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T
argeting nanoparticles (NPs) to de-
sired destinations in the body holds
the promise of advancing diagnostic

and therapeutic interventions to a new level
of precision and efficacy.1�9 In most cases,
this goal is achieved by coupling a nano-
particle's surface with affinity ligands that
bind to molecules expressed on target cells
(e.g., antibodies). NPs with sizes ranging
from tens to hundreds of nanometers can

carry multiple copies of affinity ligands, en-
abling multivalent interactions of NPs with
their target determinants, which generally
enhances NP avidity and therefore favors
preferential delivery to sites of interest.10�15

One of the key aspects of affinity target-
ing is to define the optimal ligand density
on the surface of the NP, a parameter that
may vary depending on the NP design and
application. However, the highest density
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ABSTRACT

Targeting nanoparticles (NPs) loaded with drugs and probes to precise locations in the body may improve the treatment and detection of many diseases. Generally, to

achieve targeting, affinity ligands are introduced on the surface of NPs that can bind to molecules present on the cell of interest. Optimization of ligand density is a

critical parameter in controlling NP binding to target cells, and a higher ligand density is not always the most effective. In this study, we investigated how NP avidity

affects targeting to the pulmonary vasculature, using NPs targeted to ICAM-1. This cell adhesionmolecule is expressed by quiescent endothelium atmodest levels and is

upregulated in a variety of pathological settings. NP avidity was controlled by ligand density, with the expected result that higher avidity NPs demonstrated greater

pulmonary uptake than lower avidity NPs in both naive and pathological mice. However, in comparison with high-avidity NPs, low-avidity NPs exhibited several-fold

higher selectivity of targeting to pathological endothelium. This finding was translated into a PET imaging platform that was more effective in detecting pulmonary

vascular inflammation using low-avidity NPs. Furthermore, computational modeling revealed that elevated expression of ICAM-1 on the endothelium is critical for

multivalent anchoring of NPs with low avidity, while high-avidity NPs anchor effectively to both quiescent and activated endothelium. These results provide a paradigm

that can be used to optimize NP targeting by manipulating ligand density and may find biomedical utility for increasing detection of pathological vasculature.
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may not necessarily be the most desirable. For example,
excessive ligand coating beyond the density that satu-
rates NP binding will not further improve targeting, but
may result in increased adverse effects and economic
implications.16 In the case of stealth PEG-carriers, the
liganddensity should be kept at aminimal level sufficient
to avoid NP unmasking and elimination by the reticu-
loendothelial system.17,18 In some instances, lowering the
density of ligand molecules enhances their congruency
to the surface presentation of the target molecules,
providing more effective binding and uptake by target
cells.19,20 Furthermore, an excessive avidity to cellular
receptors may impair NP dissociation in endosomes
and subsequent cellular transport of cargoes.21

One of the key determinants of optimal ligand
density is tissue selectivity of NP targeting. In many
cases, especially in detection and imaging of pathology,
the biomedical utility of a given drug delivery system is
lessdependentontheabsoluteamountof cargodelivered
than on the “target/nontarget ratio”.22,23 Very often, so-
called “specific”markers expressed on target cells are also
expressed at lower levels in other areas of the body.24�29

Due to this, the relative expression, organization, and
accessibility of the anchoring molecules on target cells,
as compared to the rest of the body, are critical considera-
tions in determiningoptimal ligand coating. IncreasingNP
avidity above a certain optimummayenhance “off-target”
uptake by tissues expressing basal low levels of the target
antigen. When translated from the laboratory to clinical
application, this change in tissue selectivity can be the
difference between an effective targeting agent and one
with side effects or inadequate signal-to-noise ratio.
In the present study, we explored the effect of varying

surface density of an antibody to intercellular adhesion
molecule-1 (ICAM-1) on targeting NPs to normal and
inflamed pulmonary vasculature in mice. ICAM-1 is con-
stitutively expressed at abasal level onendothelial cells in
quiescent vasculature, and its expression is markedly
elevated in pathologically activated endothelium. There-
fore, ICAM-1 represents an attractive target for detection
of and intervention in pathologically altered vasculature,
for example, in acute lung injury (ALI) and other condi-
tions involving vascular inflammation.11,30,31 We found
that controlled reduction of anti-ICAM-1 on a NP surface
enhances selectivity of targeting to inflamed compared

to normal vasculature, which improves positron emission
tomography (PET) detection of pulmonary inflammation.
To elucidate the mechanism of this phenomenon, we
performed simulations of anti-ICAM-1/NP binding to
target cells, which revealed the key role of multivalent
anchoring of low-avidity NPs to the inflamed versus

quiescent endothelium.

RESULTS AND DISCUSSION

Characterization of the Animal Model: Enhancement of ICAM-1
Expression in the Pulmonary Vasculature of Mice Challenged with
Endotoxin. ICAM-1 is a transmembrane glycoprotein that
supports firm adhesion of activated leukocytes to the
endothelium at sites of inflammation.32,33 It is expressed
constitutively in quiescent vasculature at the level of
approximately (1�2)� 105 binding sites per endothelial
cell, and its expression is elevated 3�5-fold in patholo-
gical vasculature, as a result of NFκB-mediated inflam-
matory activation of endothelium by cytokines, oxidants,
and abnormal flow.34�36

In order to study targeting of anti-ICAM-1/NPs to
inflamed endothelium in vivo, we employed a mouse
model of acute lung injury using intratracheal installa-
tion of lipopolysaccharide (LPS, 8 mg/kg). This chal-
lenge caused approximately 4-fold elevation of ICAM-1
mRNA in lung tissue within several hours, and this up-
regulation of at least 2-fold continued through 24 h.
Protein levels correlated with these data and exhibited
over a 2-fold increase in ICAM-1 expression after 24 h
(Figure 1A and B). These data are in good accordance
with the literature.34,35,37,38 Furthermore, pulmonary
uptake of radiolabeled ICAM-1 antibody injected in-
travenously in mice 24 h after LPS challenge was ∼2.5
times higher than in control mice (Figure 1C). In
contrast, the pulmonary uptake of radiolabeled non-
specific IgG was at the low basal level (<10�15% ID/g)
in both naive and LPS-challenged mice (not shown).
This control affirmed the specificity of targeting ICAM-1
antibody, mediated by binding to the antigen in the
vascular lumen, but not tissue edema or binding to
leukocytes and other Fc-receptor-bearing cells in the
tissue. In contrast with PCR and Western blotting,
which characterize the total content of ICAM-1 in the
lung tissue, including airway cells that also respond to
the insult by elevated expression, specific uptake of

Figure 1. Model of acute lung injury in mice. (A) Messenger RNA levels of ICAM-1 in LPS-treated mice at a dose of 8 mg/kg.
(B) Western blot analysis and quantification of up-regulation of ICAM-1 in this model of inflammation. (C) Anti-ICAM-1Ab
localization in the blood and lung in naive and LPS-challenged mice. Data represented as mean ( S.D; *p < 0.05.
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radiolabeled ICAM-1 antibody injected in the circula-
tion characterizes ICAM-1 on the luminal surface of the
blood vessels. This subpopulation of ICAM-1molecules
is of great interest, since it is involved in leukocyte
trafficking and accessible to targeted interventions
administered intravenously.

Reduction of ICAM-1 Ligand Density on NP Surface Enhances
Selectivity of Detection for Inflamed Pulmonary Vasculature.
Next, we examined pulmonary uptake of anti-ICAM-1/
NPs after intravenous injection in mice (∼200 nm
diameter spheres carrying 0�200 antibody molecules
per particle, Supporting Figure 1 and Supporting Table 1).
In naive animals, pulmonary uptake of anti-ICAM-1/NPs
was markedly higher than control IgG-coated NPs
(IgG/NPs) and was a function of anti-ICAM-1 surface
density (Figure 2A). Reduction of a surface coverage
below ∼120 anti-ICAM-1 molecules per NP (i.e., below
∼60% NP surface coverage) led to a decrease in pulmo-
nary uptake of anti-ICAM-1/NPs. Decreasing surface cov-
erage below 50 anti-ICAM-1 molecules per NP (below
∼25% surface coverage) practically ablated ICAM-1-spe-
cific targeting; that is, pulmonary uptake of anti-ICAM-1/
NPs was no different from that of IgG/NPs.

Another critical factor to take into account is how
antigen expression can influence the interactions with
NPs. There have been reports that have looked at the
effect of antigen density of targeted NPs in vitro, but
this aspect has yet to be examined in vivo.20,37,39,40

Here we addressed this aspect of anti-ICAM-1/NP
targeting using the LPS-induced model of ALI charac-
terized in the previous section. As expected, LPS
challenge led to a marked elevation in the pulmonary
uptake of anti-ICAM-1/NPs, to the level of ∼300 and
90% ID/g for high (200 Ab/NP) and low (50 Ab/NP)
avidity NP formulations, respectively (Figure 2B). Thus,
the absolute value of pulmonary uptake of the low-
avidity NPs was 3-fold lower than that of high-avidity
NPs. However, in relative terms, LPS challenge led to
∼2.5-fold versus ∼5-fold increase in the pulmonary
uptake of high- versus low-avidity NPs (Figure 2C and
Table 1). Since the difference between normal and
pathological tissue is themost important parameter for

the detection of pathology, a 2-fold increase in selec-
tivity between quiescent and inflamed endotheliumby
reduction of NP avidity may provide an advantage for
this application, for example, for investigative and
diagnostic imaging.

Enhanced Detection of Pulmonary Vascular Inflammation
Using PET Imaging of Low-Avidity Nanoparticles. Selective
targeting of low-avidity anti-ICAM-1/NPs to pathological
endothelium may provide noninvasive, real-time detec-
tion and visualization of inflamed vasculature. In particu-
lar, PET imaging has the potential to yield a clinically
applicable diagnostic platform that could serve this pur-
pose. We have tested this approach in mice using anti-
ICAM-1/NPs labeled with the 124I PET isotope (t1/2 ∼4.2
days) covalently bound to the polymer backbone. As we
reported in a recent paper describing these radiolabeled
probes, this labeling methodology eliminates artifacts of
isotope detachment from nanoparticles.10

Similar to the biodistribution study in Figure 2, mice
were challenged with LPS 24 h prior to IV injection of
either high- or low-avidity anti-ICAM-1/NPs or control
IgG/NPs and imaged using dynamic micro-PET and
computed tomography (CT) over a period of 1 h. Figure 3
and Supporting Figures S2�S4 display PET/CT imaging
results, revealing the signal of anti-ICAM-1/NPs in the
thorax and major splanchnic organs, predominantly the
liver. For quantitative analysis of pulmonary PET radio-
tracer signal, CT imageswere used to anatomically define
the lung region-of-interest (ROI) in the thorax. ROI analysis

Figure 2. Utilization of Ab density to control lung localization. (A) In vivo lung accumulation as a function of anti-ICAM-1
surface density. Data points highlighted in red correspond to ICAM-1 surface densities used to examine tissue selectivity
(dashed line denotes control IgG NPs). (B) Using anti-ICAM-1 surface density to increase tissue selectivity in a model of acute
lung injury (dashed line denotes control IgG in LPS-treatedmice). (C) Tissue selectivity of different ICAM-1 formulations. Data
represented as mean ( SD (n = 4), *p < 0.05.

TABLE 1. aLung Tissue Selectivity Summary

lung uptake (% ID/g)

formulation naive challenged C/N

ICAM-1Ab 81 193 2.4
200Ab/NP 116 280 2.4
50 Ab/NP 14 74 5.3

aMice were injected via jugular vein with different ICAM-1 formulations, and
organs harvested 30 min postinjection. Naive and challenged are lung uptake values
represented as % of injected dose per gram of tissue (% ID/g). C/N denotes the ratio
of challenged versus naive lung uptake. IgG levels were subtracted from raw values
to account for nonspecificity.
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in real time affirmed that low-avidity anti-ICAM-1/
NPs consistently displayed more profound elevation of
pulmonary signal in LPS-challenged versus naive mice
relative to the difference displayed by high-avidity NPs
(Figure 4A and B). Figure 4C represents lung targeting
averaged over the scan for each animal, and this exhib-
ited similar trends to the 125I radiotracing data and
correlated with image observations. Furthermore, when
determining the ratio of lung targeting of challenged
over naive mice for both NP formulations, pulmonary
uptake increased 1.7-fold for the high-avidity formulation
and 3.4-fold in the low-avidity formulation (Figure 4D).
Therefore, lowering of anti-ICAM-1/NP avidity by con-
trolled reduction of antibody surface density does pro-
vide a tangible benefit of a 2-fold enhancement of the
selectivity of imaging pathological endothelium.

Computational Analysis of Anti-ICAM-1/NP Selectivity to
Inflamed Endothelium. The practical utility of improved
outcomes in imaging specificity warranted a more
elaborate mechanistic analysis of our empirical find-
ings. Computational analysis and modeling of NP
binding to target molecules may providemore general
insight and thus assist in devising optimal delivery
systems.41,42 This dynamic process is determined by
affinity, surface density, spatial organization, and ori-
entation of ligand molecules on the carrier surface, as
well as surface density, accessibility, and spatial orga-
nization of target determinants, among other factors
including kinetics of blood clearance and perfusion
pattern in the target tissue. The interplay of these
factors (many of which are not fully understood for
any targeting system) is extremely complex. Themajority

Figure 3. (A) Coronal sections of real-time in vivo CT (left)
and PET (right) images acquired after administration of
ICAM-1-targeted (200 Ab/NP) [124I]-NP in a naive mouse to
demonstrate organs of interest and anatomical orientation
(white dashed line corresponds to lung space defined from
CT images). (B) Different formulations of IgG controls and
anti-ICAM-1 (Ab coverage: 50 and 200 Ab/NP) in naive and
LPS-treatedmicewere examined for lung localization over a
period of 1 h by 124I-PET. Each image represents a summed
image of all frames captured within the 1 h time frame.

Figure 4. (A and B) Lung uptake (% ID/g) in real time extrapolated from regions-of-interest (ROIs) drawn on lung volumes
from PET images over the 1 h scan time for both ICAM-1 targeted formulations in naive and LPS-challengedmice. (C) Average
lung uptake of anti-ICAM-1 formulations extrapolated from ROIs drawn on lung volumes from PET images at 1 h p.i. with IgG
levels subtracted to account for nonspecificity. (D) Ratio of LPS-challenged over naive animals targeted with anti-ICAM-1
formulations extrapolated from ROIs. Data represented as mean ( SD (n = 4); *p < 0.05.

A
RTIC

LE



ZERN ET AL . VOL. 7 ’ NO. 3 ’ 2461–2469 ’ 2013

www.acsnano.org

2465

of studies in this area use data obtained in vitro in
oversimplified model systems. For example, endothelial
cells in culture normally express ICAM-1 at markedly
lower basal levels than quiescent endothelial cells
in vivo. However, in vitro studies by several groups
documented that (i) binding of anti-ICAM-1/NPs to both
quiescent and cytokine-activated endothelial cells is
dependent on anti-ICAM-1 surface density; (ii) anti-
ICAM-1/NPs with avidity below a certain threshold do
not bind to quiescent endothelial cells, yet still are
capable of binding to cytokine-activated cells; and (iii)
this trend is further accentuated by the shear stress in the
rangeof flow typical of veins, thevascular segmentwhere
the majority of ICAM-1-mediated transmigration of acti-
vated leukocytes occurs.19,43�45 On this basis, we used
computational analysis of anti-ICAM-1/NPs binding to
quiescent versus inflamed endothelium to examine the
molecular interactions of these binding events.

For the computational analysis, we modeled bind-
ing of anti-ICAM-1/NPs coated with 50 and 200 Ab/NP

to endothelial cells expressing approximately 2000 or
4000 ICAM-1molecules/μm2 tomimic resting or patho-
logically activated endothelium, respectively.46,47 An
experimentally measurable quantity that is central to
quantifying the avidity is the association constant (Ka)
of NP binding to a cell surface.Wehave shown in earlier
work that using our model,48�50 we can compute the
association constant through the calculation of the
potential of mean force (PMF); this procedure is out-
lined in the Methods section. Specifically, the negative
of the PMF at a given distance between the NP and the
cell surface (z) physically corresponds to the log prob-
ability of locating the NP at a given distance from the
surface (z). Figure 5A and B depict the individual PMF
profiles of high- and low-avidity NPs. The different
colored traces of PMF in these figures correspond to
calculations performed using four independent simu-
lations. The calculated association constants of the NP
binding to cells for the different antibody densities and
for different antigen densities are depicted in Figure 5C.
Figure 5C shows that increasing the antibody density
from50 to 200perNP enhances the binding affinity Ka by
an order of magnitude (at both values of the ICAM-1
surface densities investigated). As can be inferred by
counting the number of minima between the unbound
state and the bound state at equilibrium (the state or
value of z corresponding to the lowest PMF value) and
consistent with previous simulations, the enhancement
in the binding affinity is due to an increase inmultivalent
interaction. At agivenantibodydensity, an increase in the
ICAM-1 density on the cell surface also enhances the
binding affinity. We define the selectivity factor as the
ratio of R = Ka,4000/Ka,2000, as shown in Figure 5, where R =
1.51 and 3.75 for 200 and 50 Ab/NP, respectively. This is
consistent with experimental observations, which also
report that the selectivity factor is larger at the lower
antibody density and is in accord with prior simulations
describing selectivity.51

The ICAM-1 surface density impacts the association
constant Ka by twomechanisms (two terms in eq 1): the
accessible area for ICAM-1 in unbound state AR,ub

(i) =
min(πr0

2, Aaccess) and the PMFW(z). Here, r0 is the outer
radius of the annulus distribution and Aaccess is the
accessible area or surface area per free ICAM-1 mole-
cule (which is the reciprocal of the ICAM-1 surface
density). From the PMF profiles in Figure 5, it can be
inferred that in both 2000 and 4000 ICAM-1/μm2 cases
there are statistically three firm ICAM-1 bonds formed
at the equilibrium state. As a result, the last term in eq 1
due to the PMF does not vary significantly. In this case,
the selectivity factor is influenced mainly by the area
term AR,ub

(i) and remains modest. At low antibody
density, however, all four realizations of PMF for the
2000 ICAM-1/μm2 system show two bonds per NP at
equilibrium, whereas some realizations for the 4000
ICAM-1/μm2 show three bonds per NP at equilibrium.
Given that the change in multivalency exponentially

Figure 5. (A) Individual PMF profiles at an antibody cover-
age ofNab = 200/NP and ICAM-1 density of 2000 ICAM-1/μm2

(left) and 4000 ICAM-1/μm2 (right). (B) Individual PMF
profiles at an antibody coverage of NAb = 50/NP and ICAM
density of 2000 ICAM-1/μm2 (left) and 4000 ICAM-1/μm2

(right). Different colors correspond to four independent
realizations based on which statistical error in the binding
affinity is computed and reported as one standard devia-
tion. (C) Binding affinities (Ka) at different antibody cover-
age and ICAM-1 surface coverages.
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impacts the PMF, the selectivity factor is significantly
higher in the NP with lower antibody coverage.

CONCLUSION

The presented results support the strategy that
optimization of ligand density on NPs to fit with
anchoring molecules optimizes targeting. In general,
higher avidity targeting NPs typically enhance binding
to the target.4,10�12,15,52 Yet, in many cases there is a
trade-off between absolute level of delivery and its
selectivity. Our data provide the first evidence in vivo

that in some cases carriers with lower ligand density
can be more advantageous in the detection of a
pathological target than its higher ligand density
counterpart. In particular, low-avidity NPs more selec-
tively detected vascular pulmonary inflammation due

to multivalent interactions between NPs and a target
expressed at an elevated density by pathological en-
dothelium.The particular target molecule examined in
this study, ICAM-1, can be used for directing carriers to
normal endothelium as a prophylactic and permits even
higher uptake of NPs by abnormal endothelium.30,53�56

Radiolabeled ICAM-1 targeted ligands and NPs have also
been used for detection of inflamed endothelium for this
same reason.57�59 Delivery of drugs by low-avidity anti-
ICAM-1/NPs may be inferior to high-avidity NPs due to
the dose limitation, yet imaging of inflammation would
likely benefit fromusing NPswithmarginal avidity due to
enhanced selectivity at the site of interest. It will be
interesting to investigate whether the paradigm for
enhanced selectivity of targeting guided by multivalent
anchoring is expandable to other targets.

METHODS

Materials and Instrumentation. Deionized (DI) water (18MΩ-cm
resistivity) was dispensed by a Millipore water purification
system (Millipore, Billerica, MA, USA). Control rat IgG was pur-
chased from Jackson ImmunoResearch Laboratories (West Grove,
PA, USA). The rat anti-mouse CD54/ICAM-1 Ab (YN1 clone) was
purchased from Biolegend (San Diego, CA, USA). Poly(4-vinylphe-
nol, PVPh) (25000 averageMw) waspurchased fromSigma-Aldrich
(St Louis, MO, USA). All other chemicals and reagents were
purchased from Sigma-Aldrich and used as received.

PVPh-NP Preparation and Characterization. PVPh polymer was
dissolved in acetone at desired concentrations. One part
PVPh/acetone solution was added (5 mL/min) to five parts DI
water with vigorous stirring at the highest vortex setting (Vortex
Genie 2, Scientific Industries Inc., Bohemia, NY, USA). The mixture
was continuously vortexed for 1 min following addition of poly-
mer. Acetone was removed by evaporation under ambient con-
ditions. NP diameter was determined via dynamic light scattering
(DLS, 90Plus Particle Sizer, Brookhaven Instruments, Holtsville, NY,
USA). All particle preparations were reproduced a minimum of
three times, and independent DLS measurements were made of
each individual preparation.

Synthesis and Characterization of Anti-ICAM-1-NPs. Spherical poly-
meric NPs were synthesized from a 25 kDa PVPh polymer as
described by Simone et al.10 For targeting studies, PVPh-NPs
were radiolabeled (with either 124I or 125I) and then coated with
antibody (Ab) directed to ICAM-1, control IgG, or the combina-
tion of the two. A saturating antibody coverage (∼200 Ab/NP)
was used for fully coated (100% coverage) NPs. This was based
on antibody packing approximations on the surface of a NP and
confirmed by tracing radiolabeled IgG adsorption onto NPs. For
instances where lower anti-ICAM coverages were used, the total
amount of antibody added was balanced to a saturating cover-
age with control IgG molecules. NP formulations ranged from
180 to 210 nm in hydrodynamic radius asmeasured by dynamic
light scattering after coating.

Direct PVPh-NP Radioiodination. PVPh-NPs were radiolabeled
directly with either [125I]NaI (Perkin-Elmer, Boston, MA, USA) or
[124I]NaI (IBA Molecular, Dulles, VA, USA). Briefly, 100 μL of PVPh-
NPs (4 mg/mL, in DI water) was incubated with iodination beads
(Thermo Scientific Pierce, Rockford, IL, USA) and a radioiodine
solution (40 μCi to 2 mCi of 125/124I in 10�100 μL of 20 mM
phosphate-buffered saline (PBS, Invitrogen)). The reaction was
terminated by separating radiolabeled NPs from iodination beads.
Due to the high labeling efficiency, [125/124I]PVPh-NPs were used
for Ab-coatingwithout further purification. [125/124I]PVPh-NP label-
ing efficiency and free radioiodide content were determined with
a standard trichloroacetic acid assay traditionally used for char-
acterizing radiochemical purity of labeled protein preparations.

Ab Coating of [125/124I]PVPh-NP. [125/124I]PVPh-NP coating with
Abs was performed using established adsorption techniques
based on interactions between the hydrophobic domains on
the surface of Abs and the relatively hydrophobic PVPh-NP
surface. Ab (in aqueous buffered solution containing e0.09%
sodium azide) was added to a PVPh-NP suspension in DI water,
vigorously vortexed for 1 min, and then placed on a rotating
shaker for 1 h at room temperature. Ab coating efficiency was
determined by measuring [125I]IgG adsorbed onto NPs relative
to IgG mass added. Briefly, the NP/Ab mixture was centrifuged
at 12000g for 3 min, and the supernatant (unbound [125I]IgG)
was separated from the NP pellet (with [125I]IgG bound). To
determine NP coating densities, NPs were coated with IgG with
a tracer amount of 125I-labeled IgG. A saturating antibody density
of the PVPh surfacewas∼206( 5molecules/NP (∼8000 antibody
molecules/μm2). For variable anti-ICAM-1 coating densities, total
antibody density was balanced to saturation with IgG. For in vivo
targeted NPs, Abs were added at a theoretical maximum concen-
tration based upon calculations of total surface area available on
the PVPh-NP for protein adsorption. Briefly, using A = 4πr2, NP
surface areawas approximated to∼27 μm2 (where NP diameter is
92 nm, from TEM analysis).10 Treating Ab as a block, its footprint
equates to∼120 nm2. Ultimately, this corresponds to a theoretical
approximation of ∼225 mAbs/NP.

Biodistribution Studies. All animal studies were carried out in
accordance with the Guide for the Care and Use of Laboratory
Animals as adopted by the U.S. National Institutes of Health and
approved by the University of Pennsylvania IACUC. Naive or
LPS-challenged C57BL/6 female mice (18�22 g; n = 3�5 per
group) were anesthetized and injected intravenously via jugular
vein with approximately 2 μCi [125I]PVPh-NPs coated with anti-
ICAM-1 formulations or control IgG. LPS-challenged mice were
administered LPS (B5, 8 mg/kg) intratracheally 24 h prior to NP
injection. Formulations were sterilized by passing through a 0.2
μM filter prior to injection. Mice were injected with approxi-
mately 10 mg/kg Ab-PVPh-NP formulated with a tracer amount
of Ab-[125I]PVPh-NPs in 200 μL of 1 wt % BSA/PBS. At 30 min
postinjection (p.i.) of NP, blood was collected from the retro-
orbital sinus, and organs (heart, kidneys, liver, spleen, lungs,
brain, and thyroid) were collected and weighed. Tissue radio-
activity was measured in a γ-counter, and targeting parameters
including percent of injected dose per gram of tissue (% ID/g)
have beendetermined as described.60 Statistical significancewas
calculated using Student's t-test, where p values < 0.05 were
considered significant.

PET and CT Image Acquisition and Analysis. Imaging studies were
performed on a Philips Mosaic Animal PET (A-PET) scanner61

and a MicroCATII scanner (CTI-Imtek Co.). Naive or LPS-
challenged C57Bl/6 male mice (22�29 g) were anesthetized
with 1�2% vaporized isoflurane and injected via tail vein with
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approximately 150�250 μCi of Ab-[124I]PVPh-NP (approximately
10 mg/kg in 200 μL of 1 wt % BSA/PBS). LPS-challenged mice
were administered LPS (B5, 8 mg/kg) intratracheally 24 h prior to
NP injection. To minimize resolution artifacts associated with
thoracic motions, mice were affixed with a respiratory gating
device. PET image acquisition commenced 5�10 min postinjec-
tion, with dynamic scans carried out over one hour (5 min per
frame; image voxel size 0.5mm3). MicroCT images were acquired
following PET scanning. ROI analysis was performed using AMIDE
(http://amide.sourceforge.net) on reconstructed images, guided
by detailed mouse anatomy from microCT images of each
imaged animal. ROIs were drawn over the lungs of each mouse.

Computational Methods. In our computational method, the
nanoparticle is modeled as a rigid sphere with a diameter of
100 nm, and the NP is decorated by a number of anti-ICAM-1Ab
(NAb) that are uniformly distributed on its surface. The cell
surface is treated as a rigid flat surface with a number of
diffusive ICAM-1 (NICAM‑1). The interactions between the NP
and cell surface are through the interactions between antibo-
dies and antigens, and the interactions are modeled as the Bell
model:62 ΔGr(d) = ΔG0 þ 1/2(kd2), where d is the distance
between the reaction sites of the interacting antibody and
antigen, k is the interaction bond force constant, and ΔG0 is
the free energy change at equilibrium state (d = 0). We choose
ΔG0 from the experimental measurements of Muro et al.,46 the
bond spring constant by fitting rupture force distribution data
reported from single-molecule force spectroscopy.47,63 We also
account for the ICAM-1's flexuralmovement by allowing it to bend
and rotate; the flexural rigidity is set at 7000 pN 3 nm

2. Metropolis
Monte Carlo steps are employed for (i) bond formation/breaking,
(ii) NP translation and rotation, and (iii) ICAM-1 translation.Move (i)
is selected randomly with a probability of 50%, and in the
remaining 50%, the NP translation, rotation, and ICAM-1 transla-
tion are selected randomly with a probability of 0.5(NAb/Nt) and
(Nt � NAb)/Nt, respectively; Nt is the combined total number of
antibodies (NAb) and ICAM-1molecules (NICAM‑1). An adaptive step
size for NP translation/rotation and ICAM-1 diffusion is implemen-
ted to ensure a Metropolis acceptance rate of 50%.

To compute the potential of mean force, we first choose a
reaction coordinate z, which is the vertical displacement be-
tween the center of the NP and cell surface. Then along z we
perform umbrella sampling in multiple windows with harmonic
biasing potentials to facilitate the sampling. The window size
of the umbrella sampling is chosen as Δz = 0.05 nm, and
the harmonic biasing potential in each window is chosen to
be 0.5[ku(z � zo,i)

2] = 0.5ku(Δz)
2 =1.0 � 10�20 J, where ku is the

harmonic force constant and zo,i is the vertical coordinate of the
center of window i. By updating the zo,i values, the NP is slowly
pushed toward the cell surface. A total of 200 million Monte Carlo
steps are performed in each window, and the histogram is saved.
All the relevant parameters including thewindow sizeΔz, strength
of the biasing potential ku, and the sampling size in each window
havebeen tested to ensure convergence. Theweightedhistogram
analysis method (WHAM) algorithm64 is used to unbias and
combine the histograms in different windows to form a complete
PMF (W(z)) profile using a tolerance factor of 10�6. Using the PMF
profiles we compute the binding affinity48�50 as

Ka ¼ (NAb=Nb)Δω
8π2

� A(1)
R,b � A(2)

R,b � :::� A(Nb)
R,b

A(1)
R, ub � A(2)

R, ub � :::� A(Nb)
R, ub

� ANC, b

Z
e�βW(z)dz (1)

where NAb is the number of antibodies on NP, Nb the number of
bonds formed,Δω the rotationalmobility ofNP,AR,b

(i) the accessible
area for the ith ICAM-1 in bound state, AR,ub

(i) the accessible area for
the ith ICAM-1 in unbound state, ANC,b the accessible area for the
NP, andW(z) the calculated PMF.
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