nanomaterials from blood
‘collect in tumor tissue and can be
used as imaging agents

A\

Kim et al. N Engl J Med. 2010




History of nanoparticle therapeutics

Timeline | Development of nanoparticle therapeutics

Anti-tumour PEG-protein conjugate
spproved for clinical use

143

Long-circulating PEGylated I

peolymeric nanoparticles reported ™

1960z first biolegically active polymer (divinyl Ringzdorffirst describes
ether-maleic anhydride copolymer) clinically polymer—drug
evaluated but later proved too toxicH15 conjugates'¥

Falymar—drug Bangham

conjugate discovers First ipesomal-drug PLA nanoparticle Maeda discovers Long-circulating PEGylated
reported!® liposomes® ™13 formulation reported® reported!® EFR effect® liposomes reported!™

First PEG—protein conjugate
enters market (Adagen™)

Polymer-bazed nanoparticle
enters clinical trials*™

First controlled- Drug-loaded. albumin- First micelle formulation

releasze polymer bazed nanoparticle approved (Cremophor,

device reported ™’ reported ' Sandimmune)*¥
Albumin-bazed Folymer-based First controlled-releaze
nanoparticle nanoparticle formulation approved by
first repo rted '™ r&pcrtad‘m FDA (Zoladex)™

Taxol approved by FDA
(Cremophor + paclitaxel

143

General events are marked by a green border, molecular systems by a blue border, self-assembled systems by a black border and
nancparticles, as defined below, by a yellow border. Definition of nanoparticle: nanoparticles for pharmaceutical purposes are defined as
solid colloidal particles ranging in size from 1 nm to 1,000 nm. They consist of macromolecular materials and can be used therapeutically
as drug carriers, in which the active principle (drug er biclegically active material) is disselved. entrapped or encapsulated. or to which the
active principle is adsorbed or attached. Abraxane, paclitaxel protein-bound particles for injectable suspension (Abraxis/AstraZeneca);
Adagen, PEG-adenosine deaminase (Enzon); BBB, blood-brain barrier; Copaxone, glatiramer acetate for injection (Teva Pharmaceuticals);
Cremopher, polyoxyethylated caster oil (BASF); EPR. enhanced permeability and retention; FDA, US Food and Drug Administration;
Gliadel. polifeprosan 20 with carmustine implant (Eisai); PEG. polyethylene glycol: PLA. polylactic acid; Sandimmune. cyclosporine
injection (Novartis); Zoladex, goserelin acetate implant (AstraZeneca).

Petros & DeSimone. Nat Rev Drug Discov. 2010

Manoparticles capable of
crossing BBB reported'™®

First lipozomal

formulationz approved by
FDA (Doxil, Abaleat)™




Nanoparticle targeting

Active
vascular Passive

targeting targeting

Targeted NPs . Non-targeted NPs

Farokhzad, Langer. ACS Nano. 2009



Nanoparticle schematic

Shell payload Nanoparticle interior

Targeting ligand Nanoparticle surface

Nanoparticle shell Surface payload

Interior payload Surface coating

Mulder et al. NMR Biomed. 2006

Mulder et al. Nanomed. 2007

Mulder et al. Nat Clin Pract Cardiovasc Med 2008

Cormode et al. Arterioscler Thromb Vasc Biol. 2009

Mulder et al. Acc Chem Res. 2009

Skajaa et al. Arterioscler Thromb Vasc Biol. 2009

Jarzyna et al. Wiley Interdiscip Rev Nanomed Nanobiotechnol. 2009



Making nanostructures

Distinguish between two strategies:

Top-down
Start with a homogeneous substrate and remove material
until the desired nanostructures are formed

Bottom-up
Start with molecules or atoms and let them react until
nanostructures are grown

T

“Artificial structures" “Self-assembly"



Self-assembly and amphiphiles
Amphiphile

Fram Wikipedia, the free encyclopedia

Amphiphile (from the Greek audig, amphis: both and ¢uAia, philia: love, friendship) is a term describing a chemical compound possessing
both hydrophilic (water-loving) and lipophilic (fat-loving) properties. Such a compound is called amphiphilic or amphipathic. This forms the
basis for a number of areas of research in chemistry and biochemistry, notably that of lipid polymorphism. Organic compounds containing
hydrophilic groups at both ends of a prolate molecule are called bolaamphiphilic. Commeon amphiphilic substances are soaps and detergents.

P N e e SN

Hydrophilic head

Hydrophobic tails




ACCOUNTS

of chemical research

Nanoparticulate Assemblies of Amphiphiles and
Diagnostically Active Materials for Multimodality
Imaging

CONSPECTUS

lipidic nanoparticles

functional . carrier
components g . components
1
liposome ..
fluorescent ﬂ . micelle silica
lipid (optical) . S : ,_ -
paramagnetic : RS-
= A-l
lipid (MRI) ? o= ) o apo
S nanocrystal HDL
targeting D O nan(_)cryStal %  cholesterol
|igands m|Ce”e
nanocrystal 7 N ‘? polyethylene glycol
-QD (optical) Fi %
-Au (CT) e phospholipid
FeO (MRI) lipid-coated i P

silica

Mulder et al. Acc Chem Res. 2009



Outline
Classes of nanoparticles to be discussed

=

* Micellar nanoparticles
— Collagen imaging in atherosclerosis and AAA
— Apoptosis imaging in atherosclerosis

« High density lipoprotein nanoparticles
— Nanocrystal HDL: HDL-cell biology = In vivo imaging
— HDL statin delivery as anti-atherosclerosis therapy

ﬁugﬁewgvjemoemw

)

sonsouelay |

* Multimodal liposomes
— Theranostics of atherosclerosis

Buibew



Anatomical to molecular imaging

Tissue level (e.g. myocardial perfusion)
Anatomical level
D

Cellular and molecular level

Integrin activation Migration through

Rolling by chemokines Stable adhesior endothelium
Leukocyte o @ —— Sialyl-Lewis X-modified glycoprotein
W‘ A :,—Imegrin (low affinity state)
)
[ 4 1‘ Integrin (high-
4 affinity state)
)" =l) ) PECAM-1
v AT £ oL . (CD31)
=P =3 = "4
=2 . = ) = 3 = L
p o @ N
3 L | | U1
U L | RN S
R g
P-selectin  E-selectin b q Integrin ligand a °
o Proteoglycan (ICAM-1)

* ® dq 2 . W .
Cytokines v Macrophage Skt . 2 @ N an O p artl Cl eS !

(TNF, IL-1) with microbes

Fibrin and fibronectin € \&
(extracellular matrix)



Collagen-targeted paramagnetic
micellar nanoparticle

Paramagnetic micelle

S PEG

!  Phospholipid
1 Paramagnetic lipid
i

Fluorescent lipid

~ 70 lipids / micelle
~ 25 nm diameter
1-2 CNA35 / micelle
Kd cnass = 0.5 uM

Micelles



Collagen-targeted paramagnetic
micellar nanoparticle

Paramagnetic micelle conjugated with CNA-35,
a 35 kDa collagen-specific adhesion protein \

? PEG
!  Phospholipid

W Paramagnetic lipid

i Fluorescent lipid

U0 cna-ss
~ 70 lipids / micelle
~25nm dlame_ter binds type |
1-2 CNA35 / micelle but also /11/1V

Kd cnass = 0.5 uM

Collagen



MRI of abdominal aortic aneurysm (AAA)

T2W TIW PDW

Hlstolo CME Control AAA L
M_gy o o Aortic diameter

Tt

2

2

(=]

Increase of vessel diameter (%)

Collagen AAA TOF anglography Day



Molecular MRI of collagen

Collagen Rich Collagen Poor

Collagen; AAA



Annexin AS-Functionalized Bimodal Nanoparticles for MRI and
Fluorescence Imaging of Atherosclerotic Plaques

Geralda A. FE. van Till:u:nrgﬁ"H Esad ‘v’ucicﬁ' Gustav J. Strijkers.* Dawvid P. Cnrmnde.ﬁl‘u’enkatesh I"l.*IaLI]Lﬁ
Torjus Skajaa,® Chris P. M. Reutelingsperger,' Zahi A. Fayad,® Willem J. M. Mulder,? and Klaas Nicolay'

&= Gd-DTPA-DSA

1. Dissolve in chloroform/ i
tEJU\J\O: Mal-PEG2000-DSPE methanol g:fo
o 2. Rotary evaporation
|] NO= PEG2000-DSPE 3. Hydration in buffer
) at65 °C

\ 4

@= Rhodamine- or Cy5.5-lipid

van Tilborg et al. H

Bioconjug Chem. 2010 s
Annexin A5-cys
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Dialysis

A

Annexin A5



Post 24 hr

MRI signal
enhancement

apoE‘/' Control-micelles

Immunofluorescence

- Macrophage
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WT AnxA5-micelles

Annexin A5



HDL: "good cholesterol”
B

2

' Transfer of cholesteryl
esters to VLDL via CETP

1

Direct liver uptake of
cholesteryl esters by

SR-B1 receptor
HISL Acquisition of free
cholesterol by HDL and
Lipid-depleted esterification by LCAT

apo Al is catabolized
mainly in the kidney

* Uptake of free cholesterol (from cells &
surface of TG-rich lipoproteins)

Reverse cholesterol transport

» Esterification of free cholesterol by
LCAT

Legend
» Migration from surface to core of HDL

CETP = cholesteryl ester transfer protein
HTGL = hepatic triglyceride lipase

I Ll A LCAT = lecithin cholesterol fe
Genesis LONT = Aot st




Architecture of HDL

ST
§2“L

I Polar surface envelope

Free cholesterol O
Phospholipid ()

I Neutral lipid core

Cholesteryl ester O
Triglyceride ()



How to use HDL to create multimodal agents

Highest resemblance

» Isolate HDL from blood and (post) insert labels

« Isolate HDL from blood, disassemble, add labels and reconstitute
. Isolate apoA-l and reconstitute from lipids and labels
» Redirect HDL-like particle to new target by the conjugation of targeting moieties

« Synthesize peptides derived from apolipoproteins

« Synthesize a lipidic particle of which the overall design resembles HDL

____________________________________________________________________________________________________________________________________

Lowest resemblance
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Multimodal inorganic core HDL

Nanocrystals with hydrophobic coatings replaced the triglyceride and cholesterol
ester core of native HDL

Au-HDL FeO-HDL QD-HDL
CT, T1-weighted MR, T2™)-weighted MR, T1-weighted MR,
fluorescence fluorescence enhanced fluorescence
MHPC Gd-DTPA-DMPE Rhod-DMPE ‘.’ ApoA-l
/\/\/\/\/\/\i fﬁ\\ /\/"“‘\ /\/\/\/\/\/\j\ f?"\ . NH /0.9‘ o*?H—z _.O:O o 1 g N Q
O/HE{\O o \ \/\/\/\/\/\/\OW%\O o \/f‘sd’oi}\f /\/\/\/\/\/\)\0/9%\0‘%_0’\/"‘302 Q (0
5 OJ?QN\) \M SD_-,'

{‘\

Nanocrystal HDL



Particle characterization
Physical properties

Property (units) Au-HDL FeO-HDL QD-HDL
rl (mM-is-1) 13.1£0.3 89x0.3 11.7*+0.4
r2 (mM-is-1) 16.8 £ 0.5 94.2 £ 6.8 14.8 £ 0.5

Number of apoA-I

: 3.0 3.9 3.1
molecules per particle

Core diameter (nm) 5610 6.3£1.0 6.5£.08

Diameter: TEM (nm) | 9.7 14 11.9£1.2 129%+ 1.4

- Diameters confirmed by DLS and gel electrophoresis. Native HDL 7-13 nm

Nanocrystal HDL



QD-HDL: Macrophage cell incubations

2 hours incubation time Fluorescence imaging
0.02 mM Gd dose = 1097 QD QD Media | edex
E 907 HDL PEG onl 09 ¢
. . . - 80 1 -
Photo under UV illumination o 701 : 6 Al °°
2 60 - &= v 07 8
QD @B, Media M
HDL PEG ‘orly £ 0] 05
v . % « 2 20..
& 10 A
0 | _ r =l
QD-HDL QD-PEG Media

Incubation agent

Confocal microscopy

Nanocrystal HDL



In vivo MRI studies

FeO-HDL
24 hourg

Spin echo Gradient echo
Nanocrystal HDL



Ex vivo fluorescence imaging

Excised aortas imaged using Maestro fluorescence imaging

Control

QD-HDL
T1-weightad MR,
anhanced fluorescence

Nanocrystal HDL



Microscopy of the aorta

' Macrophages
(CD68)

Overlay

Nanocrystal HDL were found almost exclusively in the macrophages



Inorganic core HDL - new directions

FeO-HDL

Multi-color CT An HDL mimick? FRET imaging

Nanocrystal HDL



Quantum Dot and Cy5.5 Labeled
Nanoparticles to Investigate Lipoprotein
Biointeractions via Forster Resonance Energy

Transfer

Torjus Skajaa,t5* Yiming Zhao,"* Dave ]. van den Heuvel,! Hans C. Gerritsen,*
David P. Cormode,t Rolf Koole," Matti M. van Schﬂﬂneveldi‘ Jan Andries Post,*
Edward A. Fisher,” Zahi A. Fayad,” Celso de Mello Donega," Andries Meijerink," and

Willem ). M. Mulder®-T-¥

630 nm 700 nm 630 nm

400 nm

00000000 ©0000000000000 00000000000 000000006 0000000000

Skajaa et al. Nano Lett. 2010 FRET



Forster resonance energy transfer

o Emission 1
Excitation 0.8 QDex; QDem
ApoA-1
Cy5. 5:' “
FRET
Phosphol|p|d
> 1.254
2
S 1.00
= 0.125%
= 0.751 —0.25%
2 | 0.5%
N 0.50- ‘ 1.0%
o — 0%
£ 0.25. /
o
< 0.001 : - : -
500 600 700 800 900
Wavelenght (nm)
0,6 -
0 | FRET
0,2 1
z 0
‘©»
c
o
£

0 10 20 30 40 50
Time (ns)

FRET



Interaction with cells

Cell membrane

= QD-HDL, 4°C

e QD-HDL, 20° C

a4 QD-HDL, 37°C

o QD-Micelles, 4° C
o QD-Micelles, 20° C
» QD-Micelles, 37° C

%’A\/)O
~~o 400nm  Cy55 labeled QD-HDL
O

ICy5.5/IQD (normalized)

1.04

O

"'..‘OOOO
S

Relative 1QD

o4

Cy5.5 labeled 2000 4000 6000
Cell membrane Time (s) FRET



FRET in live cell imaging

10 min 20 min 30 min




Is FeO-HDL like HDL?

Biomaterials 32 (2011) 206—213

Contents lists available at ScienceDirect

Eiomaterials

Biomaterials

journal homepage: www.elsevier.com/locate/biomaterials

The biological properties of iron oxide core high-density lipoprotein in
experimental atherosclerosis

Torjus Skajaa®™! David P. Cormode?, Peter A. Jarzyna®!, Amanda Delshad *!, Courtney Blachford “?,
Alessandra Barazza®?, Edward A. Fisher ©2, Ronald E. Gordon¢, Zahi A. Fayad **, Willem J.M. Mulder *©*

*Translational and Molecular Imaging Institute, Mount Sinai School of Medicine, One Gustave, L Levy Place, Box 1234, New York, NY 10029, USA
b Clinical Institute and Dept. of Cardiology, Aarhus University Hospital ( Skejby). Brendstrupgirdsvej 100, 8200 Arhus N, Denmark

“Departments of Medicine {Cardiology) and Cell Biology, NYU School of Medicine, NY, 522 First Avenue, Smilow 8, New York, NY 10016, USA

4 pepartment of Pathology, Mount Sinai Hospital, One Gustave L. Levy Place, New York, NY 10028, USA

* Department of Gene and Cell Medicine, Mount Sinai School of Medicine, One Gustave, L. Levy Place, Box 1234, New York, NY 10029, USA

Skajaa et al. Biomaterials. 2011
FeO-HDL



FeO-HDL interactions with macrophages

Normalized cholesterol efflux

Normalized competitive inhibition

1,04

0,84

0,6 4

0,4+

0,24

0,04

1,24

0,84

0,4

BSA

Native HDL FeO-HDL

—n—+ FeO-HDL
—e— + Native HDL

0,0

FeO-HDL-Cy5.5

+x15

+x45 +x9.0

2,04
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054
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Normalized uptake
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[ Uptake in hepatocytes
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FeO-HDL



In vivo lipid transfer from FeO-HDL to circulating lipoproteins

Normalized fluororecsence

1,8+

1,54

1,2 4

0,9 -

0,6 -

0,3 -

0,0-

I VLDL

I LDL

I HDL

I Plasma proteins

Lipid exchange
via fluorescence methods

i 11

ApoE-KO mice

Normalized fluoroescence

1,8 -

1,5+

1,2 -

0,94

0,6 4

0,34

I VLDL

N DL

I HDL

I Plasma proteins

Lipoprotein fractions
separated using FPLC

0,0-

PR n

Wild type mice

FeO-HDL



Atherosclerotic Plaque
Composition: Analysis with
Multicolor CT and Targeted Gold
Nanoparticles'

>
&

-
E

q
aw

Cormode et al. Radiology. 2010.

In collaboration with Philips Hamburg Au-HDL



Multicolor molecular CT imaging

CT, T1-weighted MRI,
flucrescence

Conventional CT image

A

Au-HDL



1.0 P<0.001
H x10% o
-0.8 >6
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rHDL [Gd-Cy5.5-S]-
rHDL

24h post-injection

Pre-injection
Pre-injection

HDL drug delivery



Normalized Wall index

MRI to assess therapeutic efficacy

0.45
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HDL drug delivery



End of sneak preview
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DAS Parallel session | — Friday, March 18, 20m
10.30-10.35 Opening

page 19 10.35-10.50 Duivenvoorden — Efficacy of a Novel Statin Loaded
HDL Nanoparticle Therapy in Experimental
Atherosclerosis Quantified by In Vivo MRI and
Histology

> Unique guantitative histological approach to evaluate efficacy

<] 'Spectacular atheroprotective and atheroregressive properties



Multimodal liposomes

Diagnostics and therapeutics

Mulder, Lobatto, Fayad et al. MSSM

¢ =0 W|[ @ =0 =@

Paramagnetic lipid
Fluorescent lipid

Cholesterol

PEG

DSPC
Glucocorticoid

Liposomes



Accumulation of PEG-liposomes in plaques

Vasa vasorum, neovascularization and EPR effect

Enhanced permeability and retention effect

e~eleoeelelerelolelolelse

@PEG-Iiposome
=0

Lumen

Langheinrich et al. Arterioscler Thromb Vasc Biol. 2006
Liposomes



Accumulation of liposomes in aortic plaques

MRI Confocal microscopy

Liposomes
Macrophages
Nuclei

Quantitative analysis: 130 ug liposomes per mg aortic tissue

Liposomes



FDG-PET/CT imaging of plague
Theory

High risk plaques

4

Active macrophages

+

High metabolic activity

+

High glucose uptake

4

High FDG uptake

* Imaging of glucose transport in vivo with PET and 8F-labeled 6-fluoro-6-deoxy-D-
glucose (FDG), a tracer that is transported but not phosphorylated

* FDG (glucose analog) FDA approved Liposomes



Liposomes selectively reduce inflammation

FDG-PET

Mpre

B2 days post
Bl 7 days posl
Bl 14 days post
B 21 days post
Cleantral

L-GC GC

Inflammation decreased significantly at 2 and 7 days after
liposome injection

« Unprecedented therapeutic efficacy of a single treatment

Liposomes



Results confirmed with histology

Histology FDG-PET imaging

Trichrome Ram11 Analyzed

081 MWFDG-PET =

M Histology 0.04 3

0.7 _g
— =
S 0.6 0:03 &
£ a
D

3 05 0.02 3
(7] —t
0.4 o <
0.01 >
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Control GC ' L-GC L-GC control GC ' L-GC L-GC 0-00
wall 7days 7days 21days wall 7days 7 days 21 days

Liposomes



