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A
rterial geometry affects the blood
flow profiles in the cardiovascular
system. In straight, unbranched vas-

cular segments, blood flow is unidirectional
and laminar and time average wall shear
stress is high. In contrast, at branch points,
sites of curvature, and distal to stenoses,
blood flow becomes disturbed. Such re-
gions can display flow separation, vortical
shedding, and low and oscillatory shear
stresses.1 The vascular endothelium is in
direct contact with flowing blood and dis-
plays remarkable plasticity in response to
varying shear stresses.2 In the setting of
unidirectional laminar shear stress, en-
dothelial cells elongate and align in the
direction of flow and develop an anti-
inflammatory and antithrombotic pheno-
type.3 These effects are associated with
acute changes in endothelial cell signaling
and marked changes in gene expression
over the long-term.2,4Asexamples, in response

to laminar shear, endothelial cells increase
nitric oxide (NO) and endothelial nitric oxide
synthase (eNOS) and exhibit decreases in
inflammatorymediators.5 In striking contrast,
endothelial cells exposed to disturbed flow
do not align and elongate and become
pro-inflammatory and pro-thrombotic. This
phenotype is associated with sustained
activation of pro-inflammatory signals with
increased expression of inflammatory medi-
ators including vascular cell adhesion mole-
cule-1, intracellular adhesionmolecule-1, and
chemokines such as the monocyte chemoat-
tractant peptide-1.3,6�9 The changes in en-
dothelial cell phenotype caused by disturbed
flow predispose these regions to local lipid
deposition, inflammation, and the focal de-
velopment of atherosclerosis. Thus, athero-
sclerotic lesions predominantly occur at sites
known to have oscillatory shear stress such as
branch points, the proximal coronary arteries,
and the distal aorta.6,7,10
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ABSTRACT In regions of the circulation where vessels are straight and unbranched,

blood flow is laminar and unidirectional. In contrast, at sites of curvature, branch points, and

regions distal to stenoses, blood flow becomes disturbed. Atherosclerosis preferentially

develops in these regions of disturbed blood flow. Current therapies for atherosclerosis are

systemic and may not sufficiently target these atheroprone regions. In this study, we sought

to leverage the alterations on the luminal surface of endothelial cells caused by this

atheroprone flow for nanocarrier targeting. In vivo phage display was used to discover

unique peptides that selectively bind to atheroprone regions in the mouse partial carotid

artery ligation model. The peptide GSPREYTSYMPH (PREY) was found to bind 4.5-fold more

avidly to the region of disturbed flow and was used to form targeted liposomes. When

administered intravenously, PREY-targeted liposomes preferentially accumulated in en-

dothelial cells in the partially occluded carotid artery and other areas of disturbed flow. Proteomic analysis and immunoblotting indicated that fibronectin

and Filamin-A were preferentially bound by PREY nanocarriers in vessels with disturbed flow. In additional experiments, PREY nanocarriers were used

therapeutically to deliver the nitric oxide synthase cofactor tetrahydrobiopterin (BH4), which we have previously shown to be deficient in regions of

disturbed flow. This intervention increased vascular BH4 and reduced vascular superoxide in the partially ligated artery in wild-type mice and reduced

plaque burden in the partially ligated left carotid artery of fat fed atheroprone mice (ApoE�/�). Targeting atheroprone sites of the circulation with

functionalized nanocarriers provides a promising approach for prevention of early atherosclerotic lesion formation.
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Most current treatments for atherosclerosis focus on
correcting systemic risk factors such as hyperlipidemia,
hypertension, and diabetes. None of these therapies
completely prevents cardiovascular events resulting
from atherosclerosis. As an example, HMG Co-A re-
ductase inhibitors reduce cardiovascular events by
approximately 40 to 50%, indicating that there are
residual risks that persist after lipid lowering.11,12 One
explanation of this residual risk is that current treat-
ments do not target vasculature that is atheroprone,
and such regions might require high local doses of
drug not achieved by systemic administration.
Nanocarriers are an attractive platform for targeting

therapy to regions of the circulation at risk for athero-
sclerosis. Nanoparticles can be functionalized to home
to specific vascular regions affected by inflammation,
lipid accumulation, or oxidative injury and can be used
to deliver either therapeutic or imaging agents. Pre-
viously, nanoparticles have been used that target
inflamed endothelium, inflammatory cells, the low-
density lipoprotein receptor, thrombi, and platelet
aggregates.13�20 While these studies have set a pre-
cedent for nanoparticle delivery to atherosclerosis,
they depend on the presence of lesions formed after
the initiation of the disease.
In the present study, we sought to develop a novel

nanotherapy to target atheroprone regions of the
circulation prior to atherosclerotic lesion development.
Given the marked differences in gene expression and
protein content of endothelial cells exposed to varying
flow profiles, we reasoned that there might be a
difference in peptide binding to the surface of cells

exposed to disturbed versus unidirectional laminar
shear. Using combinatorial phage display, we identi-
fied peptides that preferentially accumulate in an area
of disturbed flow created by partial carotid occlusion in
mice. A candidate peptide identified in this screen was
used to functionalize liposomal nanocarriers. Subse-
quent studies proved that these nanocarriers also
targeted regions of disturbed flow and could be used
to deliver effective anti-atherosclerotic therapy to
these regions.

RESULTS AND DISCUSSION

In vivo phage panning was performed in the partial
carotid artery ligation model of disturbed flow in male
C57/BL6J mice.9,21 In this surgical model, three of the
four major branches of the left common carotid artery
(LCA) are ligated (Figure 1A). This results in low and
oscillatory flow in the LCA, while flow in the right
common carotid artery (RCA) remains normal. Doppler
ultrasound imaging confirmed disturbed blood flow in
the ligated LCA andnormal blood flow in the shamRCA
1 day after ligation (Figure 1B). The ligated left carotid
artery is the target for phage display, while the right
artery serves as a normal flow control.
Four days postligation, in vivo phage display was

carried out. Two peptide libraries were employed for
screening, a linear 12 amino acid, and a cyclic 7 amino
acid library (New England Biolabs, Ipswich, MA).
Phages were injected into the tail vein of the mice at
a concentration of 2� 1011 plaque-forming units. After
2.5 h, mice were sacrificed by CO2 inhalation, and the
carotid arteries were surgically isolated; phages were

Figure 1. In vivophagedisplaymethods and results. (A) Schematic of the partial carotid artery ligation surgery. (B) Ultrasound
demonstrating low velocity atheroprone flow and flow reversal in the ligated LCA (top) and normal pulsatile and
unidirectional flow in the unligated RCA (bottom). (C) In vivo phage display titration results. (D) Clone injection titration
demonstrates that all phage clones result in significantly greater binding to the ligated LCA; *p<0.05between the RCAand LCA.
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recovered from the vessels. To increase stringency of
the screening process and specificity of the phages for
the target condition, arteries were washed with acidic
buffer to remove weakly bound phages, and the
remaining phages were recovered by cell lysis and
amplified in bacteria. These phages were then re-
injected in other mice with partial carotid ligation. This
strategy of using successive rounds of injection, isola-
tion by cell lysis, and reamplification has been used
previously to isolate phages that are internalized by
target cells.17 Selecting ligands that could mediate
nanoparticle internalization into target cells is desired
when cytoplasmic delivery of a drug is necessary and
helps to increase the signal for imaging applications.
After each round of phage display, titration of the
phage recovered from the arteries was used to quanti-
fy relative uptake in the target LCA and control RCA.
After each round, phages isolated from the target LCA
were amplified, purified, and reinjected for the subse-
quent round of phage display.
Figure 1C shows examples of phage isolations fol-

lowing each round of injections. From round one to
round four, there was a progressive increase in the
number of phages binding to the target LCA (top) and
no increase in binding to the RCA (bottom). The
increased binding to the target LCA indicated that
clones were being selected that preferentially accu-
mulated in vessels exposed to disturbed flow. After
round three and four of phage screening, 10 plaques
from titration plates were sequenced. Four peptide
sequences were identified as dominating those that
selectively accumulated in the regions of disturbed
flow (Table 1). Two of these encoded linear 12 amino
acid peptides are SLSSYNGSALAS andGSPREYTSYMPH.
Two sequences that encoded 7 amino acid cyclic
peptides were also identified, ACNTGSPYEC and
ACTPSFSKIC. Protein BLAST was used to identify po-
tential protein interactions (Table 1).
In additional experiments, we amplified and injected

these consensus clones following the same procedures
as in vivo phage library panning. Titration of phage
normalized to the protein content of the correspond-
ing LCA or RCA was used to determine the relative
uptake between the target and control arteries. All four
consensus clones showed a significantly increased
binding to the targeted LCA. ACTPSFSKIC showed
average enrichment of 7.3-fold; SLSSYNGSALAS showed
enrichment of 4.9; ACNTGSPYEC showed enrichment of
6.1, and GSPREYTSYMPH showed enrichment of 4.4 in

the target artery (Figure 1D). In addition, when these
phages were injected into mice that had undergone a
sham surgery 4 days previously, they did not accumu-
late differently between the LCA and RCA, indicating
that the consensus clones do not target the LCA in the
absence of disturbed flow. These experiments con-
firmed that the consensus peptides discovered in the
initial screen specifically accumulate in regions of
disturbed flow.
The phage-displayed peptide GSPREYTSYMPH (PREY)

was chosen as a candidate for initial studies due to its
ease of synthesis, hydrophilicity, neutral charge, and
homology to murine myoferlin and because it showed
the lowest level of binding to the right carotid artery.
Myoferlin has regulatory roles in endothelial cells as it is
critical for endocytosis, regulates vascular endothelial
growth factor receptor-2 stability and function, and is
implicated in endothelial membrane repair.22�24 In
addition, myoferlin is enriched in caveolae, which are
also implicated in endothelial cell response to shear
stress.25,26

To determine the binding partner for the PREY
peptide, we employed a pull-down followed by pro-
teomics analysis. The phage-displayed peptide acetyl-
GSPREYTSYMPHGSGS-COOH (PREY) and the scrambled
control peptide acetyl-THRPMSSYEPGYGSGS-COOH
(scrambled PREY) were synthesized by solid-phase
peptide synthesis. PREY peptides and scrambled PREY
control peptides were conjugated at the C-terminus
with biotin-pentylamine by EDC-sulfoNHS coupling
(EZ-Link pentylamine-biotin, Fisher Scientific, Rock-
ford, IL). Biotinylated peptides were used to functiona-
lize streptavidin-conjugated paramagnetic particles
(Magnesphere, Promega, Madison, WI). For pull-down
experiments, mice were sacrificed 4 days after partial
carotid ligation surgery. Carotid arterieswere removed,
immediately frozen in liquid nitrogen, and homoge-
nized on dry ice. Artery homogenate was dissolved in
NP40 buffer, and insoluble proteins were separated by
centrifugation. Artery protein was incubated with pep-
tide-conjugated beads for 1.5 h. The beads were then
washed, and bound proteins were eluted in activated
Laemmli sample buffer for further analysis.
Proteomic analysis indicated that several proteins

from the vessels with disturbed flow bound to PREY
but not by scrambled PREY controls (Table 2). The top
candidates identified by proteomic analysis could form
a complex and be involved in mechanosensing.27 We
first investigated PREY binding to fibronectin, which is

TABLE 1. Protein Homology of Phage-Displayed Consensus Peptides

sequence name identity sequence accession no.

GSPREYTSYMPH myoferlin 496-SPREYT-501 NP_001093104
SLSSYNGSALAS eyes absent homologue 1 isoform 2 27-SLDSFSGSALGS-38 NP_001239121
ACNTGSPYEC zinc finger protein 160-CHTGEKPYEC-169 AAA64428
ACTPSFSKIC calsyntenin 1, isoform CRA_b 187-CSPQFSQIC-195 EDL14871
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known to play critical roles in endothelial mechano-
transduction and activation. Recent reports have
shown that oscillatory shear stress increases fibronec-
tin in the extracellular matrix in vivo.28,29 We also
investigated Filamin-A, an actin binding protein in-
volved in cytoskeletal remodeling, regulation of cell
migration and cell shape, and anchoring glycoproteins
at the cell surface.30 Filamin-A interacts with caveolin
and myoferlin and was chosen for further study due
to the homology of the PREY peptide to murine
myoferlin.31,32 In addition, a recent report shows that
Filamin-A may be displayed on the cell surface in
malignant cells.33 Microarray studies have shown that
FilaminmRNA is increased 2-fold inmurine endothelial
cells exposed to oscillatory shear compared to laminar
shear.34 In addition, Filamin is recruited to sites where
stress is applied to integrins.35,36

Increased binding of fibronectin and Filamin-A to
PREY-functionalized beads in vessels with disturbed
flow was further confirmed by immunoblotting. Pull-
downs were performed as described previously, and
eluted protein was used for Western blot. Fibronectin

was visualized as a single band at 265 kDa (Figure 2A),
and Filamin-A was visualized as a single band at
281 kDa (Figure 2B). These results showed the greatest
band intensity in both fibronectin and Filamin-A from
ligated LCA with targeted peptide, confirming that the
PREY peptide pulls down fibronectin and Filamin-A.
These data indicate that the PREY peptide may bind to
a protein complex involved in mechanotransduction
of disturbed shear. In additional experiments, we
employed immunofluorescence to visualize Filamin-A
in carotid arteries. These confirmed that Filamin-A
protein expression is increased in vessels exposed to
disturbed flow, and that it is also present on the luminal
surface (Figure 2C).
Given the ability to selectively target atheroprone

vasculature, nanomedicine offers a promising set of
tools for diagnosing, treating, and preventing athero-
sclerosis.37 We therefore sought to use the PREY pep-
tide to deliver nanocarriers to atheroprone vasculature.
Liposomal nanocarriers were chosen due to their well-
documented biocompatibility, ability to carry hydro-
philic, hydrophobic, and amphiphilic drugs, and facile

TABLE 2. Top Five Proteins Identified by Proteomic Analysis

identified proteins accession no. molecular weight (kDa) scrambled abundance targeted abundance

myosin-11 tr|E9QPE7|E9QPE7 223 0 53
Filamin-A sp|Q8BTM8|FLNA 281 0 35
vimentin sp|P20152|VIME 54 0 25
Col6a3 tr|E9PWQ3|E9PWQ3 354 0 24
fibronectin sp|P11276|FINC 265 0 17

Figure 2. Validation of proteomic analysis. (A) Immunoblot of fibronectin after pull-down with PREY and scrambled PREY.
(B) Immunoblot of Filamin-A after pull-down with PREY and scrambled PREY. (C) Immunostaining of Filamin-A in mouse
carotid artery sections. Red = Filamin-A, green = F-actin, blue = nucleus. Scale bars are 50 μm.
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chemistry for targeting and extending circula-
tion time.38 We produced targeted liposomes using
the phage-displayed peptide PREY and scrambled
PREY. PREY and scrambled PREY were conjugated
to 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-
N-(hexanoylamine) (DPHE, Avanti Polar Lipids, Alabaster,
AL). Liposomes were formed using a 97.6:2.4 molar ratio
of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC,
Avanti Polar Lipids) to peptide�DPHE conjugates, using
a thin film rehydration and sonication method.39,40

1,10-Dioctadecyl-3,3,30,30-tetramethylindodicarbocyanine
perchlorate (DiD) or 1,10-dioctadecyl-3,3,30,30-tetra-
methylindotricarbocyanine iodide (DiR) was added to
the liposome mixture as a fluorescent tracer. DiD-
containing liposomes were used for confocal imaging,
and DiR-containing liposomes were used for flow
cytometry and liposome characterization experiments.
Peptide-targeted liposomes were found to have an

average hydrodynamic diameter of 64 nm with a
polydispersity of 0.295 by dynamic light scattering
(Figure 3A). This size of the liposome was inside the
acceptable size range for vascular delivery of nano-
particles.41 When incubated with whole blood or in
buffer, we observed no difference in liposome stability
(Figure 3B). These results indicate that targeted lipo-
somes are not destabilized in blood, making them
suitable for vascular delivery. The whole blood

aggregation assay may not predict the stability of the
liposomes in hemodynamic conditions; however, simi-
lar liposome compositions have been utilized for vas-
cular delivery. In addition, when injected into mice,
liposomes were found to accumulate in the spleen and
liver, with negligible accumulation in the heart, lungs,
kidneys, and other tissues. This biodistribution is char-
acteristic for clearance of liposomes with similar com-
position and also indicates a low risk for cardiac or
pulmonary toxicity.42 Liposome solutions (0.9 mg of
fluorophore per kg bodyweight, 1.6mM lipids in Hanks
buffered saline (HBS)) were administered to mice by
intravenous injection through the tail vein 4 days after
the partial ligation procedure. Fifteen hours post-
injection, mice were euthanized, and arteries were
analyzed for liposome targeting. Liposome uptake
was compared between LCA and RCA using scrambled
PREY-conjugated liposomes as a control.
Figure 3C shows en face preparations of ligated left

carotid arteries after liposome injection. We found that
PREY-targeted liposomes accumulate in the partially
ligated LCA (Figure 3C, bottom) while scrambled PREY-
conjugated liposomes showed minimal uptake in the
ligated vessel (Figure 3C, top). We also investigated
uptake of targeted nanoparticles in the lesser curva-
ture of the aortic arch, another vascular location known
to have disturbed flow.1 Figure 3D shows a cross

Figure 3. Liposome characterization and vascular targeting. (A) Dynamic light scattering of targeted liposomes. (B) Whole
blood compatibility of targeted liposomes. (C) En face preparations of ligated left carotid arteries with scrambled and
targeted liposome injections. Red = liposome fluorescence, blue = nuclei, green = elastin autofluorescence; scale bars =
100 μm. (D) Cross section of amouse aortic arch showing targeted liposome accumulation in the lesser curvature of the aortic
arch (inset). Green = elastin autofluorescence, red = liposome fluorescence; scale bar = 250 μm, inset scale bar = 100 μm.
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section of the aortic arch of a mouse after liposome
injection. We observed accumulation of PREY-targeted
liposomes in the lumen at the inner curvature of the
aortic arch in mice without partial carotid ligation
surgery. These results demonstrate that PREY-targeted
liposomes home to natural regions of disturbed flow
in vivo.

Next we sought to determine the vascular cell type
targeted by PREY liposomes. To do this, we performed
flow cytometry on arteries after liposome injection.
Single cell suspensions from the LCA and RCAwere co-
stained with platelet endothelial cell adhesion mole-
cule (CD31) as a marker for endothelial cells, protein
tyrosine phosphatase receptor type C (CD45) as a
marker for all leukocytes, and stem cell antigen-1
(Sca1) as a marker for stem cells which are known to
reside in the vascular adventitia.43 Dead cells and cell
clusters were excluded from analysis. This analysis
showed that PREY-targeted liposomes accumulate
in CD31þ endothelial cells significantly more than
scrambled PREY-conjugated liposomes (Figure 4A).
Increased uptake of liposomes in the left carotid artery
was also observed in CD45þ and Sca1þ cells; however,
no significant difference was observed between PREY
and scrambled PREY liposomes (Figure 4B,C). This is

likely due to uptake of liposomes by immune cells,
including monocyte/macrophages, which are known
to accumulate in vasculature with activated endothe-
lium. Increased numbers of positive leukocytes in the
ligated artery with both PREY and scrambled PREY
liposomes could reflect recruitment of these cells from
circulation by the activated endothelium.
We next sought to determine if PREY-targeted nano-

particles could be used for drug delivery to improve
endothelial function in atheroprone areas under dis-
turbed flow. Oxidative stress is a major cause of
endothelial dysfunction in diseases such as athero-
sclerosis, hypertension, and diabetes.5,44 Previously,
we have shown that a major source of reactive oxygen
species (ROS) in endothelial cells exposed to disturbed
flow is uncoupled nitric oxide synthase.45 Tetrahydro-
biopterin (BH4) is a critical cofactor for the NO
synthases. BH4 permits transfer of electrons from the
prosthetic heme group to the guanidino nitrogens of
L-arginine, allowing formation of NO. In the absence of
BH4, electrons from the NOS heme group reduce
oxygen to produce superoxide. We have found that
laminar shear induces the synthesis of BH4, while it is
deficient in endothelial cells exposed to oscillatory
shear stress.8,46 BH4 oxidation to inactive BH2 also

Figure 4. Flow cytometry analysis of cellular targeting. (A) CD31þ and CD45� cell population; (B) CD45þ cell population;
(C) Sca1þ cell population.
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occurs in endothelial cells exposed to disturbed flow
and further depletes intracellular BH4. In the partial
carotid ligation model, we have confirmed that BH4

levels are reduced, and that oral supplementation of
BH4 can recouple NOS and abrogate the accelerated
atherosclerosis that occurs in the ligated artery.45,47,48

Challenges associated with delivery of exogenous BH4

include oxidation and poor cellular uptake in endothe-
lial and parenchymal cells.49 We therefore sought to
use the PREY-targeted liposomal nanocarriers to pro-
tect BH4 from oxidation in circulation and deliver BH4

to endothelial cells in atheroprone regions.
BH4 was encapsulated in liposomes by a thin film

rehydration technique.50 We found that liposome-
encapsulated BH4 was significantly more stable than
free BH4 over 24 h incubation in 50% serum (Figure 5A).
To determine if targeted nanoparticles could increase
BH4 concentration in target tissue, targeted nanopar-
ticles containing BH4 were injected by tail vein 1 day
post-ligation in wild-type mice, and the carotids were
removed for measurement of pterins 7 days later.
PREY-targeted nanoparticles were found to signifi-
cantly increase BH4 concentration in target tissue
compared to scrambled PREY controls (Figure 5B).
Next, wemeasured superoxide levels in carotid arteries
by monitoring the conversion of dihydroethidium
(DHE) to its superoxide adduct, 2-hydroxyethidium.
PREY-targeted liposome delivery of BH4 significantly
decreased superoxide in the ligated artery compared
to scrambled peptide controls (Figure 5C). These re-
sults indicate that targeted delivery of BH4 can success-
fully increase the availability of this critical cofactor and

effectively rescue endothelial dysfunction as indicated
by the reduced production of superoxide.
To determine if targeted BH4 delivery can prevent

plaque formation in response to disturbed shear stress
and hypercholesterolemia, apolipoprotein (Apo) E de-
ficient mice underwent partial carotid artery ligation
surgery and were fat fed to induce atherosclerosis.51,52

This model leads to accelerated atherosclerotic lesions
after 1 week of a high-fat diet.9 Mice received nano-
particle injections at 1 day post-ligation, and end point
experiments were conducted at 7 days post-ligation.
We found a significant decrease in plaque burden
in the ligated left carotid artery of mice that received
PREY-targeted liposome injections compared to scram-
bled controls (Figure 5D,E). BH4-containing targeted
liposomes did not significantly alter total cholesterol
or triglycerides in these animals (Figure 5F). This
indicates that nanocarrier delivery of BH4 prevents
atherosclerosis caused by endothelial dysfunction
in areas of disturbed flow, even in the case of hyper-
cholesterolemia.

CONCLUSION

Atherosclerotic lesions develop when focal en-
dothelial dysfunction caused by disturbed shear stress
is compounded by systemic risk factors such as hy-
percholesterolemia. Targeted drug delivery to areas of
disturbed flow is a promising approach to prevent
atherosclerosis before lesions develop. Because pre-
diction of these atheroprone areas is impossible, pro-
gramming nanocarrier functions to navigate to and
detect atheroprone areas is an ideal but unmet need.

Figure 5. Liposomal delivery of tetrahydrobiopterin. (A) Liposomes maintained the stability of BH4 in serum significantly
more than unencapsulated BH4 after 24 h; p = 0.017. (B) Liposome delivery significantly increased BH4 concentration in the
ligated artery with targeted liposomes but not with scrambled controls; p = 0.040. (C) Liposomal delivery of BH4 significantly
decreased superoxide concentration in the ligated arterywith targeted liposomes but not with scrambled controls; p = 0.001.
(D) Liposomal delivery of BH4 significantly reduced plaque burden in the ligated left carotid artery of ApoE�/�mice fed a high
fat diet for 7 days. Plaque is outlined in red, and lumen is outlined in blue. Scale bars = 100 μm. (E) Plaque area quantified;
p = 0.0015. (F) Liposome delivery did not change lipid metabolism as measured by total serum cholesterol and triglycerides;
p = 0.47 and 0.11, respectively.
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To accomplish this, we first developed a method to
target atheroprone vasculature by in vivo phage dis-
play. We discovered four peptides that selectively
target atheroprone vasculature. A candidate peptide,
PREY, was used to form targeted liposomal nano-
carriers, which were observed to accumulate in areas
of disturbed shear in vivo. We also showed that the
PREY-targeted liposomes home to endothelial cells in
atheroprone vasculature, making this nanocarrier a
promising candidate to treat endothelial dysfunc-
tion. To improve endothelial function caused by dis-
turbed shear stress, we targeted uncoupled nitric
oxide synthase by delivering BH4 as a candidate drug.

PREY-targeted liposomes were shown to overcome
known delivery barriers for BH4 by stabilizing BH4 in
serum and delivering BH4 to target tissue. BH4 delivery
was shown to reduce vascular superoxide in the ligated
artery of C57/BL6J mice and reduce plaque forma-
tion in the ligated artery of ApoE�/� mice. Our results
indicate that PREY-targeted nanocarrier delivery of
BH4 could be used as a prophylactic treatment for
atherosclerosis. In addition to allowing nanoparticle
drug delivery, peptides like PREY may be useful for
diagnostic imaging to assess residual risk factors such
as the number and location of areas of atheroprone
vasculature.

MATERIALS AND METHODS
Unless otherwise noted, all reagents were purchased from

Sigma-Aldrich, St. Louis, MO.
Animals Studied. Wild-type C57BL/6 and ApoE�/� mice were

purchased from Jackson Laboratories (Bar Harbor, ME). The
institutional animal care and use committee at Vanderbilt
University approved all animal protocols. All in vivo experiments
were performed in a partial carotid artery ligation model of
disturbed flow.9 Male mice at an age of 10�14 weeks under-
went a surgical procedure in which the LCA was exposed and
three of four of its branches;the left external carotid, left
internal carotid, and the occipital artery;were ligated with
6-0 silk suture, while the superior thyroid artery was left intact.
Care was taken to avoid damaging the superior thyroid artery
during ligation. During the same surgical operation, the RCA
was surgically exposed andmanipulated in the sameway as the
LCA but not ligated. The RCA served as a sham control. Doppler
ultrasound was performed using a VisualSonics Vevo 770
(Fujifilm VisualSonics, Inc., Toronto, Canada) microimaging sys-
tem to visualize blood flow in the ligated and unligated arteries.
Images were acquired using the RMV-704 ultrasound probe
transmitting at 100% power at a frequency of 30 MHz with a
receiving Doppler gain of 10 dB.

In Vivo Phage Display. In vivo phage display was performed in
C57/BL6 mice 4 days post-ligation. Two peptide libraries were
screened in this study, the Ph.D.-12 and Ph.D.-C7C libraries
(New England Biolabs, Ipswich, MA, Cat# E8110S and E8120S,
respectively). Phage peptide libraries were injected into the tail
vein of the mice at a concentration of 2 � 1011 plaque-forming
units to ensure a 100-fold representation of all clones in the
phage library containing a theoretical 2 � 109 different clones.
After 2.5 h of circulation time, mice were euthanized by CO2

asphyxiation and perfused at physiological pressure with nor-
mal saline containing 10U 3mL�1 heparin, and thenboth carotid
arteries were surgically removed and processed separately. In
order to remove unbound phages, the excised arteries were
cannulated with a 30 gauge syringe and washed with 0.5 mL
Tris-buffered saline (TBS) with 0.1% v/v Tween-20 (TBST) and
transferred to fresh TBST. In order to expose the endothelium
for the next steps, each arterywas cut lengthwisewith a number
10 scalpel. Arteries were then washed with nonspecific elution
buffer consisting of 0.1 M glycine/HCl (pH 2.2) with 1 mg 3mL�1

bovine serum albumin to remove phages bound to the surface
of the vessels and weakly bound phages. Next, phages were
eluted with 100 mM triethanolamie in TBS.17 The eluted phages
were then used to transform Escherichia coli for amplification,
and the number of phages binding to the target condition was
quantified by titration according to the manufacturer's proto-
col. For amplification, E. coliwere transformed at early log phase
(OD600 0.01�0.06) with phages and cultured for 4.5 h with
vigorous shaking. Phages were then purified by ultracentrifuga-
tion and overnight precipitation into 20% w/v polyethylene
glycol (MW = 8000) with 2.5 M NaCl. Amplified phages from the

LCA were then used in the subsequent rounds of phage display
following the same procedures.

LB agar plates for titration contained 0.2 mM isopropyl-β-D-
thiogalactoside, 0.1 mM 5-bromo-4-chloro-3-indolyl-β-D-galac-
toside, 10 g 3 L

�1 bacto-tryptone, 5 g 3 L
�1 yeast extract, 10 g 3 L

�1

NaCl, and 15 g 3 L
�1 agar. Visualizing β-gal-positive colonies

allowed for quantification of phage titer. After the third and
fourth round of phage panning, 10 colonies were sequenced
from titration plates to identify consensus sequences. For
sequencing, colonies were picked using sterile pipet tips and
deposited into 30 μL of platinum PCR Supermix (Invitrogen,
Grand Island, NY, Cat# 11306-016) containing 0.5 μM forward
and reverse primers (forward primer 50-GTCATTGTCGGCGCA-
ACTATCGG-30 , reverse primer 50-CCCTCATAGTTAGCGTAACG-30).
Amplified DNA fragments were purified using QIAquick PCR
spin columns (Qiagen, Hilden, Germany, Cat# 28104) and
diluted in DNase-free water for sequencing. Sanger sequencing
was performed at the Vanderbilt Technologies for Advanced
Genomics using the reverse primer from PCR amplification.53

To validate the affinity of consensus sequences, consensus
clones were amplified as described previously by inoculating
an E. coli culture with a consensus clone colony and injected
following the same procedures as in vivo phage library panning.
Titration of phages binding to the LCA versus RCA was used to
determine the relative affinity for the target condition. The titer
of phages recovered was normalized to the protein content of
the corresponding vessel. For measurement of protein concen-
tration, carotid artery segments were placed in 50 μL of RIPA
lysis buffer (Thermo Scientific, Rockford, IL, Cat# 89900) contain-
ing protease and phosphatase inhibitors (Roche, Indianapolis,
IN, Cat# 05892970001 and 04906845001, respectively) and
sonicated for 1 min on ice to release protein. Protein content
was measured by small-volume BCA assay (Thermo Scientific,
Cat# 23225).

Peptide Synthesis. Peptides were synthesized on a PS3 three-
channel serial peptide synthesizer (Protein Technologies, Inc.,
Tucson, AZ) on low-substitution glycine-loaded Wang or
2-chlorotrityl resin support using standard solid-phase fluore-
nylmethyloxycarbonyl chloride chemistry.N-Methylpyrrolidone
(Fischer Scientific) was utilized as a solvent in all peptide
syntheses. O-(6-Chlorobenzotriazol-1-yl)-N,N,N0 ,N0-tetramethy-
luronium hexafluorophosphate was used as an activator
(Chempep, Wellington, FL) in the presence ofN-methylmorpho-
line. All amino acids were double coupled in order to maximize
yield and purity. All peptides were N-acetylated by reactionwith
acetic anhydride. Peptides were cleaved and deprotected in
trifluoroacetic acid/water/triisopropylsilane (95/2.5/2.5). Suc-
cessful peptide synthesis was verified through electrospray
ionization mass spectrometry (ESI-MS) analysis on a Waters
Synapt ESI-MS. The peptide was then further purified by re-
verse-phase high-performance liquid chromatography (HPLC) on
a Waters 1525 binary HPLC pump outfitted with an extended
flow kit, a Waters 2489 UV/visible detector, and a Phenomenex
Luna C-18(2) AXIA packed column (100A, 250� 21.2 mm, 5 μm).
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HPLC-grade water with 0.05% formic acid (solvent A) and HPLC-
grade methanol with 0.05% formic acid (solvent B) were used as
themobile phases, and the peptidewas purified utilizing a 90%A
to 90% B gradient over 25 min at a flow rate of 16 mL 3min�1.
Methanol was removed from purified fractions with a rotary
evaporator, and the purified fractions were then frozen and
lyophilized. Peptide purity was verified through ESI-MS.

Determining a Potential Binding Partner for the PREY Peptide. To
determine the binding partner for the PREY peptide, we per-
formed a pull-down followed by proteomics analysis. PREY
peptides and scrambled PREY control peptides were conju-
gated at the C-terminus with biotin-pentylamine by EDC-
sulfoNHS coupling (EZ-Link pentylamine-biotin, Fisher Scientific,
Rockford, IL). Conjugates were purified by dialysis overnight to
remove excess pentylamine-biotin. Conjugation products were
confirmed by ESI-MS. Two milligrams of each peptide�biotin
conjugate was mixed with 1 mg of streptavidin-conjugated
paramagnetic particles (Magnesphere, Promega, Madison, WI).
To remove excess peptide, beads were washed five times prior
to use. For pull-down experiments, mice were sacrificed 4 days
after partial carotid ligation surgery. Carotid arteries were
removed, immediately frozen in liquid nitrogen, and homoge-
nized on dry ice. Artery homogentate was dissolved in 800 μL of
NP40 buffer (0.5% Triton-100 in Tris-buffered saline pH = 7.8
with protease inhibitors), and insoluble proteins were cleared
by centrifugation. Four hundred microliters of protein was
mixed with 100 μg of peptide-conjugated beads and incubated
for 1.5 h at room temperature. Beads were washed four times
with NP40 buffer, and proteins were eluted with 30 μL of
1� activated Laemmli buffer by heating to 70 �C for 10 min.

Shotgun proteomic analysis of eluatewas performed by first
resolving eluted proteins approximately 1 cm using a 10%
Novex precast gel and then performing in-gel tryptic digestion
to recover peptides.

Resultingpeptideswere analyzedby a70mindata-dependent
LC-MS/MS analysis. Briefly, peptides were autosampled onto a
200 mm � 0.1 mm (Jupiter 3 μm, 300A) self-packed analytical
column coupled directly to an LTQ (ThermoFisher) using a
nanoelectrospray source and resolved using an aqueous to
organic gradient. A series of full-scan mass spectra followed
by five data-dependent tandem mass spectra (MS/MS) were
collected throughout the run, and dynamic exclusion was
enabled to minimize acquisition of redundant spectra. MS/MS
spectra were searched via SEQUEST against a mouse database
that also contained a reversed version for each of the entries
(http://www.ncbi.nlm.nih.gov/pubmed/7741214). Identifications
were filtered and collated into spectral count numbers at the
protein level using Scaffold (Proteome Software).

Western Blot. Filamin-A and fibronectin pull-down was con-
firmed by Western blot. Pull-downs were performed as de-
scribed previously, and eluted protein was used for Western
blot. Proteins were run on a 4�20% SDS-PAGE gel and trans-
ferred to polyvinylidene fluoride membranes overnight at 30 V
at 4 �C. Membranes were blocked for 1 h in 5% milk in 0.1%
TBST. Anti-Filamin-A antibody (ab51217, Abcam, Cambridge,
MA) and anti-fibronectin antibody (ab23750, Abcam) were
diluted 1:500 in TBST and incubated with the membranes for
1 h at room temperature. Filamin-A was visualized as a single
band at 281 kDa in Western blots. Fibronectin was visualized as
a single band at 265 kDa.

Immunostaining. Immunofluorescence staining was performed
on fix-perfused mouse carotid arteries embedded in optimal
cutting temperature (OCT). Five micron sections were sliced in a
serial sequence. Samples were permeabilized with 0.1% Triton
X-100 (Sigma-Aldrich). Antigen blocking was performed with
5% bovine serum albumin (BSA) prior to incubation with anti
Filamin-A antibody (ab51217, Abcam). Additional blocking with
10% donkey serum was performed before incubation with
secondary antibodies. Donkey polyclonal antibodies conju-
gated to Alexa Fluor 488, 555, or 647 were used for binding
primary antibodies. Where applicable, samples where then
subsequently incubated with phalloidin�Alexa 488 (Life
Technologies) for visualization of F-actin. 4',6-Diamidino-2-
phenylindole (Invitrogen) was added in the last wash follow-
ing incubation with secondary antibodies or phalloidin.

All slides were mounted with Prolong Antifade media (Life
Technologies).

Targeted Liposome Synthesis and Characterization. The phage-
displayed peptide acetyl-GSPREYTSYMPHGSGS-COOH (AcPREY)
and the scrambled control peptide acetyl-THRPMSSYEPGYGSGS-
COOH (AcPREYs) were conjugated to DPHE (Avanti Polar Lipids,
Alabaster, AL, Cat# 870125C) to form targeted liposomes by
anhydrous N-hydroxyuccinimide (NHS) and N,N0-dicyclohexyl-
carbodiimide (DCC) reaction. Two equivalents of the acetylated
peptide was added to 4 equiv of DCC and NHS andmixed with 1
equiv of DPHE dissolved in a 1:1 mixture of anhydrous dimethyl-
formamide (DMF) and anhydrous methanol under nitrogen at
room temperature. Two equivalents of triethylamine in DMF was
added to the reaction to act as a catalyst. The reaction was
allowed to proceed overnight; however, robust precipitation of
dicyclohexylurea was observed after 30 min. The reaction
product was filtered through a 0.45 μm PTFE filter to remove
insoluble products, precipitated twice into cold diethyl ether,
and dried in vacuo. Reaction products were then dissolved in a
65/35/8 mixture of chloroform/methanol/water, diluted into
water, and purified by flash chromatography over disposable
octadecyl C18 columns (Bakerbond spe, Avantor Performance
Materials, Center Valley, PA, Cat# 720-06). Purified AcPREY-DPHE
product was eluted with 100%methanol, precipitated into cold
diethyl ether, and dried in vacuo. Reaction products were
confirmed by ESI-MS.

Liposomes were formed using a 97.6:2.4molar ratio of DPPC
(Avanti Polar Lipids, Cat# 850355C) and AcPeptide�DPHE con-
jugates. DiD or DiR was added to the liposome mixture as
a fluorescent tracer. To form liposomes, 2.08 μmol of DPPC
(25 mg 3mL�1 in chloroform), 0.052 μmol of AcPeptide�DPHE
(12.5 mg 3mL�1 in methanol), and either 0.15 μmol of DiD
(25 mg 3mL�1 in methanol) or 0.14 μmol of DiR (25 mg 3mL�1

inmethanol) were combinedmixedwell in a 13� 100mmglass
test tube and dried under nitrogen and subsequently in vacuo
for at least 2 h. The mixture was resuspended in 1.3 mL of HBS
solution containing 100 mM NaCl, 20 mM HEPES/NaOH pH 7.5,
and 0.02% w/v sodium azide and sonicated for 1.5 h to yield
a 1.6 mM liposome solution containing 0.12 mM DiD or DiR.
DiD-containing liposomes were used for confocal imaging, and
DiR-containing liposomes were used for flow cytometry, IVIS
imaging, and liposome characterization experiments.

The hydrodynamic diameter was characterized on a Malvern
Zetasizer Nano-ZS (Malvern Instruments Ltd., Worcestershire, UK).

Whole Blood Compatibility. Whole blood compatibility of the
liposomes was determined by performing a whole blood
aggregation assay as previously described.54 Targeted lipo-
somes were formed as previously described at 1.6 mM con-
centration in HBS. Serial dilutions of the liposomes were then
added to human whole blood at a final liposome concentration
of 1, 0.1, and 0.01mM. As a control, themicelles were also added
to HBS at the same concentration. Blood�liposome mixtures
were placed on a shaker for 5 min and incubated at 37 �C for an
hour. The plates were then centrifuged at 500g for 5 min. One
hundred microliters of supernatant from each well was trans-
ferred to a black clear-bottom 96-well plate, and DiR fluores-
cence was measured with an excitation of λ = 750 nm and an
emission wavelength of λ = 780 nm on a TECAN Infinite M1000
Pro plate reader (Tecan Group Ltd., Mannedorf, Switzerland).

Tetrahydrobiopterin Encapsulation and Protection from Oxidation.
BH4 was encapsulated in liposomes by a thin film rehydration
technique.50 First, lipids in organic solvent were dried as pre-
viously described. Immediately before formation of liposomes,
BH4 was dissolved in HBS at 17 mM. Lipids were then recon-
stituted in 17 mM BH4 in HBS and sonicated for 1.5 h to form
liposomes. BH4-containing liposomes were found to have the
same hydrodynamic diameter as liposomes prepared without
BH4. Because BH4 is known to rapidly oxidize in physiological
conditions, the ability of the liposomes to protect BH4 from
oxidation was examined. Liposomes formed with BH4 were
incubated at 1.7 mM in 50% FBS in HBS. Samples were collected
at 30min and 24 h to determine the amount of BH4 remaining in
solution.

Liposome Injections. For liposome localization and targeting
experiments, liposome solutions were administered to mice by
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intravenous injection through the tail vein 4 days after partial
carotid ligation at a concentration of 0.9 mg of fluorophore
per kg body weight. Fifteen hours post-injection, mice were
euthanized by CO2 inhalation and perfused with heparinized
saline as described previously. Arteries were then analyzed for
liposome uptake by flow cytometry, IVIS imaging, and confocal
microscopy. Liposome uptake was compared between LCA and
RCA using scrambled peptide-targeted liposomes as a control.

Flow Cytometry. To obtain single cell suspension solutions
from sample arteries, carotid arteries were surgically removed
and placed into a digestion solution consisting of phenol-red-
free RPMI 1640 medium (Life Technologies, Grand Island, NY)
with L-glutamine, 10% fetal bovine serum, 1 mg 3mL�1 collage-
nase A, 1 mg 3mL�1 collagenase B, and 0.1 mg 3mL�1 DNase 1
(Roche Diagnostics, Indianapolis, IN, Cat# 10103578001,
11088807001, and 10104159001, respectively). The arteries
were minced with sharp scissors for 2 min and then placed on
a shaker for 30min at 37 �C. Next, the arteries were filtered using
a 70 μm cell strainer to obtain cell suspensions. The cell strainer
was washed three times with 10 mL of RPMI 1640 to recover
dissociated cells. Next, the cells were centrifuged at 300g for
10 min and then transferred to FACS tubes for the rest of
processing. All subsequent steps took place in FACS buffer
consisting of 1� PBS with Ca2þ and Mg2þ, 1% bovine serum
albumin, and 0.1% sodium azide. The cell samples were first
processed by blocking Fc receptors with anti-CD16/CD32 for
10minat 4 �C (BDbiosciences, clone2.4G2, Cat#553142) for 10min
on ice. The cells were centrifuged at 300g for 5 min and washed
once with 1 mL of FACS buffer. Cell populations were character-
ized by Brilliant Violet 510 (BV510)-conjugated anti-CD45 anti-
body (BioLegend, clone 30-F11, Cat# 103137), phycoerythrin-
conjugated anti-CD31 antibody (BDpharmingen, cloneMEC13.3,
Cat# 561073), and fluorescein isothiocyanate-conjugated anti-
Ly-6A/E (Sca1) antibody (BD Pharmingen, clone E13-161.7, Cat#
553335). CD31 was considered a marker for endothelial cells,
CD45 as a marker for all leukocytes, and Sca1 as a marker for
stem cells.43 Cells were incubated with staining solutions for
30 min at 4 �C and then washed twice with FACS buffer. For
dead cell staining, 7-aminoactinomycin-D (7-AAD) (eBioscience,
Cat# 00-6993-50) was added to cells 10 min prior to sorting.
Acquisition of a minimum of 500 000 events was on a BD FACS
Canto II system (8-color, blue, red, violet, Cat# 338962), and
analysis was performed on BD FACSDiva software version 6.1.3
(BD Biosciences).

Gatingwas applied based on the single stain and flowminus
one controls. Dead cells and cell clumps were excluded by
gating on 7-AAD and then for single cells based on forward
scatter area versus forward scatter height.

Confocal Microscopy. For confocal microscopy experiments,
liposomes were formulated with DiD. For all imaging experi-
ments, mice were euthanized by CO2 inhalation 15 h post-
injection and perfused with heparinized saline as described
previously. For aortic arch samples, mice were subsequently
perfused at physiological pressure with 10% neutral buffered
formalin for 5 min and then dissected to isolate a tissue block
containing the heart, lungs, andwhole aorta. Tissue blocks were
further fixed in 10%buffered formalin for 24 h and subsequently
paraffin-embedded and sectioned at 5 μm. The Vanderbilt
Translational Pathology Shared Resource performed all embed-
ding and sectioning. For carotid artery samples, the carotid
arteries were surgically isolated, cannulated with a 30 gauge
syringe, and washed with TBST. Next, arteries were cut long-
itudinally to expose the endothelium and mounted on micro-
scope slides with 4% paraformaldehyde in PBS without Ca2þ

and Mg2þ. Carotid artery samples were counterstained with
Hoechst to visualize nuclei. Fluorescence images were acquired
using a Zeiss 710 confocal laser microscope.

Nanoparticle Delivery of BH4. Liposomes containing BH4 were
administered 1 day post-ligation by tail vein injection at 0.9 mg
of fluorophore per kg body weight. Animals studied included
apolipoprotein E knockout (ApoE�/�) and C57/BL6Jmice. Seven
days post-ligation, animals were sacrificed and end point
analysis was performed.

Quantification of BH4. BH4 concentrations were measured by
HPLC as previously described.45,55 To analyze arterial levels of

BH4, 7 days post-ligation, mice were sacrificed by CO2 inhalation
and perfused with ice-cold heparinized PBS. Carotid arteries
were surgically isolated, and care was taken not to stretch or
damage the arteries. Carotid arteries were then snap frozen in
liquid nitrogen. To obtain artery homogenate, carotid arteries
were ground using a mortar and pestle precooled on dry ice.
Artery homogenate was then dissolved in 110 μL of lysis buffer
(50 mM Tris-HCl, pH 7.4, 1 mM dithiothreitol, and 1 mM ethyl-
enediaminetetraacetic acid), and 12.5 μL of a 1:1 mixture of
1.5 M HClO4 with 2 M H3PO4 was added to precipitate proteins.
Samples were then centrifuged at 13 500g for 2 min at 4 �C.
Next, differential oxidation was performed in acid and alkaline
preparations. BH4 was detected by fluorescence (ex = 350 nm,
em= 450 nm) at a retention timeof 9.5min using a 5� 250mm�
5 um C-18 column that was used with an isocratic solvent system
consisting of 95% water with 5% methanol at a flow rate of
1mL 3min�1. Concentrationswere normalized to protein content as
measured by BCA assay according to the manufacturer's protocol.

Measurement of Superoxide. To evaluate the effect of nanopar-
ticle treatment on vascular ROS production, 2-hydroxyethidium
formation from DHE was measured by HPLC as previously
described.56 To measure arterial superoxide, 7 days post-
ligation, mice were sacrificed by CO2 inhalation and perfused
with ice-cold Krebs�HEPES buffer containing 99 mM NaCl,
4.69mMKCl, 25mMNaHCO3, 1.03mMKH2PO4, 5.6mMD(þ)-glucose,
20 mM Na-HEPES, 2.5 mM CaCl2 � 2H2O, and 1.2 mMMgSO4 �
7H2O. Carotid arteries were surgically isolated, and care was
taken not to stretch or damage the arteries. Each carotid artery
was placed on 1 mL of ice-cold Krebs�HEPES buffer and care-
fully trimmed to remove adventitial fat. Each artery was then cut
into five equally sized rings. A 5 μM stock solution of DHE in
anhydrous dimethylsulfoxide (DMSO)was created by degassing
DMSO under nitrogen for 30 min and adding to fresh DHE. Five
microliters of this stock solution was added to each artery, and
the sampleswere incubated in the dark at 37 �C for 30min. Next,
the artery rings were placed in 300 μL of ice-cold methanol and
homogenized using a dounce homogenizer. Sampleswere then
filtered through 0.2 μm PTFE filters and stored at �80 �C in the
dark until running. 2-Hydroxyethidium was detected by fluo-
rescence (ex = 480 nm, em = 580 nm) at a retention time of
13.5 min using a 4.5 � 250 mm reverse-phase C-18 column
(Nucleosil, Sigma-Aldrich, St. Louis, MO) and a mobile phase of
60% acetonitrile with 0.1% trifluoroacetic acid with a linear
increase in acetonitrile concentration from 37 to 47% over
23 min at a flow rate of 0.5 mL 3min�1.

Quantification of Plaque Burden in ApoE�/� Mice. ApoE�/� mice
received the partial carotid artery ligation surgery and were
immediately fed a western diet (Teklad #88137, 42% from fat,
Harlan Laboratories, Indianapolis, IN). Seven days post-ligation,
mice were sacrificed by CO2 inhalation.52 Mice were then
perfused with ice-cold heparinized saline and then perfused
at physiological pressure with 10% neutral buffered formalin.
Next, carotid arteries were surgically removed, cleaned of
excess adventitial fat, and mounted in OCT mounting medium
(TissueTek, VWR, Radnor, PA). Cryosections were obtained at
5 μm thickness. Sections were stained with hematoxylin and
eosin. To quantify plaque burden, lumen area was traced and
plaque area expressed as a percentage of the total lumen area.
Average lumen area covered was calculated for N = 4 animals
per group.

Serum Lipid Analyses. The serum total cholesterol and trigly-
ceride levels were determined in serum samples using enzy-
matic assays (Roche). Fast-performance liquid chromatography
was performed on an HPLC system model 600 (Waters, Milford,
MA) using a Superose 6 column (Pharmacia, Piscataway, NJ) in
both groups of samples (n = 4 and n = 4).

Statistical Analysis. Phage clone binding was evaluated based
on a two-tailed Wilcoxan matched-pairs signed rank test.
Targeted liposome injections were compared to scrambled
controls using Student's t test.
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