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E
ndothelial cells line the luminal sur-
faces of blood vessels and represent
an important therapeutic site for treat-

ing a plethora of diseases, ranging from
cardiovascular and pulmonary to neuro-
logical diseases and cancer.1�5 The targeting
of drugs and imaging agents to endothelial
cells can be challenging in part because
flow transports blood components includ-
ing drug carriers at roughly 10 endothelial
cell lengths per second in capillaries, but
targeting also holds great promise in the
optimization of numerous medical inter-
ventions.6�10 After intravenous injection,
for example, drugs and drug carriers con-
jugated with antibodies to endothelial sur-
face molecules platelet-endothelial cell
adhesion molecule-1 (PECAM) and intracel-
lular adhesion molecule-1 (ICAM) bind to
the endothelium and accumulate in vascu-
larized organs, especially in the pulmonary
vasculature.11�14 The lung represents a ma-
jor fraction of the endothelial surface and is
perfused by 100% of cardiac venous blood
output. Therefore, circulating antibodies to
these and other endothelial surface deter-
minants accumulate in the lung.9,15 En-
dothelial immunotargeting enhances the
efficacy and specificity of therapeutic action
of diverse drugs in animal models of throm-
bosis, ischemia, lysosomal storage diseases,
and inflammation.11,13,16�20 Endothelial
drug delivery (vascular immunotargeting)
thus represents a translational goal of broad
importance.
One particularly intriguing, but poorly

defined, aspect of targeted drug delivery is
theaffinity featuresof carriersofdiverseshapes
that have become recently available.21�24

The carrier geometry modulates circulation
and interactions with cells.14,25�28 For
example, elongated carriers have shown
longer circulation compared to spherical

counterparts, thereby improving bioavail-
ability and pharmacological effects.29,30 To
date, the knowledge of the role of carrier
geometry in endothelial targeting is limited
to one comparison of spheroid and discoid
polystyrene particles targeted to ICAM-1;
while the latter carrier showed higher effi-
cacy and specificity of targeting,14 similar
studies have not been pursued with other
shapes or compositions.
In this context, polymeric filomicelles, a

novel type of drug carriers based on amphi-
philic diblock copolymers containing as a
hydrophilic portion polyethylene oxide (PEO,
or polyethylene glycol, PEG) that can be
loadedwith diverse drugs and contrast agents
for imaging, areof particular interest.29,30 Poly-
meric filomicelles are flexible elongated
supramolecular structures self-assembled
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ABSTRACT The endothelial lining of the lumen of blood vessels is a key therapeutic target for

many human diseases. Polymeric filomicelles that self-assemble from polyethylene oxide (PEO)-

based diblock copolymers are long and flexible rather than small or rigid, can be loaded with drugs,

and;most importantly;they circulate for a prolonged period of time in the bloodstream due in

part to flow alignment. Filomicelles seem promising for targeted drug delivery to endothelial cells

because they can in principle adhere strongly, length-wise to specific cell surface determinants. In

order to achieve such a goal of vascular drug delivery, two fundamental questions needed to be

addressed: (i) whether these supramolecular filomicelles retain structural integrity and dynamic

flexibility after attachment of targeting molecules such as antibodies, and (ii) whether the avidity of

antibody-carrying filomicelles is sufficient to anchor the carrier to the endothelial surface despite the

effects of flow that oppose adhesive interactions. Here we make targeted filomicelles that bear

antibodies which recognize distinct endothelial surface molecules. We characterize these antibody

targeted filomicelles and prove that (i) they retain structural integrity and dynamic flexibility and (ii)

they adhere to endothelium with high specificity both in vitro and in vivo. These results provide the

basis for a new drug delivery approach employing antibody-targeted filomicelles that circulate for a

prolonged time yet bind to endothelial cells in vascular beds expressing select markers.

KEYWORDS: nanoparticle . filomicelle . drug targeting . drug delivery system .
endothelial delivery
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from stealthy diblock copolymers, which have extre-
mely high aspect ratio (20�60 nm in diameter and
1�20 μm in length).29 Due to such a high aspect ratio
and, when above the glass transition temperature,
their structural flexibility, filomicelles align with flow,
meander around obstacles including cells and avoid
cellular uptake.29,31 As a result of these unique hydro-
dynamic and stealth features endowed by PEO corona,
filomicelles have a uniquely long lifetime in circulation,
representing attractive nanocarriers for vascular drug
delivery, and initial studies have indicated that circu-
lating filomicelles can deliver drugs to tumors.29

Antibody-based targeting of filomicelles is studied
in the present work. Despite the exciting potential of
filomicelles to serve as carriers for targeted drug
delivery, two key aspects of their nature, both funda-
mental for this function, have not been addressed.
First, it is unclear whether self-assembled supramole-
cular filomicelles retain structural integrity and dy-
namic flexibility after attachment of a sufficient number
of a relatively large targeting molecule such as an
antibody. Second, it is also unclear whether the avidity
of antibody-bearing filomicelles is sufficient to anchor

the carrier to the endothelial surface despite the effects
of flow that impair adhesive interactions with vascular
cells. Here we generated filomicelles carrying various
antibodies that recognize a range of endothelial sur-
face molecules and found that these carriers exert
highly specific endothelial targeting in both cell cul-
tures and animals after intravenous injection.

RESULTS AND DISCUSSION

Synthesis of the Filomicelles. We devised a one-step
attachment of covalent streptavidin�antibody conju-
gates to filomicelles containing biotinylated copol-
ymer (Figure 1). The (EO)3 linker ((þ)-biotinyl-3,6,
9-trioxaundecanediamine) used to synthesize biotiny-
lated diblock copolymers provides biotin exposure in
the hydrophilic corona of the resultant filomicelles and
optimum length for both efficient streptavidin binding
and high conjugating reactivity (low steric hindrance of
the amino group). Synthesis in an excess of amine
provided biotin-poly(ethylethylene)-b-poly(ethyleneoxide)
(PEE37-PEO40-OCONH-(EO)3-CH2CH2NH-biotin, biotin-OE7)
andbiotin-poly(butadiene)-b-poly(ethyleneoxide) (PBD125-
PEO79-OCONH-(EO)3-CH2CH2NH-biotin, biotin-OB18) with

Figure 1. Design of antibody-decorated filomicelles (Ab/filomicelles) and proposed mechanism of their anchoring to the
target endothelial cells under blood flow. (A) Left top panel shows a general schematic view of biotinylated and antibody-
coated filomicelles (Ab/filomicelle); inset shows cross section of the Ab/filomicelle with highlighted hydrophobic area (red
area) loadedwith hydrophobic therapeutic or imaging agents (e.g., red fluorescent probe PKH-26 in the present study). Biotin
residues (green spheres) covalently conjugated to the free end group of the PEO part of the PEE-PEO diblock copolymer (PEE
block in red and PEO block in blue). Biotin-copolymer is blended to pristine copolymer prior to filomicelles formation,
providingbiotin residues exposed in the PEO coronaused for subsequent attachment of covalent antibody�streptavidin (SA)
conjugates (green Y-like symbols indicate antibody, and brown squares indicate streptavidin) to biotin-filomicelles. (B)
Targetingof a long andflexiblefilament inbloodflow. (i) If thefilomicelle avidity (dictatedby affinity of attached antibody and
its surface density on the filomicelle) or expression of endothelial binding sites is below the critical level, then shear forces;
which increase with particle length L;will dominate and prevent anchoring of the filament. (ii) If the filomicelle avidity and
target site density on the endothelium are sufficiently high, then binding prevails and the filament “zips up” on the targeted
cell despite the flow.
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minimal contamination of dimer and other side pro-
ducts (Figure 2; see Supporting Information for details).
Excess biotin-(EO)3-NH2 was removed through several
washings with dilute aqueous citric acid. GPC analysis
showed that the coupling of two molecules of acti-
vated diblock copolymers yielded less than 3% of the
unwanted triblock copolymers (Figure 2, inset table).
1H NMR revealed a characteristic 4.15 ppm signal in the
biotinylated copolymers (Supporting Information, Fig-
ure S1a,b, peak “c”), representing the terminal ethylene
unit of the parent polymer. This signal was up-shifted
from the initial position of 3.7�3.8 ppm due to the
replacement of the attached OH group with the more
deshielding carbamate group formed by conjugation
of biotin-(EO)3-NHCO- in the biotinylated polymer.

The biotinylated copolymer was blended with non-
modified copolymer at different ratios, and the poly-
mer mixtures were hydrated to generate the bio-
tinylated filomicelles. Their morphology and length
were characterized by fluorescence microscopy. In
accord with previous studies,29 the average length of
filomicelles formulated using nonbiotinylated OE-7 di-
block copolymer was 15 μm (Figure 3), and it should be

noted that the polydispersity in length is typically a few
micrometers. Filomicelles displayed a high degree of
flexibility that can be seen in Supporting Information
video. Blending the nonbiotinylated copolymer with
biotinylated OE-7 resulted in gradual reduction of the
contour length of the resultant filomicelles, to 50% of
the initial length (7�7.5 μm) at 4 mol % biotinylated
polymer in the blend. This effect can be attributed to
the increase of the average hydrophilic part of the
diblock copolymer blend as compared with the non-
biotinylated polymer (the biotin-OE7 polymer is more
hydrophilic than parent EO7 due to extra EO units
brought by the biotin linker and to the intrinsic polarity
of the biotin moiety). The addition of biotin-OE7 in the
blend above 4 mol % did not further shorten filomi-
celles but led to progressive contamination of filomi-
celles by spherical micelles. Furthermore, large amounts
of polymersomes (20�30%) were observed in the
hydrated samples of biotin-OB18 diblock copolymer
blends (not shown). To avoid these heterogeneities, we
have focused on the filomicelles formed from OE7
copolymer blended with up to 4 mol % of biotin-OE7
copolymer.

Figure 2. Optimized synthetic scheme for biotinylated diblock copolymers OE-7 (PEE37-PEO40) and OB-18 (PBD125-PEO79).
Synthetic conditions andpurification strategy allow the generation of biotinylateddiblock copolymer (A)with good yield and
low impurity levels of initial OB-18 (B) and biotin-PEG3-NH2 (C) and byproduct OB-18 self-reaction producing triblock
copolymer (D). Inset: table shows obtained yield of diblock copolymer A (weight percentage) and fraction of triblock
copolymerDdeterminedbyGPC (weight percentage). More detailed explanation and additional data are given in Supporting
Information.
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Coupling of Antibody�Streptavidin Conjugates to Filomi-
celles and Binding of Ab/Filomicelles to Endothelial Cells. Strep-
tavidin�biotin approach for protein attachment to
filomicelles allows (i) modular attachment of various
antibodies or control IgG to the surface of polymeric
filomicelles and (ii) adjustment of the antibody density
viamodulation of the biotinylated polymer ratio in the
polymer blend. In order to avoid aggregation of bioti-
nylated filomicelles by tetravalent streptavidin (SA), we
used one-step attachment of covalent IgG/SA conju-
gates instead of two-step streptavidin-mediated at-
tachment of biotinylated proteins. IgG/SA conjugates
do not cause aggregation of biotinylated carriers since
streptavidin�biotin binding sites in the conjugates are
partially blocked by the IgG molecule and cannot
accommodate more than one biotin residue conju-
gated to a macromolecule or nanocarriers.18

Using this approach, we attached IgG/SA or diverse
Ab/SA to biotinylated filomicelles, producing IgG/SA-
biotin-filomicelles and Ab/SA-biotin-filomicelles, indi-
cated hereafter as IgG/filomicelles and Ab/filomicelles.
In order to measure the number of IgG molecules
attached to filomicelles and trace them in targeting
studies in vitro and in vivo, 125I-IgG/SA was mixed with
nonlabeled IgG/SA or Ab/SA (in the case of nonspecific
versus targeted filomicelles, respectively) at 1:9 ratio or
10 mol % of labeled conjugates. In a series of experi-
ments, shown in Figure 4, we attached∼1600 copies of
IgG/SA per average biotinylated filomicelle with 10 μm
length (L) at maximal IgG/SA input (Figure.4A). The
estimation was based on the calculated maximal bind-
ing of IgG/SA to biotinylated filomicelles of 625 mol-
ecules PEE-PEOper onemolecule of IgG/SA (Figure 4A).

Filtration studies showed that IgG/SA attaches spe-
cifically to biotinylated but not pristine filomicelles
(Figure 4A and Supporting Information Figure S3).
Initial linear fragment of IgG/SA binding to biotinylated
micelles (Figure 4A, open circles, 0�100 nM of IgG/SA)
reflects strong interaction between IgG/SA and biotin,
whereas fragment 100�600 nM IgG/SA goes in parallel
with control curve (dashed lane) and reflects saturation
of the biotinylated micelles with the SA conjugates.
IgG/SA did not cause aggregation of biotinylated
filomicelles and Ab/filomicelles retained structural in-
tegrity for at least 36 h incubation in fresh human
plasma at 37 �C (Figure 4B).

Anti-PECAM/filomicelles bound to endothelial cells
while retaining the distinctive shape and size of filo-
micelles as is easily discerned by fluorescence micro-
scopy (Figure 5A). Quantitative analysis of 125I-IgG/SA
tracer attached to filomicelles showed that binding of
anti-PECAM/filomicelles is specific, as control IgG/filo-
micelles showed very low binding (Figure 5B).

IgG/Filomicelles Have High Blood Level in Circulation and Low
Retention in Capillaries. In the first series of in vivo experi-
ments, we determined blood level and lung uptake of
IgG/filomicelles after intravenous, tail-vein injection in
mice, and we compared them to spherical and discoid
IgG/carriers. We used formulations carrying nonspeci-
fic IgG to avoid potential confounding effects of target-
ing on parameters such as blood clearance and
biodistribution of carriers. Cells such as macrophages
in the liver and spleen possess receptors to bind the Fc
portion of IgG, and so some extent of coated carrier

Figure 3. Effect of inclusion of biotinylated block copoly-
mer on length offilomicelles. Influence of biotinylatedblock
copolymer amount on the morphological characteristics of
corresponding filomicelles obtained from its blends with
nonbiotinylated block copolymer. The contour length of
filomicelles decreaseswith the increase of the percentageof
biotinylated copolymer in the blend. Blending of more than
4 mol % of biotinylated copolymer results in generation of
sphericalmicellesmixedwith filomicelles. Pristine (pure) OE
filomicelles (length L = 15 μm, diameter D = 10 nm) without
biotinylated copolymer was used as reference, and its
relative contour lengthwas considered as 1.0. Lines connect
experimental points for presentation purpose only.

Figure 4. Synthesis of IgG-coated filomicelles. (A) 125I-IgG/
SA conjugation to biotin-filomicelles. 125I-IgG/SA was incu-
bated for 30 min at 20 �C with pristine PEO-PEE filomicelles
vs filomicelles containing 4mol % of biotin-PEO-PEE. Filtering
through 0.22 μm pore Millipore filters retaining filomicelle-
bound 125I-IgG/SA revealed that 125I-IgG/SA did not bind to
pristine filomicelles, showing the same retention on the
filter as after filtration of free125I-IgG/SA in PBS. PEO assay
showed that 95% of filomicelles were retained on the filter.
Note that the curve for pristine filomicelles coincides with
the curve for PBS, reflecting some nonspecific binding of
125I-IgG/SA to the filter. (B) Stability of IgG/filomicelles. IgG/
SA was conjugated with biotinylated filomicelles (initial L
∼10 μm) labeled with PKH26 fluorescent dye. Fluorescence
microscopy revealed no apparent aggregation or degra-
dation of IgG/filomicelles after incubationwith fresh human
plasma for 36 h at 37 �C. Scale bar: 10 μm. Bright fluorescent
spheres represent moving filomicelles out of the focal
plane. Lines connect experimental points for presentation
purpose.
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clearance is to be expected. Radiolabeled IgG/discs
and IgG/filomicelles showed, respectively, 2-fold and
6-fold higher blood level than IgG/spheres (Table 1 for
spheres and filomicelles; data for IgG/discs were pub-
lished previously14). Distribution of IgG/carriers in the
main organs 1 h after iv injection is shown in Support-
ing Information (Table S1). Therefore, elongated car-
riers, especially flexible filomicelles, are cleared from
the bloodstream much less effectively than spherical
carriers despite the much larger major dimension of
the former carriers: discs and filomicelles are 3 and
∼7.5 μm in length, respectively, whereas the mean
diameter of spheres is ∼150 nm.

Pulmonary uptake of IgG/filomicelles after 1 h was
studied next and calculated as a localization ratio, LR, %
ID/g in an organ divided by%ID/g in blood. For the IgG/
filomicelles, LR was almost 14-fold lower than IgG/
spheres (Table 1) and being nearly zero and is one of
the lowest pulmonary uptake levels reported in the
literature.10,14 Furthermore, despite a major difference
inmaximal dimension, the asymmetric IgG/discs showed
about 4-fold higher nonspecific vascular retention
versus IgG/filomicelles. The measurements confirm
that nontargeted filomicelles exert minimal nonspecific

retention in a highly perfused organ such as lung with
extended capillary networks. This result is of high
translational value, as it implies that filomicelles do
not cause vascular embolism and thereby supports
potential clinical safety of these carrier (Table 1).

Table 1 shows that, opposite to other carriers, the
major fraction of IgG/filomicelles (∼40% of injected
dose) remained in the circulation 1 h after iv injection.
Blood represents ∼30% of total mass of the lung, the
most vascularized and perfused organ in the body.
Therefore, the lung level of isotope after injection of
IgG/filomicelles may largely reflect the residual blood
pool in the pulmonary vessels. Indeed, infusion of
10 mL of PBS/heparin at sacrifice, providing bloodless
white lungs, reduced pulmonary level of IgG/filomi-
celles by ∼80% (4.7 ( 1.2 vs 1.1 ( 0.7 vs %ID/g in
nonperfused vs perfused lungs). Therefore, 3.6% ID/g
of the pulmonary uptake of IgG/filomicelles can be
attributed to nonbound fraction in the residual blood
pool in the pulmonary vasculature. Accordingly, this
value is subtracted from data of pulmonary uptake of
targeted Ab/filomicelles obtained in the subsequent
experiments, in order to eliminate the nonspecific
blood pool fraction (see below).

Endothelial Targeting of Antibody/Filomicelles in Vivo. To
study endothelial targeting in animals, we measured
pulmonary uptake of Ab/carriers after tail-vein injec-
tion into healthy mice. We used antibodies directed to
endothelial surface molecules ICAM-1, PECAM-1, and
thrombomodulin (two monoclonal antibodies: low
affinity TM273 and high affinity TM411). The Ab surface
density was∼7000 and∼8000 Ab/μm2 for spheres and
filomicelles, respectively. Nonspecific IgG/filomicelles
served as a control for background levels of nonspe-
cific binding. For rigorous analysis of the specificity of
the endothelial targeting manifested by pulmonary
accumulation, we calculated the ratio of uptake of
targeted filomicelles versus nontargeted formulation
normalized by respective blood levels, that is, the
immunospecificity index (ISI). This provides the most
accurate measure of targeting specificity.7

Ab/spheres showed a higher level of pulmonary
targeting than free antibodies, reflecting high avidity
of this type of carrier. Both the absolute uptake in the
lung expressed as %ID/g (Figure 6A) and targeting
specificity expressed as immunospecificity index
(Figure 6B) increased 2- and 3-fold with anti-ICAM/
spheres and anti-TM/spheres relative to the respective
free antibodies (non-carrier-conjugated). A notable
exception was found with thrombomodulin antibody
TM273, which is known to have a relatively low
affinity.32�34

In contrast to Ab/spheres, Ab/filomicelles showed
lower absolute uptake in the lung than free antibodies
(Figure 6A), including both the nonspecific IgG and the
targeting antibodies. These results are fully consistent
with the persistent circulation and enhanced stealth

Figure 5. Binding of the anti-PECAM/filomicelles to endothe-
lial cells. (A) Fluorescence micrographs (400�) of labeled
anti-PECAM/filomicelles bound to cells. HUVEC were incu-
bated for 1 h at 37 �C with labeled filomicelles, washed, and
stained. The cell nuclei were stained with DAPI (blue).
Dashed lines mark the cell borders, as observed by contrast
phase. Inset: 4� magnified image of filomicelles bound to
endothelial cells. (B) Quantification of binding of 125I-traced
filomicelles coated by IgG or anti-PECAM to HUVEC. Cells
were incubated with increasing concentrations of radiola-
beled filomicelles for 1 h at 37 �C, washed, lysed, and mea-
sured using a γ-counter. Mean( SD values are shown, n = 3.
Lines connect experimental points for presentation purpose.

TABLE 1. Level of 125I-IgG/Carriers in Blood and Lungs

after Intravenous Injection in Micea

IgG spheres IgG filomicelles

blood, %IDb 6.2( 0.7c 38.1( 13.3
blood, %ID/g 3.6( 0.5 25.8( 9.0
lung, %ID/g 9.3( 2.4 4.7( 2.1
lung/blood LR 2.7( 0.7 0.2( 0.05

aMice were injected via tail vein with IgG-conjugated formulations, and 1 h later,
isotope level in blood and lungs was measured to calculate % of injected dose per
gram of tissue (%ID/g). Blood represents∼7% of body weight, i.e.,∼1.5�1.8 g in
adult 20�25 g in mice. b LR, localization ratio: %ID/g in an organ divided by %ID/g
in blood. c The data are shown as mean ( SD, n = 3.
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features of filomicelles as they avoid vascular col-
lisions,29 which thus inhibits rapid attachment of the
carrier to target cells. However, the specificity for
pulmonary uptake showed a similar ISI ∼11�12 for
anti-ICAM/filomicelles andanti-ICAM/spheres (Figure 6B),
as well as a similarly suppressed ISI ∼3�4 for both the
lowest affinity TM273/filomicelles and TM273/spheres.
These latter results with low affinity TM273 support the
idea that the avidity of carriers bearing low affinity
vectors is suboptimal for efficient anchoring to en-
dothelial cells in vivo. Hydrodynamic drag forces drive
detachment and prevent tight attachment of such
carriers. The results thus are consistent with the im-
portant role of in vivo hydrodynamics both in the
targeting ability and in sustained circulation of elon-
gated filomicelles.

High affinity targeting of the TM411/filomicelles
considerably exceeds;as expected from arguments
above;the ISI of free antibody. Additionally, pulmon-
ary uptake of anti-PECAM/filomicelles was found to be
8.8( 0.7% ID/g (ISI = 8; not shown), which is similar to
the results for targeting ICAM. Because ICAM-1, TM,
and PECAM-1 have differential localizations (in the
apical plasmalemma, lipid rafts, and intercellular con-
tacts, respectively),35 the results indicate that filomi-
celles can be targeted with high affinity antibodies to a
wide variety of endothelial surface molecules localized
in diverse plasmalemmal domains. Ab/filomicelles thus
display a unique but robust capacity to circulate for a
long-time while retaining high specificity for targets.

Results presented here demonstrate that it is pos-
sible to formulate stable and dynamically flexible poly-
meric filomicelles surface-decorated with a sufficient

number of antibodies to avidly anchor onto target
endothelial cells in vivo despite the opposing effect
of blood flow. Filomicelles bearing nonspecific IgG
display the highest blood levels and also the lowest
nonspecific uptake (about 10-fold lower) in the vascu-
larized organs versus IgG-coated spherical nanocarriers.
This is likely due to flow alignment which inhibits carrier
interactions with blood cells and vascular cells. None-
theless, filomicelles with antibodies targeting diverse
endothelial surface molecules exhibit avidity sufficient
to overcome flow inhibition and then anchor Ab/
filomicelles to the pulmonary endothelium. Filomicelle
avidity is clearly regulated by affinity of the targeting
antibodies;even when directed at the same antigen,
as illustrated by thrombomodulin antibodies.

Taken all together, these results show that targeted
Ab/filomicelles combine high stealth and persistent
circulation with high avidity, thus representing a new
class of nanocarriers for vascular drug delivery to select
cell types. This approach holds promise to improve
pharmacotherapy and alleviate adverse effects. For
example, immune response to components of drug
delivery systems represents an important and challeng-
ing problem. In this context, we believe that design of
the carriers achieving therapeutic goals with lower
dose and number of injections (i.e., due to targeting
and improved circulation) may help alleviate this
concern.

In the present proof-of-principle study, we focused
on the design of Ab/filomicelles and characterization
of their binding to endothelium. Our results warrant
imminent follow-up studies of drug release from and
cellular uptake of Ab/filomicelles. The latter issue is of

Figure 6. Pulmonary accumulation of targeted vs nontargeted filomicelles. (A) Data show levels of lung uptake of 125I-traced
formulations: nonconjugated antibodies (free mAb), coated spherical nanoparticles (mAb/spheres), and coated filomicelles
(mAb/FM), 1 h after iv injection in mice. All differences in each panel are significant (p < 0.05, n = 3, mean ( SEM values are
shown). Experimental conditions are described in Table 1. (B) ISI: %ID/g of mAb to %ID/g of IgG (i.e., ISI of IgG-based formulation
is always 1).
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the utmost importance and novelty, taking into ac-
count that internalization pathways conventionally ac-
cepted as prevalent in endothelial cells (clathrin and
caveolar endocytosis) serve much smaller objects. How-
ever, cell adhesion molecule (CAM)-mediated endo-
cytosis previously described by our team permits

endothelial uptake of carriers with diameter up to
few micrometers, on the condition that they bind to
proper epitopes on ICAM-1 or PECAM-1.14,36 Therefore,
in theory, anti-CAM/filomicelles might enter this pathway,
especially if a long filomicelle coils in the endosomes. We
hope that the future studieswill clarify this intriguing issue.

METHODS
Please refer to the Supporting Information for details.
Materials and Cell Cultures. The following reagents were used:

chloroform, pyridine, ethanol, dichloromethane, citric acid from
Fisher Scientific (Pittsburgh, PA), 4-NO2-phenylchloroformate
fromAcros Organics (Morris Plains, NJ), PKH-26 dye from Sigma-
Aldrich (St. Louis, MO), and HABA (40-hydroxyazobenzene-2-
carboxylic acid), 4-[N-maleimidomethyl]cyclohexane-1-carboxylate
(SMCC), EZ-link amine-(EO)3-biotin, that is, biotin-(EO)3-amine
((þ)-biotinyl-3,6,9-trioxaundecanediamine), NHS-LC-biotin (i.e.,
succinimidyl-6-[biotinamido]hexanoate), N-succinimidyl-(S)-
acetylthioacetate (SATA), and Iodogen from Pierce Biotechnology
(Rockford, IL). Diblock copolymers poly(ethylethylene)-b-
poly(ethyleneoxide) (PEE37-PEO40, OE-7) and poly(butadiene)-
b-poly(ethyleneoxide) (PBD125-PEO79, OB-18) were described
previously.29 These particular polymers eliminate any possible
confounding effects of chemical degradation in the studies below.

Nonspecific IgG was from Jackson Immuno-Research La-
boratory, Inc. (West Grove, PA). Antibodies (Abs) to endothelial
surface proteins PECAM-1, ICAM-1, and thrombomodulin have
been described in our previous studies.34 Antibodies to throm-
bomodulin were kindly provided by Dr. Stephen J. Kennel. For
studies of spherical carriers, FITC-labeled polystyrene micro-
spheres (0.1 μm diameter) from Polysciences (Warrington, PA)
were coated with nonspecific 125I-IgG or a mix of 125I-IgG and
nonlabeled specific antibody at 5:95 molar ratio, as we
described.14 For experiments of prototype targeted filomicelles,
antibodies were covalently conjugated with streptavidin (SA) to
form covalent IgG/SA or Ab/SA conjugates using SATA-SMCC
chemistry as we described.18,20 Proteins were radiolabeled with
sodium iodide radioisotope Na125I (PerkinElmer; Wellesley, MA)
using Iodogen as we described.37

Human umbilical vein endothelial cells (HUVEC) were pur-
chased from Clonetics (San Diego, CA). All cell culture medium
components were from Life Technologies (Gaithersburg, MD)
unless otherwise noted. Confluent cells were maintained in
M199 medium (GIBCO, Grand Island, NY) with 15% fetal bovine
serum supplemented with 100 μg/mL heparin (Sigma), 2 mM
L-glutamine (GIBCO), 15 μg/mL endothelial cell growth supple-
ment (Upstate, Lake Placid, NY), 100 U/mL penicillin, and
100 μg/mL streptomycin (GIBCO).

Synthesis of Biotinylated Diblock Copolymers. The terminal hydro-
xyl groups of diblock copolymers poly(ethylethylene)-b-poly-
(ethyleneoxide) OE-7 and poly(butadiene)-b-poly(ethylene-
oxide) OB-18 were activated with p-NO2-phenylchloroformate
(NPCF) and conjugated without a catalyst with biotin-(EO)3-NH2

following a variation of a previously described synthetic
strategy.38,39 The synthetic scheme and all experimental details
are presented in the Supporting Information. Pristine and
biotinylated polymerswere characterized by the nuclearmagnetic
resonance (NMR) spectra, gel permeation chromatography
(GPC), and matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF)mass spectrometry (see Supporting Informa-
tion for details of protocols, equipment, and analysis).

Assembly of Biotinylated Filomicelles, Coupling of IgG/Streptavidin,
and Characterization of the Resultant Ab/Filomicelles. Biotinylated
filomicelles were prepared as previously outlined.38 Biotiny-
lated polymer was then blended with pristine polymer, and
filomicelles were made via the film casting/rehydration me-
thod.29 Formed biotinylated filomicelles (b-filomicelles) were
incubated for 30 min with IgG/SA conjugates, and unbound

IgG/SA was removed from filomicelles using 0.22 μm filter unit
(Ultrafree-MC, Millipore, Bedford, MA), while filomicelles were
effectively retained on the filter. Preliminary experiments
showed that 95% of filomicelles were retained on the filter.
Filomicelles were stained with the lipophilic fluorescent dye
PKH26 and imaged by with Nikon Eclipse TE2000-U fluores-
cence microscope, a 40� PlanApo objective, and filters opti-
mized for red PKH26 fluorescence. Images were obtained with a
Hamamatsu Orca-1 charge-coupled device camera and ana-
lyzed using ImageJ software (NIH). Contour lengths (length as
measured along the filomicelle backbone) were determined via
established methods.

Binding of Anti-PECAM/Filomicelles to Endothelial Cells. Anti-PE-
CAM/filomicelles or IgG/filomicelles, both carrying 10% of radi-
olabeled SA/IgG, were incubated with HUVEC at 37 �C for 1 h;
unbound materials were washed out and cells were lysed with
lysis buffer (1% Triton X-100, 1.0 M NaOH). Using as a tracer 125I-
IgG/SA lacking endothelial affinity eliminates the likelihood of
false positive targeting results caused by tracer detachment
from filomicelles in cell culture and in vivo experiments.
Bound radioactivity was measured using a Wallac 1470 Wizard
γ-counter (Gaithersburg, MD). In a parallel experiment, fluores-
cently labeled filomicelles were identified in HUVEC using the
instruments described above for fluorescent microscopy. To
facilitate visualization, filomicelle micrographs were pseudoco-
lored in green using ImagePro 3.0 software (Media Cybernetics,
Inc., Bethesda, MD), cell nuclei were stained with blue fluores-
cent DAPI, and the cell borders were identified by phase
contrast. Our preliminary data showed that at a filomicelle
concentration of 1.25 μM PEE-PEO maximal binding of IgG/SA
was 2 nM; that is, one molecule of IgG was bound per 625
molecules of PEE-PEO. Corresponding ratio was used through-
out the study to keep maximal coating. Our further calculations
are based on the assumption that filomicelle diameter is Dfm =
20 nm and square area occupied by one polymer molecule on
the filomicelle surface is apolymer = 0.62 nm2. Thus, to estimate
number of IgG/SA conjugated to filomicelles, we used calcu-
lated number of ∼100 000 molecules of PEE-PEO packed per
1 μm of filomicelle length.

Pulmonary Uptake and Blood Level of Antibody-Coated Filomicelles
in Vivo. Animal studies were performed according to a protocol
approved by the Institutional Animal Care and Use Committee
(IACUC) of the University of Pennsylvania. Filomicelles were
coated with IgG/SA that included 10 mol % of radiolabeled IgG/
SA, and 100 μg of prepared carrier was injected intravenously
(iv) in C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME).
After 1 h, animalswere sacrificed and isotope level in tissueswas
determined in a γ-counter to calculate % of injected dose per
gram of organ (%ID/g). Immunospecificity index (ISI), a param-
eter that better reflects targeting specificity, was calculated as
%ID/g of Ab/filomicelles normalized per blood level and divided
by same parameter of control IgG/filomicelles. Detailed expla-
nation of these quantitative parameters is given elsewhere.40

Statistical Analysis. Unless specified otherwise, the data have
been calculated and presented asmean and standard deviation
(SD). Statistical difference among groups was determined by
Student t-test and was accepted as significant at p < 0.05.
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