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Abstract

The recently developed siRNA oligonucleotides are an attractive alternative to antisense as a therapeutic modality because of

their robust, gene selective silencing of drug target protein expression. To achieve therapeutic success, however, several hurdles

must be overcome including rapid clearance, nuclease degradation, and inefficient intracellular localization. In this presentation,

we discuss design strategies for development of self-assembling nanoscale carriers for neovasculature targeted delivery of

siRNA inhibiting tumor or ocular angiogenesis.
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1. Introduction in normal physiology and tissue regeneration, but also
1.1. Angiogenesis

Angiogenesis is the formation of new blood vessels

from pre-existing vasculature. It is an essential process
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one that plays a key role in several serious diseases. It

is now well established as critical for tumor metastasis

to distant tissues and for expansion of small clusters of

malignant cells into a clinically relevant tumor [1–3].

Angiogenesis is also implicated in several inflamma-

tory disorders including rheumatoid arthritis and pso-

riasis, and ocular diseases like diabetic retinopathy,

age related macular degeneration and stromal keratitis

[4–6]. The inflammatory process stimulates angiogen-

esis as part of the healing and regeneration of the
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affected tissue and to recruit various cells of the im-

mune system including lymphocytes and neutrophils

[7,8]. Therapeutic interventions targeting angiogenesis

are achieving clinical success and proving a valuable

addition to the arsenal for management of a variety of

malignant and inflammatory diseases [9,10].

Although angiogenesis is a fairly complex and

highly regulated process, the vascular endothelial

growth factor (VEGF) biochemical pathway has

been found to play an early key role. This growth

factor is one of the strongest proteinaceous activators

of angiogenesis, acting through binding of receptors

VEGFR1 and VEGFR2 [11,12]. This pathway and the

proteins involved constitute proven therapeutic targets

for intervention to reduce angiogenesis. [9,10,13].

1.2. Targeting angiogenesis

Activities of endothelial cells are at the root of the

angiogenic process. Thus, drugs targeting angiogenesis

biochemical pathways often must reach and act on these

endothelial cells. Means to target drugs to these cells

offer the prospect for focusing their activity at the key

cell in angiogenesis-dependent diseases. The accessibil-

ity of these endothelial cells from the blood stream is an

important advantage over efforts to target other cell

types, such as tumor cells. Furthermore, angiogenic

endothelial cells are phenotypically distinct from quies-

cent endothelium. A number of receptors have been

identified that may be used to specifically deliver

drugs to angiogenic endothelium [14]. Alpha v beta 3

integrins are among the most intensively investigated

proteins that are overexpressed on angiogenic endothe-

lial cells, partly because small molecular weight high

affinity ligands have been identified for this integrin. It

has been shown that disulfide-stabilized peptides con-

taining an Arg-Gly-Asp (RGD)-motif can interact with

high affinity and avidity to alpha v-integrins [15–17].

Other peptides that have been shown to specifically

interact with angiogenic endothelial cells are peptides

containing an NGR-motif (binding to aminopeptidase

N [18]), ATWLPPR (binding to VEGFR2 [19–21]),

and APRPG (binding an unknown target [22,23]).

1.3. RNA interference

The broad importance of angiogenesis in diseases,

and growing clinical success of angiogenic interven-
tions, makes it an attractive area for investigation of

new therapeutic modalities [13]. RNAi is a recently

developed technique to silence proteins in a sequence-

specific manner by inhibiting mRNA and consequently

reducing protein expression [24]. The functional me-

diator of RNA interference is a short dsRNA oligonu-

cleotide called small interfering RNA (siRNA). A

growing number of investigations are being reported

on efforts to use siRNA as a candidate therapeutic

agent. Most efforts reported to date are based on studies

in rodents, and rodent models of disease. With the

exception of local administration into eye tissues, the

results show low activity due to a strong dependence on

methods for intracellular delivery, as found for anti-

sense and gene therapy approaches. One surprising

observation is that siRNA composed of unmodified

RNA is rapidly cleared by the kidneys [25], indicating

low binding to proteins or cells in the blood and a

surprising lack of nuclease degradation as the major

barrier. A delivery strategy for use of siRNA as a

therapeutic modality should therefore reduce glomeru-

lar filtration, firstly, and secondly optimize intracellular

delivery to target cells, while also minimizing exposure

to nuclease and distribution to non-target tissues. Nano-

particle delivery systems developed with a ligand-poly-

mer-polymer conjugate appear attractive to meet these

needs and indeed neovasculature targeted forms using a

bcyclicQ RGD peptide as the ligand have produced

successful results [26,27]. In this report, the design

elements for endothelium-targeted nanoparticles for

delivery of siRNA are described.
2. Materials and methods

2.1. RGD-PEG-PEI

Synthesis of RGD-PEG-PEI was carried out in two

steps as described [26]. Briefly, triethylamine (TEA)

in tetrahydrofuran (THF) was added to a stirring so-

lution of RGD-peptide in dimethylsulfoxide (DMSO)

under a stream of nitrogen. After stirring for 1 min, a

solution of N-hydroxy succinimidyl-poly(ethylene

glycol) (Mw 2500)-vinyl sulfone (Nektar Therapeu-

tics, Huntsville, AL) in THF:DMSO was added. The

reaction mixture was stirred at room temperature for 4

h, and purified by HPLC. Conjugation was confirmed

by Mass Spectral analysis (MALDI). In the second
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step, to a solution of RGD-peptide coupled PEG-

vinylsulfone in pure DMSO, TEA in THF was

added. To the stirring reaction mixture, poly (ethylene

imine) (PEI) (Mw 25 kD) was added and the reaction

mixture was stirred overnight. The completion of the

conjugation was checked by disappearance of RGD-

PEG-vinyl sulfone on thin layer chormatography. De-

gree of conjugation of RGD-PEG to PEI was deter-

mined by NMR spectrometry to be 7% of the PEI-

amines that were modified with RGD-PEG. The poly-

mer was blended with unconjugated PEI at a molar

ratio of 1 :1 and mixed with siRNA in 10 mM Hepes

pH 7.4 under vigorous vortexing to obtain polymer : -

siRNA complexes.

2.2. RGD-PEG-DSPE:DOTAP:DOPE

DOPE (dioleoyl-phosphatidylethanolamine) as

neutral co-lipid and DOTAP (dioleoyl trimethylam-

monium propane) as cationic lipid component were

from Avanti Polar Lipids (Alabaster, AL). Maleimide

coupled poly (ethylene glycol) distearoyl phosphati-

dyl ethanolamine (Mal-PEG-DSPE) was obtained

from Nektar Therapeutics (Huntsville, AL) and PEG-

DSPE was a generous gift from Lipoid GmbH (Lud-

wigshafen, Germany). Lipids were dissolved in chlor-

oform:methanol 1 :1 v :v, in a molar ratio of 1.43 :

1.43 :0.07 :0.07 respectively, and the solvent was

evaporated under rotary evaporation. Lipids were hy-

drated in Hepes-buffered saline pH 7.4, followed by

repeated freeze-thaw and extrusion through two

stacked polycarbonate membranes with a final pore

size of 0.05 Am. The liposome suspension was mixed

with siRNA in 10 mM Hepes pH 7.4 under vigorous

vortexing to obtain lipid : siRNA complexes.

2.3. Branched HK-peptides

The biopolymer core facility at the University of

Maryland synthesized the histidine-lysine (HK) poly-

mers on a Ranin Voyager synthesizer (PTI, Tucson,

AZ) as previously described [28,29]. The branched

polymers consist of HK-arms emanating from a lysine

core in which the lysine core is uncharged. The poly-

mers were then purified on an HPLC (Beckman, Full-

erton, CA). HK-polymers were mixed with siRNA in

10 mM Hepes pH 7.3 under vigorous vortexing to

obtain HK-polymer : siRNA complexes.
2.4. Characterization of complexes

Complexes were analyzed by dynamic light scat-

tering to determine particle size on a Coulter N4plus

particle size instrument (Beckman Coulter). n-poten-
tial measurements to determine surface charge were

performed on a Coulter Delsa 440 SX. Latex beads

with defined size and mobility were used as standards

(Beckman Coulter, Miami, FL).

2.5. FACS analysis of cell binding

Nearly confluent human umbilical vein endothelial

cells (HUVEC) were washed with phosphate-buff-

ered saline (PBS) and detached using 1 mM EDTA

in PBS. Cells were suspended in FACS-buffer that

consisted of PBS supplemented with 1% bovine

serum albumin, 1.26 mM CaCl2, 0.81 mM MgSO4

of 4 8C, centrifuged, counted, and 105 cells were

transferred to FACS tubes (BD Biosciences). Cells

were incubated with 2 Ag fluorescently labeled

siRNA complexed to the indicated carrier for 1 h at

4 8C. After incubation, cells were washed, fixed in

4% buffered formaldehyde and analyzed on a FACS

Calibur flow cytometer (BD Biosciences). Preincuba-

tion of cells with a 100-fold molar excess of uncon-

jugated RGD-peptide for 30 min at 4 8C was used to

determine the involvement of RGD in carrier binding.

Cell binding was analyzed with WinMDI software

version 2.8 (Joseph Trotter).

2.6. In vivo injection and fluorescence microscopy

Balb/c mice received a single iv injection of 40 Ag
siRNA labeled with fluorescein isothiocyanate. At 15

min after injection, organs were excised and snap

frozen in liquid nitrogen. 5 Am section were cut on

a cryostat and examined by fluorescence microscopy.
3. Results and discussion

3.1. Evading non-target tissues

The molecular weight of siRNA of approximately

15 kD is below the size limit for glomerular filtration,

similarly as described for antisense oligonucleotides

(ODN) [25,30,31]. The antisense ODN have been
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shown to accumulate in the periglomerular space,

possibly through the boligonucleotide channelQ of

the brush border. In vivo pharmacokinetic studies

with iv administration of siRNA have indeed shown

that the kidneys are a major organ for uptake and

excretion of siRNA within minutes after intravenous

administration [25].

We have investigated the accumulation of fluores-

cently labeled siRNA after intravenous injection in

kidneys of mice (Fig. 1A). Especially in the cortical

region of the kidneys pronounced accumulation of

fluorescence was visualized, which is similar to obser-

vations made for ODN [30]. The levels of fluorescence

in this organ were highest of all tissues investigated,

followed by levels in the liver (data not shown). Levels

in all other tissues, including tumor tissue (Fig. 1C)

were too low to be detected. These data suggest that

uptake of siRNA by non-target tissues (most notably

kidney and liver) is responsible for loss of the majority
Fig. 1. FITC-siRNA accumulation in kidney and tumor tissue. FITC-s

complexed to DOTAP (B, D). Fluorescence photomomicrographs are sho

post injection. Bar is 40 Am.
of the injected dose. Incubation in serum at 37 8C
indicates stability of unmodified siRNA for many

minutes [25,26] and non-target tissue exposure can

result in non-specific effects [32,33] although lacking

interferon induction [34]. Therefore, evasion of non-

target tissue uptake is equally or more important than

enhancement of siRNA stability.

Complexation of siRNA into nanoparticles should

increase its apparent molecular weight, preventing

glomerular filtration and/or oligonucleotide channel

transport. Cationic complexing agents we have used

for siRNA are shown in Fig. 2. Indeed, complexation

of siRNA with the cationic lipid DOTAP reduced

levels of fluorescence in the kidney (Fig. 1B), whereas

levels in other tissues, like liver and spleen (data not

shown) were increased. Also a remarkable increase in

levels of fluorescence could be visualized in tumor

tissue in the immediate vicinity of tumor capillaries

(Fig. 1D).
iRNA was administered intravenously in the free form (A, C) or

wn from kidney (A, B) and tumor tissue (C, D) dissected at 15 min
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Fig. 2. Cationic complexing agents for siRNA. Amphiphilic DOTAP is a phospholipid that bears a positive charge on the hydrophilic head
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residues. The figure shows one possible HK polymer structure but the number of branches, and sequence patterns can be tailored for optimal

transfection characteristics. Branched PEI (Mw 25 kD) bears positive charges on the primary and secondary amines.
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These cationic agents can complex siRNA into

nanoscale particles suitable for intravenous injection

(Table 1).

PEI is one of the longest-standing polymers for

non-viral nucleic acid delivery systems. Apart from a

high charge density providing strong electrostatic

interactions, PEI also has good properties for facili-

tating endosomal escape. One hypothesis for this

enhancement of endosomal escape is that PEI acts

as a dproton spongeT during acidification of the

endosome.

DOTAP has also been widely employed for nucleic

acid delivery. It can be mixed with helper lipids (like

dioleoyl phosphatidylethanolamine (DOPE)) that pro-

mote fusion of the particles with the endosomal mem-

brane, aiding endosomal escape. Mixing with poly

(ethylene glycol)-coupled phosphatidylethanolamine

lipids can provide steric stabilization. Lipids may

offer the advantage of biodegradability over PEI.

Biodegradability is also a feature of HK-polymers.

Compared to PEI and liposomes, branched HK-poly-
mers are relatively early in their development and

most studies with siRNA have been done with un-

modified HK-polymers in in vitro experiments. Nev-

ertheless, modification of the HK polymers with PEG

and RGD should be readily achievable (e.g., by addi-

tion of a cysteine to the terminal branches). The

potential advantages of peptide-based therapy, which

include HK-polymers, are that the amino acid build-

ing blocks, branching and sequence patterns can be

easily manipulated to develop improved carriers for

specific applications. For example, by changing the

ratio and the sequence of histidine and lysine, trans-

fection with HK polymers can favor siRNA delivery

or plasmid delivery. With in vitro studies, highly

branched HK polymers including H3K8b (consisting

of 8 branches with a repeating HHHK sequence) have

been demonstrated to be very effective carriers of

siRNA with low toxicity to cells [28]. Although

branched HK polymers have not been used yet as

carriers of siRNA for systemic in vivo studies, pre-

liminary data demonstrate that unmodified HK poly-
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Table 1

Particle size and n-potential at the given N/P ratio for PEI, cationic

liposomes and HK-polymers complexed siRNA

Formulation PEI Liposomes HK-polymer

Size 0.12F0.04 Am 0.21F0.05 Am 0.47F0.07 Am
n-potential 35F4 mV 41F9 mV 10F1 mV

N /P ratio 2 :1 4 :1 4 :1

n 3 3 3

Formulation PEG-PEI PEG-liposomes

Size 0.09F0.01 Am 0.16F0.05 Am
n-potential 5F6 mV 3F5 mV

N /P ratio 2 :1 4 :1

n 3 3

Formulation RGD-PEG-PEI RGD-PEG-liposomes

Size 0.09F0.01 Am 0.14F0.03 Am
n-potential 6F1 mV 7F4 mV

N /P ratio 2 :1 4 :1

n 3 5

Particle size wasmeasured using dynamic light scattering. n-potential
as a measure of surface charge was measured on a zeta-sizer, N/P

ratio is reported as ratio between number of positively charged amine

groups (N) of the cationic complexing agent and negatively charged

phosphate groups ( P) of siRNA. n =number of preparations.

*O
*

n *
N

*

O

N O

H

H

OH

n

PHEGPEG 

Fig. 3. Structure of poly(ethylene glycol) (PEG) and poly(hydroxy

ethyl-L-glutamine (PHEG).
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mers are effective carriers of plasmids (which may

include siRNA expressed by the H1 or U6 promoters)

to a variety of tissues in vivo (unpublished data) and

this suggests they will also be adaptable for siRNA

oligonucleotides.

Cationic reagent-siRNA complexes can be made

net positive, neutral, or negative depending on the

ratio of the components in the complex. Net positive

complexes (as shown in the table) are the most active

in terms of siRNA silencing in cell culture [26–28]. A

working hypothesis for this phenomenon is that elec-

trostatic interactions between the negatively charged

cell membrane and the positively charged particles

increases cell uptake. This is a bnon-specificQ uptake
since all cells have a similar negative membrane

charge. It may also be that the mechanism is more

related to binding positively charged serum/plasma

components first before binding to the cells. Regard-

less of the underlying mechanism, the uptake takes

place through interactions with a multitude of cell

surface components since it is not specific but charge

mediated. Thus a significant problem for systemic

administration of these positively charged siRNA-

complexes is interaction with cells in many tissues.
One consequence is loss of a vast majority of the input

dose to non-target tissues and cells. It is highly likely,

if not certain, that some of these unwanted interactions

will be toxic.

Our strategy is to minimize unwanted interactions

by controlling the surface properties of the complexes.

Reduction of non-specific binding is provided by a

steric polymer coating on the particle. The hydrophilic

polymer PEG is used in the PEI and lipid complexes

(Fig. 3).

A steric coat can be introduced onto the complex

surface by covalently conjugating the steric polymer

onto the condensing agent before complexation with

siRNA. The action of the steric coating is perhaps best

appreciated when comparing the n-potential of uncon-
jugated complexes with the conjugated complexes

(i.e. PEI vs PEG-grafted PEI) (Table 1). The strong

surface potential of unconjugated PEI-siRNA com-

plexes of 35 mV is reduced to a near neutral charge

of 5 mV for PEG-PEI : siRNA complexes with a

concomitant loss of N80% of binding to cell surfaces

[26].

PEGylation of the cationic polymer before com-

plexation seems a preferred method over conjugation

of the polymer to a preformed complex. For one

reason, chemical reactions carried out on the particle

may damage the siRNA. For another reason, initial

addition of steric polymers to the surface begins to

form the barrier on the particle surface so that subse-

quent conjugation reactions are inhibited. This limits

the amount of polymer that can be conjugated to the

complex surface.
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4 :1 for all preparations. Binding was quantified using FITC-labeled

siRNA. n =3, mean+/� standard deviation.

PEG-PEI PEG-DOTAP-DOPE

0

50

100

150

200
+RGD

-RGD

+RGD +free RGD

M
ea

n 
fl

uo
re

sc
en

ce
in

te
ns

ity
(a

rb
itr

a
ry

 u
ni

ts
)

Fig. 5. Binding of siRNA carriers to HUVEC. 105 HUVEC were

incubated with 2 Ag FITC-labeled siRNA formulated with PEG-PEI

or PEG-liposomes, with or without targeting RGD-peptide in the

presence or absence of an excess of free RGD-peptide. Complexes

were incubated for 1 h at 4 8C. After the incubation period, the cells
were washed, fixed with 4% buffered formaldehyde and cell-bound

fluorescence was analyzed by FACS analysis.
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For PEG-PEI, PEG is conjugated at random to

multiple sites on the PEI using a stable covalent

linkage. The grafting density can be varied. For

lipid based carrier systems the PEG is conjugated to

a phospholipid that will insert in the liposomal mem-

brane that is subsequently complexed to siRNA. For

both cationic liposome complexes and PEI-complexes

approximately 5–10% modification of amines (for

PEI) or phospholipids (for liposomes) with PEG

appears to provide adequate shielding of the complex

surface [26] and Fig. 4.

Alternative steric polymers, like poly hydroxy

ethyl-L-glutamine (PHEG), have been prepared and

are currently tested (Fig. 3). It is believed that these

polymers should adopt a random configuration in

solution and have specific molecular properties, such

as low interfacial energy, hydrophilicity and high

flexibility, to act as a steric stabilizer.

The loss in non-specific interactions makes the

particles relatively inert. Successful formation of a

steric polymer layer in terms of biological function

can be observed from blood pharmacokinetics of the

complexes following intravenous administration. The

prolonged presence of complexes in the blood circu-

lation can be exploited to increase targeting to path-

ological sites with an enhanced permeability, like

malignant and inflamed tissue. Nevertheless, the for-
mation of the steric polymer layer will have rendered

the complex inactive in both cell culture and follow-

ing intravenous administration [26].

3.2. Interaction with target cell type

After prolonged circulation the next step is restor-

ing activity at the desired tissues and cells. In the

absence of a steric coat, cationic surface charge helps

to bind the target cell. This binding is lost when a steric

polymer coat is formed and cellular binding must be

replaced by another mechanism. In our prototypes,

activity toward target cells has been restored using

ligand-mediated binding and uptake. Careful selection

of the target cell type and receptor is important in view

of the accessibility of the cell type and efficiency of

siRNA transfection. Angiogenic endothelial cells have

the advantage of high accessibility from the blood

stream and an ability to influence the disease process

after transfection of a relatively small number of cells.

In addition, alpha-v integrins are strongly overex-

pressed on these cells and are internalized, thereby

allowing the siRNA to reach the cell interior. For

this purpose bcyclicQ RGD-peptides have been conju-

gated to the distal end of the steric polymer to mediate

binding of the complexes with the integrins (Table 1,

Fig. 5). The figure shows that both carrier systems can

be targeted using the RGD-peptides to HUVEC and



ARTICLE IN PRESS

RGD RAD NGR ARA
0

50

100

150

200

250

Peptides

M
ea

n 
fl

uo
re

sc
en

ce
in

te
ns

ity
(a

rb
itr

a
ry

 u
ni

ts
)

Fig. 6. Binding of RGD or NGR modified PEG-liposomes com-

plexed to siRNA. 105 HUVEC were incubated with 2 Ag FITC-

labeled siRNA formulated with RGD-PEG-liposomes or NGR-

PEG-liposomes (RAD and ARA-peptide functioned as non-binding

controls). Complexes were incubated for 1 h at 4 8C. After the

incubation period, the cells were washed, fixed with 4% buffered

formaldehyde and cell-bound fluorescence was analyzed by FACS

analysis.
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that the interaction with cells is dependent on the

presence of the targeting ligand.

The targeting ligand can be chosen to address other

receptors on angiogenic endothelial cells. This is im-

portant in view of the pronounced heterogeneity in

gene expression of endothelial cells in vivo. This

profile constantly changes. Sequentially, endothelial

cells become activated, dissolve the basal membrane,

proliferate, migrate and finally mature into functional

blood vessels by remodeling, tube formation and vas-

cular stabilization. Each phase is associated with ex-

pression of specific proteins and can (theoretically) be

targeted with the appropriate targeting ligand or a

combination of ligands. We have demonstrated the

flexibility of the system by attaching alternative tar-

geting ligands. Fig. 6 shows an example of PEG-

liposomes modified with NGR peptide that has a

high affinity for aminopeptidase N overexpressed on

angiogenic endothelium.

The RGD-PEG-PEI carriers have been tested in

different animal models of pathological angiogenesis

[26,27]. siRNA delivered to angiogenic endothelium

was able to silence expression of reporter genes in

vitro, and silence expression of transfected VEGF,

VEGFR1 or VEGFR2 in a sequence-specific manner.

In N2A tumor-bearing mice intravenous administra-

tion with siRNA targeting VEGFR2 showed tumor
selective activity including inhibition of gene expres-

sion, tumor angiogenesis, and tumor growth. The

inhibition of tumor growth was reflected by a marked

loss of peritumoral vascularization [26].

In mice suffering pathological neovascularization in

the eye resembling herpetic stromal keratitis, siRNAs

targeting either VEGF, VEGFR1, VEGFR2 or a mix of

the three were used. Local or systemic administration

of siRNAs significantly inhibited neovascularization.

The efficacy of systemic administration was superior

when using RGD-PEG-PEI to deliver siRNA.Mixtures

of siRNAs targeting three genes in the VEGF pathway

surpassed the effects of each gene targeted siRNAs

alone when administered locally or systemically in

RGD-PEG-PEI against ocular angiogenesis [27].

The strong activity of neovascular tissue-targeted

siRNA nanoparticles in two models of pathological

angiogenesis offers promise for the use of siRNA and

ligand-directed nanoparticle formulations as new ther-

apeutic agents to control unwanted angiogenesis. The

flexibility of siRNA to target various factors in the

angiogenic process by simply changing siRNA se-

quence has important advantages for therapeutic ap-

plication. In addition, the modular character of the

carrier system elements, such as ligand, steric polymer

and carrier, allows tailoring of the nanoparticle carrier

characteristics to achieve optimal target cell selectivity.

To date, more than six splice variants of VEGF have

been identified which seem to have different functions

in promoting angiogenesis [35,36]. In this perspective,

site-specific delivery of siRNA to inhibit VEGF sig-

naling may offer a way to silence multiple proteins in

this pathway and perhaps even to silence the specific

splice variants responsible for the pathology.
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