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There is considerable interest in developing therapeutic delivery carriers that can
be targeted via receptor-ligand interactions to sites within the blood stream. The
adhesion of carriers is determined by the combined effects of transport phenomena,
hydrodynamic force, and the dynamics of multivalent receptor/ligand bonding.
Optimizing the adhesion of carriers requires developing relationships between
these factors and carrier properties such as size and receptor coating density.
Recently, we developed canonical relationships for the binding of antibody-
conjugated 200 nm particles to surfaces coated with a vascular adhesion molecule,
intercellular adhesion molecule-1. Here we extend our previous studies of adhesion
to particles of different size, including 40 nm and 1 um particles. Particle binding
is assessed under fluid flow in a parallel plate flow chamber while varying particle
receptor density, substrate ligand density, and flow rate. Using a stochastic
simulation and transport-reaction model we then extract multivalent kinetic rate
constants for particle attachment and detachment from the binding data. We
demonstrate that particles go though a maximum in binding with particle size.
For small particles, increasing size increases receptor-ligand encounter rates; for
larger particles, fluid shear force begins to dominate, leading to higher forces
and decreased adhesion. Our methods provide a means for optimizing particle size
and receptor density for the selective binding of particles to vascular endothelium
under flow.

Keywords: Cardiovascular drug delivery; ICAM-1; Molecular targeting; Multivalent
kinetics; Nanoparticle adhesion; Targeted delivery carriers
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INTRODUCTION

Understanding the adhesive behavior of nano-scale colloidal materials
is critical for optimizing the binding of targeted therapeutic drug or
imaging agent carriers. There are obvious practical constraints
imposed by the body; for example, particles larger than a few microns
cannot pass through capillary beds or efficiently enter cells via
receptor-mediated endocytosis [1]. Thus, the focus for drug-carrier
development is small, nano-scale particles ranging from receptor-
conjugated drugs on the order of tens of nanometers to polymer- or
lipid-based particles on the order of hundreds of nanometers [2—4].
While specificity of the receptor is a fundamental requirement for
disease recognition, optimization of carrier binding is necessary to
maximize therapeutic efficacy. This is particularly important when
the pathological condition is characterized by a molecular determinant
that is normally present at some basal level; thus, one must design the
particle to adhere avidly to diseased states but not to quiescent cells
which express basal levels of ligand.

Previously we characterized the receptor-mediated adhesion of a
210 nm diameter particle under hydrodynamic flow using a monoclonal
antibody as the targeting receptor [5]. In this work, we developed a
sensitive assay for the binding of nanoparticles under flow and then used
it to establish relationships between adhesion and both receptor density
and flow rate. We also established the receptor composition of a particle
carrier to maximize adhesion. In this paper, we extend these principles
across a wider range of particle sizes relevant for drug delivery.

The effect of carrier size on the rate of adhesion is complex. For
instance, the rate of encounter is not a simple function of flow rate
because an increase in particle size increases the rate of convective
transport and decreases the rate of diffusive transport (the Peclet
number increases with particle size). Additionally, the hydrodynamic
force exerted by the fluid on the particle scales proportionally with
size; thus, detachment is more likely with increasing flow rate.
Finally, the contact area increases with particle size, and hence the
reaction valency increases. Thus, the overall effect of particle size on
adhesion involves numerous competing factors and is, thus, not easily
predicted. A complicating issue is that each effect is inherently depen-
dent upon the functional properties of the receptor/ligand binding
interaction, such as bond kinetics, mechanics, and length. Therefore,
systematic experiments utilizing particles that span the nano-length
size scale are required to elucidate these effects.

While there have been systematic investigations of the effect of par-
ticle size on adhesion, these studies have focused on the phenomenon
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of rolling adhesion using micron-sized particles and did not extend
to nanoparticles. Patil and coworkers assessed rolling adhesion of
polystyrene beads varying in size from 5 to 20 um in diameter via
P-selectin/PSGL-1 interactions and demonstrated that the effective
attachment rate was similar at low shear rate but decreased with size
at higher shear rates due to increased hydrodynamic drag force [6].
Furthermore, Yago and coworkers investigated tethering of poly-
styrene beads ranging in size between 1 and 3 um in diameter via
L-selectin/PSGL-1 bonding and established that adhesion probability
increases proportionately with particle size due to increased encounter
frequency, clearly demonstrating a role for slip (or convective) velocity
[7]. While these studies are compelling, the micron-scale particles
employed are not ideal for in vivo targeted delivery, and thus similar
studies using nano-scale particles are warranted to quantify the physi-
cal mechanisms dominating adhesion. In comparison with microparti-
cles that are primarily affected by shear forces, it is expected that
nanoparticle binding will be primarily influenced by diffusion.
Intracellular adhesion molecule (ICAM)-1 is a vascular endothelial
cell adhesion molecule that is upregulated during inflammation and
has been implicated in leukocyte recruitment via activated LFA-1
integrins [8]. ICAM-1 has been linked to pathological settings such
as atherosclerosis, autoimmune disorder, transplant rejection, and
cancer, and therefore, numerous delivery carriers have been developed
to target ICAM-1 [9-11]. However, since ICAM-1 is expressed basally
on normal endothelial cells and expressed at higher levels on inflamed
endothelium, it represents an excellent model for developing princi-
ples to optimize delivery carrier selectivity, as adhesion efficiency
must be tuned to insure that normal cells are selectively bypassed in
favor of diseased cells. In vitro estimates place the ICAM-1 expression
at approximately 150 (basal) and 1000 (inflamed) sites/um? [12—14].
Here we examine adhesion of model delivery carriers across the
nano-metric length scale using 43 nm and 1.1 pm diameter polystyrene
spheres and compare the results with a previous study using 210 nm
particles under identical conditions [5]. We utilize a monoclonal anti-
body specific for ICAM-1 as the targeting receptor and quantify
adhesion to ICAM-1 coated glass substrates in a parallel-plate flow
chamber at physiological shear rates. Antibody density, ICAM-1
density and shear rate are systematically varied in these experiments
to determine quantitatively their effect on particle recruitment and
bound state stability. Binding profiles are then analyzed using a
transport-reaction model to account for transport phenomena and
track particle species, while a Monte Carlo simulation is used to isolate
individual particle detachment dynamics from the observed population
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behavior. Our results demonstrate that multivalent particle recruit-
ment scales directly with both receptor and ligand densities regardless
of size. Furthermore, for a given coating-density of targeting receptor,
binding efficiency increases with carrier size. However, fluid flow
exerts opposing influences on small and large particles due to a trade-
off between the positive influence of receptor/ligand encounter
frequency (slip velocity) and the negative influence of shear force,
resulting in scenarios under which smaller particles bind more
efficiently than larger ones. Surprisingly, once bound to the substrate,
particle detachment is independent of size. Using these results in
conjunction with our computational tools, we conclude that smaller
particles (<200nm) can be delivered in greater numbers to ICAM-1
expressing cells under the conditions expected in vivo. While particles
larger than 200 nm bind more efficiently, smaller particles experience
higher deposition rates due to enhanced diffusion, and thus, exhibit
greater binding selectivity for diseased vessels (higher ICAM-1) rela-
tive to normal tissues (normal ICAM-1). Taken together, our findings
suggest that a carrier ranging between 100 and 150 nm in diameter
would be ideal for targeting ICAM-1 related diseases using the mono-
clonal antibody that we employed.

MATERIALS AND METHODS
Proteins

Biotinylated anti-human ICAM-1 (clone BBIG, mouse IgG; k) and
control (anti-mouse integrin oyfs, rat IgGse,) monoclonal antibodies,
ICAM-1/human IgG; Fc chimera and control human IgG; Fc were
purchased from R&D Systems (Minneapolis, MN, USA). Protein G
was from Pierce (Rockford, IL, USA). Horseradish peroxidase (HRP)-
conjugated rat anti-mouse k-light chain monoclonal antibody was
obtained from Invitrogen (Carlsbad, CA, USA). Mouse anti-human
ICAM-1 monoclonal IgG; antibody (clone 15.2) was from Ancell
(Bayport, MN, USA) and HRP-conjugated rat anti-mouse IgG,
monoclonal antibody was from BD Biosciences (San Jose, CA, USA).
Bovine serum albumin (BSA) was purchased from Sigma (St. Louis,
MO, USA).

Particle Functionalization

Neutravidin-coated, yellow-green fluorescent polystyrene Fluospheres
(Invitrogen) with diameters of 43 and 1100nm were functionalized
with biotinylated antibody as described previously [5]. For each
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sample, 10™ (43nm) or 1.4 x 10” (1.1um) particles were diluted in
20 pL Block-Aid (Invitrogen) and sonicated for 5 minutes per manufac-
turers instructions. This was followed by dilution with PBS containing
1% BSA (PBS*) and addition of biotinylated antibody (control, anti-
ICAM-1, or mixture). Final solution concentrations were 10" (43 nm)
or 1.4 x 107 (1.1 um) particles/mL and 10 ug/mL antibody. The reac-
tion mixture was incubated for at least 1 hour at room temperature
on an end-to-end rotator.

Size-exclusion chromatography was used to remove unbound
antibody from 43 nm particles. This was carried out using Sephacryl
S-500 HR gel filtration media with PBS as the running buffer and
an AKTA Basic 10 high performance liquid chromatography (HPLC)
system (GE Healthcare, Piscataway, NJ, USA). For flow experiments,
peak fractions were collected, analyzed for particle concentration
using a fluorescence plate reader at 485 nm excitation/527 nm emis-
sion, pooled, and diluted with PBS™ to 10® /mL concentration. Particle
concentration was determined from a calibration curve established
from the stock particle solution.

Density gradient ultracentrifugation was used to wash unbound
antibody from 1.1 um particles because they were too large for gel
filtration media and pelleting induced aggregation. Density gradients
were created in polyallomer ultracentrifuge tubes (Beckman Coulter,
Fullerton, CA, USA) using two separate pumps, one distributing
OptiPrep (Axis-Shield, Oslo, Norway) density media and the other
PBS. The gradients continuously increased from 0 to 12% OptiPrep.
After cooling on ice for 15 min, the particle sample was added to the
top of the gradient and centrifuged at 40,000 RPM for 30 min at 4°C
in an ultracentrifuge. Particles were collected by tube puncture and
dialyzed within a 10,000 MWCO Slide-A-Lyzer cassette (Pierce)
against 500 mL of PBS three times. Particle concentration was again
determined by fluorescence measurement and calibration using the
stock particle solution, and samples were diluted with PBS*" to
5 x 10°/mL.

Particle Characterization

Antibody surface density was assessed by enzyme-linked immunosor-
bant assay (ELISA) using an HRP-conjugated anti-mouse k-light
chain specific monoclonal antibody as described elsewhere [5]. Since
this secondary antibody detects the light chains of the antibody, it
provides a direct measure of anti-ICAM-1 binding sites. The HRP-
conjugated secondary antibody (1:1000 dilution) was added to 1 mL
of antibody functionalized particles collected directly from peak



19: 44 21 January 2011

Downl oaded At:

136 J. B. Haun et al.

size-exclusion chromatography elution fractions (43nm) or following
density gradient ultracentrifugation and dialysis (1.1 um), and this
solution was incubated at room temperature for 1h. Samples were
then purified using a second round of size-exclusion chromatography
or density gradient ultracentrifugation and loaded into an opaque
96-well tissue culture treated polystyrene plate in triplicate to perform
the ELISA. Prior to sample addition, 96 well plates were incubated
with 0.2mL StartingBlock (Pierce) per well for 1 hour to prevent
deactivation of HRP enzyme by adsorption to the plate walls. Particle
fluorescence was first assessed at 485 nm excitation/527 nm emission
to determine concentration. Then 50 pL of Amplex Red fluorescent
peroxidase substrate (Invitrogen) was added to each well, and after
10 min the Amplex Red signal was measured at 544 nm excitation/
590 nm emission. Particle fluorescence signal was negligible using this
filter set. Calibration curves were prepared from stock particle and
biotinylated HRP (Invitrogen) solutions and used to convert the
respective fluorescence intensities to the number of HRP molecules
per particle. This was then converted to anti-ICAM-1 binding site
density per area of particle (n,) by assuming a 1:1:1 ratio of binding
site to anti-x light chain antibody to HRP enzyme.

To ensure that 43 nm particles did not aggregate during antibody
functionalization, unconjugated control anti-ICAM-1 antibody-coated
particles that were collected from the peak size-exclusion chromato-
graphy fractions were analyzed using dynamic light scattering
(DLS). Particle solutions were mixed in low-volume disposable cuvettes
using a pipette, and three runs were performed consisting of 13-15
measurements each on a Zetasizer Nano-S Instrument (Malvern
Instruments, Southborough, MA, USA). Particle size distributions
were determined by averaging the three runs and calculating the num-
ber transformation using the accompanying DTS software (Malvern
Instruments).

ICAM-1 Substrate Preparation

ICAM-1 substrates were prepared by attaching ICAM-1/Fc chimera
to glass coverslips coated with protein G, as described previously [5].
Briefly, glass coverslips (24 x 50 mm) were cleaned with Piranha sol-
ution (66.7% concentrated sulfuric acid and 33.3% hydrogen peroxide),
washed extensively with Milli-Q water, dried in a 90°C oven and
silanized with 3-aminopropyltrimethoxy silane (Sigma) overnight in
an evacuated glass desiccator. Treated coverslips were fitted with modi-
fied FlexiPerm (Sigma) silicone gaskets, washed with adsorption buffer
(0.1M NaHCOg3, pH 9.2) and incubated for 2h at room temperature
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with a saturating concentration of protein G (100 pg/mL in adsorption
buffer). Substrates were then washed three times with PBS to remove
excess protein G before addition of Fc protein (Fc control, ICAM-1/Fc or
mixture) at 100nM final concentration. Fc protein mixtures used
included 5, 10, and 20% ICAM-1/Fc. Fc protein was incubated for at
least 1h at room temperature before removal immediately prior to
use by three rapid washes with SuperBlock (Pierce). The surface
density of ICAM-1 (n;) was characterized by ELISA as previously
described [5].

Parallel Plate Flow Chamber Assays

Particle binding experiments were performed using a parallel plate
flow chamber with 0.01 inch (0.025 cm) high, 0.35 cm wide rectangular
channel as described previously [5]. ICAM-1 coated or control cover-
slips formed the bottom surface of the flow chamber once assembled,
and it was positioned on an inverted Nikon Diaphot microscope
equipped with cooled CCD camera, motorized stage and FITC filter
cube. Fluorescent images were captured at 40 x magnification with
an exposure time of 1sec for 43nm particles and 10 x magnification
with an exposure time of 500 milliseconds for 1.1 pum particles. The
camera and motorized stage were controlled using custom Labview
(National Instruments, Austin, TX, USA) programs developed in our
laboratory.

Experiments were conducted in two phases, with a particle binding
period followed by a detachment period using buffer only. Flow was
induced using a syringe pump (Harvard Apparatus, Natick, MA,
USA), and the effect of fluid hydrodynamics was investigated using
three flow rates that corresponded to wall shear rates of 100, 400,
and 1000s~'. These values are representative of flow within post-
capillary venules, large arteries, and arterioles/capillaries, respect-
ively [15]. Wall shear rate j,, was calculated from the volumetric flow
rate @ as follows

_6U  6Q 1

yw - H _H2W7 ( )

where U is the average fluid velocity, H is the chamber height and W is
the chamber width. Particle flux was held constant during binding
experiments for 1.1 pum particles to maximize particle concentration.
Therefore, inlet concentrations used were 5 x 10%, 1.25 x 10° and
5 x 10* particles/mL for experiments conducted at 100, 400 and

1000s~! shear rates, respectively. Particle concentrations used for
43 nm particles were 3 x 107 /mL at the 100 and 400s ! shear rates
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and 10”/mL at 1000 s~ ' shear rate. A total of eight stage positions near
the centerline were monitored for 1.1 um, starting 5 mm from the inlet
and spaced 3mm apart down the axis. The number of stage positions
was decreased to five and the spacing to 1 mm for 43 nm particles to
minimize the need to refocus between positions. Complete imaging
cycles were completed each minute during the binding period and with
decreasing frequency (2-5min) during the detachment period.
Imaging was initiated once particles reached the chamber; however,
data were only used after the binding rate reached steady state. This
required two min at 100s ! and one min at the higher shear rates.
Binding experiments were conducted for a total of 20 min at 100s™*
shear rate and 14 min at 400 and 1000s~'. Detachment experiments
lasted 30, 15 and 10 min at the same shear rates, respectively.

Binding Profile Analysis

Particle binding isotherms were constructed by manually overlaying
consecutive images using a custom Labview program developed in
our laboratory. Binding and detachment profiles were constructed by
tracking the instantaneous number of particles bound at each time
point during binding and detachment experiments, respectively.
Attachment profiles were constructed by summing the cumulative
number of particles that had bound by each time point during the
binding period and therefore, do not reflect detachment. Bound
particle numbers were then converted to densities using the known
field of view area. Both time and bound particle number were initia-
lized to the beginning of the steady state period, and the results from

each of the stage positions were averaged.
Multivalent particle adhesion to the reactive chamber surface is

governed by the following rate equation [5]
OB k9

E:kACw _WBv (2)

where B is the bound particle density, C,, is the unbound particle con-
centration at the reactive substrate surface, ¢ is time, ¢, is a reference
time, and k4 and kY are the multivalent kinetic attachment and
detachment rates, respectively. Time appears within the detachment
rate in Eq. (2) because dissociation of multivalent particles has pre-
viously been shown to vary with time according to a power law denoted
by o [5]. The reference time ¢,,,is included simply to preserve consist-
ent unit values between kp and %9, and was arbitrarily assigned a
value of 1sec. For cases in which o is not known, Eq. (2) must be solved
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numerically. However, for attachment data (k% =0) obtained during
the binding phase of experiments, Eq. (2) can be integrated directly as

BTl = s Cyt, (3)

where BT ig the total number of particles bound per area. The

attachment rate (k4C,,) is thus given by the slope of BT plotted
versus time. Likewise, for detachment experiments (k4 =0), the
solution to Eq. (2) is given by

0

k —0 —o
B = B() exp tf(l—D—(x) (t(l) — tl ) s (4)

where By and ¢, are the initial bound particle density and time at the
start of the detachment period.

Monte Carlo Simulation of Particle Detachment

Multivalent particle detachment is history dependent; therefore, we
used a simulation technique to track bound lifetimes for each particle
throughout experimental binding and detachment periods and stoch-
astically sample for detachment events, as described elsewhere [5].
In this case the relevant detachment parameters are denoted as k%
and f to distinguish them from the macroscopic values defined above
(k% and o), and these parameters are used to calculate the detachment

probability for each bound particle as follows

Pp =1 —exp(—kpAt) =1 —exp|—L2— At|, (5)
(o/trer)

where At is the simulation time step and ¢, is the total time that the
particle has been bound. During each time step, the detachment
probability was determined for each bound particle using Eq. (5) and
compared with a randomly generated number between 0 and 1. If
the random number was less than Pp, the particle was considered to
have detached and ¢tz was recorded. Otherwise ¢z was updated by
At, and the particle remained in the system. Finally, a constant
number of newly bound particles was added into the system based
on the experimentally determined attachment rate (k5C,) before
proceeding to the next time step. At the conclusion of the simulation,
binding profiles were constructed by summing the total number of
bound particles at each time step. Detachment experiments were
simulated in a similar manner using an attachment rate of zero.
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Transport-Reaction Model

The rate constant for particle attachment (k4) was isolated from the
attachment rate (k5C,,) using a transport-reaction model previously
described [5]. This enabled tracking of all free and bound particle
species throughout the flow chamber, decoupling particle adhesion
from effects caused by depletion of particles from the bulk. The model
also accounted for convective and diffusive transport, enabling
comparison of k4 across different shear rates and particle sizes. The
convective-diffusion equation governing particle transport within
the flow chamber is given below in dimensionless form, along with
the relevant boundary conditions.

%§+Ps[n—n2]g—§—s2zz—§+gz—§ (6)
Clr.e=0,n) =1 (7a)
g_g(f,f—l,n)—o (7b)
%© (e en=1)- (79

% e en=0=2L (5= 1 =0) (74)

~ C 5 B _x oy _H

C=¢, B=eom ‘5L ""H ‘1L .
_ D ,_6UH . _huH ’

=g "= p “=D

where C is the free particle concentration, C, is the inlet concen-
tration, x is the axial coordinate, y is the coordinate perpendicular to
the axis, L is the chamber length, D is the particle diffusivity, and U
is the average fluid velocity. Particle diffusivity was calculated using
the Stokes-Einstein calculation (D =£kgT/6nuR,, where kgT is the
thermal energy, u is the fluid viscosity, and R, is the particle radius).
The quantities P and J4 are the Peclet and Damkohler numbers,
respectively. The former relation compares the rates of axial convec-
tion with diffusion, while the latter compares the rates of particle
binding with diffusive transport. Detachment was not included in
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the reactive boundary condition (Eq. (7d)) due to the dependence on
time, as a time-dependent detachment rate would make solution of
the model intractable. Therefore the model was used to fit attachment
data (k) =0) exclusively. Particle motion lateral to the direction of
flow was omitted despite the fact that the gravitational force vector
is oriented toward the bottom surface of the chamber because particle
sedimentation estimates indicate that gravity should have a negligible
effect on binding. For instance, the 1.1 um particles will sediment less
than one particle radius over the 26 mm of flow chamber surface mon-
itored at 100 s~ ! shear rate. Furthermore, the rate of sedimentation is
200-fold lower than the rate of diffusion. Scaling comparisons for the
rates of convection, diffusion and sedimentation are listed in the
supporting information.

Finite-element solution of the model was performed using Comsol
Multiphysics software employing the two-dimensional transient con-
vection-diffusion application to account for bulk transport within the
flow chamber and the weak form boundary application to incorporate
the reaction at the adhesive boundary. Solutions utilized a 1sec
time-step and were carried out for a total of 14 or 20 min to emulate
binding experiments. Binding phenomena were tracked at discrete
nodes placed at points that correspond to the axial positions observed
during experiments, and k4 was determined by averaging the bound
particle densities at each node and matching with the observed attach-
ment rate. The dimensional parameters used to calculate the dimen-
sionless parameters in Eq. 8 are reported in the supporting information.

Statistics

ELISA results and bound particle densities are given + the standard
error for at least three independent experiments. Curve fitting results
used in determination of the attachment rate (k4C,) and attachment
rate constant (k4) are given + the standard error of the data. All other
curve fits are given + 95% confidence interval.

RESULTS
Characterization of Molecular Densities

Anti-ICAM-1 binding site density (n,) was determined for 43 nm and
1.1 um particles by ELISA (Fig. 1A). 43 nm particles were incubated
with biotinylated anti-ICAM-1 antibody at 5, 25, and 100% mass ratios
with a biotinylated control antibody, resulting in anti-ICAM-1 binding
site densities of 1600 - 220, 3030 + 280 and 4980 -+ 460 ym 2. Similar



19: 44 21 January 2011

Downl oaded At:

142 J. B. Haun et al.

& 6000 25
g X 43nm
& 50007 O11um 20
"
S 4000 =
(7] & 157
2 30001 5
<} 3 104
c =
& 20007
3 51
g 1000+
2 %
= : ;s
0 - 0 >
é 0 20 40 60 80 100 0 50 100 150 200 250 300
Mass Ratio a-ICAM-1 Antibody (%) Diameter (nm)
A) B)

FIGURE 1 Characterization of polystyrene model delivery carriers. (A)
Anti-ICAM-1 binding site density was measured for 43nm and 1.1 um parti-
cles by immuno-ELISA using HRP-conjugated rat anti-mouse x-light chain
specific monoclonal antibody. For 43 nm particles, Neutravidin-coated parti-
cles were incubated with 10 pg/mL total biotinylated antibody at 5, 25 and
100% ratios of anti-ICAM-1 antibody with control antibody. Coating conditions
were similar for 1.1 um particles except incubation ratios were 1, 5 and 100%.
(B) Size distribution of 43 nm particles measured by dynamic light scattering
demonstrating mono-modal nature of unconjugated particles (dashed lines)
and particles conjugated with anti-ICAM-1 antibody (solid lines). Two samples
of each species are represented, corresponding to separate size-exclusion chro-
matography fractions. Error bars represent the standard error of at least three
independent measurements.

treatment of 1.1 um particles at 1, 5 and 10% ratios of anti-ICAM-1
antibody yielded densities of 150+ 70, 410+ 110 and 1310 + 230 yum 2.
These densities correspond to approximately 9, 18, and 29 binding sites
per 43nm particle and 600, 1580 and 4970 per 1.1 um particle.

ICAM-1 substrates were prepared by linking an ICAM-1/Fc chim-
era to protein G coated glass coverslips. ICAM-1 site density (n;) was
modulated using a control Fc protein, and the conjugation conditions
employed here were identical to a previous study [5], which were
measured by ELISA to be 21+ 1, 41+ 3 and 134 + 6 ym 2. This study
also utilized an additional surface prepared from a 20% molar ratio of
ICAM-1/Fc with the Fc control, which yielded an ICAM-1 density of
82+4pum 2

Dynamic Light Scattering of 43 Nm Particles

Unconjugated control and anti-ICAM-1 antibody conjugated 43 nm
particles were analyzed by DLS to determine the size distribution
before and after antibody functionalization and confirm that the
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particles were not aggregating. For both cases, samples were obtained
from the peak size-exclusion chromatography elution fractions. The
results using number transformation are given in Fig. 1B and show
that the size distribution in each case is monomodal with an average
peak at 70 nm and a width of 30 nm. This confirms that the particles
are uniformly sized with negligible aggregation or cross-linking. The
average size is considerably larger than that specified by the manufac-
turer, which may have been measured for polystyrene particles prior
to processing and Neutravidin coating. We will report our results
based on the advertised polystyrene particle size.

Particle Binding and Detachment

Binding and detachment profiles from flow chamber experiments are
shown in Fig. 2 for both 43 nm (A—-C) and 1.1 um (D-F) particles. Each
trace represents different particle receptor or substrate ligand density
conditions, while each panel of the figure represents different shear
rates. Since inlet particle concentrations and total experiment times
varied between each plot, final particle densities cannot be compared
directly. Nonspecific adhesion levels were determined for control par-
ticles and substrates. This adhesion was then subtracted from the raw
adhesion data before plotting Fig. 2. Generally nonspecific adhesion
increased with shear rate (due to greater particle flux) and decreased
with particle size (data not shown). Detachment experiments followed
binding experiments after particles were washed from the chamber
using a buffer solution and involved monitoring the decrease in bound
particles with time. Particle detachment was observed for all particle
sizes at low shear rates; however, at elevated shear rates detachment
was only observed for 43 nm particles on high ICAM-1 densities.

Determination of Attachment Rate from Binding
Experiments

Particle attachment profiles were constructed by tracking the total
number of particles bound during binding experiments. The attach-
ment rate £4C,, was then obtained from the slope of the attachment
profiles by linear least-squares regression using Eq. (3). After normali-
zation by inlet concentration, the attachment rate (k4C,,/Co) was then
plotted versus the product of receptor and ligand density, n,n;, for both
43nm (Fig. 3A) and 1.1um (Fig. 3B) particles. This replotting
illustrates the linear relationship between attachment rate (k4C,/
Coy) and n,n;, confirming similar results from previous studies using
both nano- and micron-scale particles [5,7]. Adhesion rates for
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FIGURE 2 Binding profiles for (A—C) 43nm and (D-F) 1.1 um particles in
flow chamber assays at (A, D) 100, (B, E) 400 and (C, F) 1000s~! shear rates.
Colors designate low (green), medium (red), and high (blue) antibody density
(n,) particle conditions (see particle characterization results section) and
shapes correlate to different ICAM-1 substrate densities (n;) as indicated by
the legend. The vertical dashed lines designate the transition between binding
and detachment experiments. Error bars represent the standard error of at
least three independent binding experiments.

1.1 um particles were substantially greater than observed for 43 nm
particles. The rate of 1.1 um particle binding at the lower shear rates
saturated at high attachment rate, which was likely caused by
depletion of particles from the region near the reactive wall. Saturation
was not observed for 1.1 um particles at a shear rate of 1000s~* or for
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FIGURE 3 Observed particle attachment rate (k4C,,/Cy) for (A) 43nm and
(B) 1.1 um particles obtained by fitting the cumulative particle binding profiles
(kp=0) from binding experiments using Eq. (3). Results indicate that the lar-
ger particles bind more efficiently than the 43 nm particles. In addition, 1.1 um
particle binding appears to saturate at high receptor and ligand densities for
the lower shear rates, suggesting that particle depletion is significant at these
conditions. Error bars indicate the standard error of at least three
independent experiments.

43nm particles. Figure 3 also suggests that shear rate influences
attachment rate.

Evaluation of Detachment Rate Parameters from
Detachment Experiments

To determine the macroscopic detachment dynamics of the 43 nm and
1.1 pm particles, detachment experiment profiles were simultaneously
fit to both k% and o parameters using Eq. (4). This resulted in best-fit
o values ranging from 0.2 to 0.6 (average 0.4 + 0.15) for 43 nm particles
and 0.1 to 0.7 (average 0.28 +£0.19) for 1.1 um particles. The average
values for o are very close to the value of % previously determined for
210 nm particles using the same antibody-antigen chemistry [5]. This
led us to conclude that «, the functional time-scale dictating the rate
at which particle detachment rate decreases with time, does not vary
appreciably with partlcle size. Therefore single-parameter (k) fits were
performed holding o at 3, and the results are shown for representative
samples in Fig. 4 (all Values listed in the supporting information).

In our previous study using 210 nm particles, an inverse correlation
was established between kO and both n, and n; [5]. However, the
scaling relationships were not the same with &9 varying directly with
n, (1/ n,) and indirectly with n; (1 /nl ) Correspondmgly, we plotted
the values of £%) obtained for 43nm and 1.1 pm particles as a function
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FIGURE 4 Detachment experiment profile fits obtained using Eq. (4). The
data is presented as the natural logarithm of the bound density, normalized
to the initial value at the start of the detachment period (By). Results shown
include representative examples for both (A) 43nm and (B) 1.1 um particles
at different adhesion molecule density conditions and 100s~' shear rate.
For all cases, fits were obtained for a:% regardless of particle size. Colors
again designate low (green), medium (red), and high (blue) antibody density
particles (see particle characterization results section) and shapes correlate
to different ICAM-1 density substrates as indicated by the legend.

of 1/ (n,nl")), where ¢ is an unknown constant that accounts for the
non-linear influence of ligand density. Evaluation of these fits led us
to conclude that k% did indeed vary inversely with n, for both 43 nm
and 1.1 um particles, while the relationships with n; were best repre-
sented by ¢ values of 1/5 and 1, respectively. These relationships
are illustrated in Fig. 5 using the data obtained at 100s~ ! shear rate.
Taking into account the ¢ value of % observed for 210 nm particles, it is
clear that the scaling relationship between detachment rate and
ligand density depends on particle size, with ligand density exerting
greater influence as size increases. Interestingly, despite different
values of ¢, the slopes obtained from plotting k9 versus 1/ (nrnf) did
not vary substantially with particle size (3.4+0.5, 4.2+0.4 and
3.84+0.6 for 43nm, 210nm and 1.1 pum particles, respectively), sug-
gesting that this relationship may represent a fundamental property
of particle detachment with ¢ accounting for the net influence of par-
ticle size. Plotting ¢ versus particle radius yielded a straight line with
slope equal to 1.5+0.2um ! and intercept of 0.17+0.05 (Fig. 5C).
Using this result, £ was then plotted in Fig. 5D for each particle size
using the 100 s ! shear rate data, which yielded an excellent linear fit
with a generalized slope of 3.9 & 0.2. The %, values observed for 43 nm
particles at elevated shear rates did not vary significantly from lower
shear rates, which was expected because £ has already been shown to
be insensitive to shear rate for larger 210 nm particles [5].
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FIGURE 5 Appropriate scaling of the detachment rate constant (k%) to the
receptor and ligand densities reveals consistent behavior across different
particle sizes. (A and B) Plots of k) versus 1/ (nrnld)) for (A) 43nm and (B)
1.1pm particles at 100s ! shear rate to demonstrate that the data is most
accurately represented using ¢ values of 1/5 and 1, respectively. The data
point indicated by = was not used for fitting purposes. In a previous study, ¢
was determined to be % for 210 nm particles under identical conditions [5].
(C) Plotting ¢ versus particle radius (R,) suggests that this relationship is
linear, and plotting the detachment data for all particles together against
the generalized equation 1/ (n,nll'st 017y resulted in a good fit for all three
particle sizes. The shapes in the figure correlate to different ligand density
conditions as indicated by the legend. Error bars indicate 95% confidence
intervals for regression analysis fits.

Stochastic Simulation of Detachment

Detachment simulations were performed using Matlab to establish
self-consistent rate parameters (k% and p) that are simultaneously
applicable to both binding and detachment experiments, which is
not the case for the time-averaged values (k% and o) determined above.
Simulations were conducted using Matlab with a time step of 1sec,
and for each condition three independent simulations were averaged
to aid data fitting. During each time step, particles were introduced
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into the system based on the attachment rate (k4C,,) established from
binding experiments, and detachment was then stochastically
sampled based on the detachment probability defined by Eq. (5). The
detachment parameters (k% and f) were then chosen to fit binding
and detachment experiment data simultaneously. After inspection,
the best-fit value for § across all experimental conditions was %. This
is the same f value determined for 210 nm particles previously, as
expected due to similarity in o values established above [5].
Using =3, «), was then selected to match the binding and detach-
ment experiment profiles. In some cases, successful matching of the
binding experiment data required increasing the attachment rate.
This correction has been shown to account for a subpopulation of
particles that remain bound for only seconds to tens of seconds
before detaching [5], which would be missed due to the exigencies of
gathering binding data rapidly. Calculated profiles for binding and
detachment for 43nm and 1.1pm particles at 100s™' shear rate
are presented in Fig. 6. Values determined for ) are listed in the
supporting information.

Based on the scaling relationships established for adhesion
molecule density and particle size in the previous section and these
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FIGURE 6 Stochastic simulation fits of binding and detachment experiment
data for (A) 43nm and (B) 1.1um particles at 100s~! shear rate that were
obtained using the self-consistent, time-dependent power law scaling relation-
ship defined by Eq. (5). The parameter 3, which determines the time scale over
which adhesion strengthening occurs for the multivalent particles while
bound, was equal to % for all particle size, shear rate and molecular density
conditions tested. Colors and symbols represent the same receptor and ligand
densities as in Fig. 2. Error bars indicate SE for binding and detachment data
and SD between three independent simulations for stochastic fits.
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simulations, a self-consistent dissociation rate constant can be defined
as follows

<8
Kp = ) (9)
nrnl(1.5Rp+0.17) (tb /tref)3/4

where the constant «} is approximately equal to 87 but will undoubt-
edly be dependent on the kinetic rates (k;=1.6 x 10°M 17 k=
1.1x 10 *s ! [16]) and the mechanical and structural properties of
the antibody/ICAM-1 interaction. Therefore, it is unique to this
chemical system. The relationship between n; and particle size is also
likely to be influenced by receptor/ligand properties.

Determination of k5 From Attachment Data

The attachment rate constant (k4) was isolated from the attachment
rate (k4C,,) using a finite-element software package (Comsol Multiphy-
sics) to solve Eq. (6) subject to boundary conditions 7a—d. Model
solutions were obtained by manually iterating the parameter J4
(non-dimensionalized form of k4) to match the simulated adhesion rate
to the experimental attachment rate, adjusted based on the stochastic
simulations if necessary (kaCI%@!). k, was then determined by
re-dimensionalizing 04, and all values are listed in the supporting
information. Plotting k4 versus n,n; resulted in linear relationships
for both 43nm (Fig. 7A) and 1.1 pm particles (Fig. 7B). Slope values
determined by linear regression were 3.5+0.2, 4.8+0.1 and
5.8 £ 0.8 nm/s for 43 nm particles at 100, 400 and 1000 s ! shear rates,
respectively. Comparative values for 1.1 mm particles were 152.5 +4.9,
119.3 £5.4 and 49.1 £4.7. The intercept for the fit of the 43 nm parti-
cles at 1000s! shear rate was non-zero, but this datum was error-
prone due to a large noise to signal ratio. Comparison of Figs. 7A and
B suggests that fluid flow has opposing effects on particle recruitment
for the two particle sizes. For the 43 nm case, increasing fluid flow rate
increases the adhesion rate, while for 1.1 pm particles increasing fluid
flow decreases the adhesion rate. For 210 nm particles, adhesion rate
increased with shear rate as was seen with 43 nm particles [5]. This
suggests that at some particle size between 210nm and 1.1 um, the
negative influence of particle size on detachment (shear force) out-
weighs the positive contributions of particle size on binding efficiency
(convective transport and contact area).

To quantify the dependence of attachment rate on flow, the slopes
from k4 versus n,n; curves were plotted against shear rate in Fig. 7C.
The results obtained previously for 210 nm particles were also included
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FIGURE 7 Attachment rate constant (k4) scaling with adhesion molecule
density, shear rate, and particle size. After isolation of %k, using the
transport-reaction model, the results for (A) 43nm and (B) 1.1 um particles
were plotted against n,n; to remove the influence of the adhesion molecule
densities. This relationship was linear for all cases even out to the highest
attachment rates, indicating that the attachment rate saturation effects
observed for 1.1 um particles in Fig. 2 is caused by depletion of particles from
the region near the reactive wall. (C) The dependence of k4 on shear rate was
investigated by plotting the slope of the k4 versus n,n; plots from A and B
against shear rate. The results using 210 nm particles from a previous study
are included as well [5]. Binding efficiency increases with particle size at
low shear rate; however, shear increases attachment rate for 43 and 210 nm
but decreases binding efficiency for 1.1 um particles. Linear fits were then
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for comparison [5]. For each case, the response to shear rate was
apparently linear. We expect that particle attachment will depend on
the product of shear rate and particle size, y,R,, or slip velocity [17].
Thus, a linear relationship between flow rate and attachment is
reasonable. In contrast, detachment should scale with ))wRIZ, based on
the Stokes equation for drag force [7]. Since both slip velocity and shear
force vanish when shear rate is zero, one will dominate from the onset
of flow. With a linear relationship established, attachment rate can
thus be characterized by two constants that dictate the contribution
from shear rate dependent (slope, C;) and independent (intercept, Cs)
factors. Linear regression resulted in C; values of 2.5, 28.7 and
—114.6 for 43, 210 and 1100 nm particles, respectively. Corresponding
C5 values were 3.5, 81.0 and 164.0 for 43, 210 and 1100 nm particles,
respectively. Interestingly, 1.1 um particle adhesion was most efficient
at low and intermediate shear rates, but 210 nm particles adhesion was
greatest at the highest shear rate. By interpolation, binding efficiency
for the 210nm and 1.1 pm particles should be equivalent at approxi-
mately 600s ! shear rate. The binding efficiency of 43nm particles
was considerably lower than the other sized particles and remained
relatively unaffected by shear rate. It should be noted that these find-
ings do not reflect the contribution of diffusion, which is removed by the
transport-reaction model.

The fitting constants C; and C, vary with particle size and therefore
can be used to reveal the role of size in recruiting particles. Plotting
C;, which dictates the magnitude of shear-rate dependent effects,
versus R, resulted in a biphasic curve, rising initially between 43
and 210nm particles and falling to 1.1um (Fig. 7D). Hence the
relationship between C; and particle size would best be characterized
by a second order polynomial with negative second order and positive
first order terms, which follows the expected particle scaling for the
effect of particle size on hydrodynamic shear force and convective

performed to yield unique constants that capture the shear-rate dependent
(slope, C;) and shear-rate independent (intercept, Cs) factors. (D) Plotting C;
against particle size resulted in a biphasic curve that appears to follow
second-order polynomial functionality with negative quadratic, positive linear
and seemingly negligible constant terms. These results correlate with the
expected scaling relationships and relative influence of hydrodynamic shear
force, slip velocity and encounter duration, respectively. (E) Cs increases with
particle size but appears to approach saturation at micron diameters. Error
bars for k4 represent the data SE from attachment rate fits that were propa-
gated through the transport-reaction model. Error bars for k4 /n,n; indicate
95% confidence intervals for linear regression fits.
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velocity, respectively. These factors appear to be balanced (C; =0) for
a particle size between approximately 600 and 800nm diameter,
which would make adhesion efficiency independent of shear rate.
The constant term appears to be negligible and likely correlates to
the influence of encounter duration. The response of C,, which gauges
the influence of shear-rate independent parameters such as contact
area size and the chemical, mechanical and structural properties of
the receptor/ligand interaction, increased with particle size until satu-
ration at 1.1um (Fig. 7E). In summation, use of larger particles is
advantageous to maximize shear-rate independent adhesion (Cy);
however, consideration must also be given to the local flow conditions
at the target site to maximize shear-rate dependent factors (C;).

DISCUSSION

In this paper we explored the effect of particle size on scaling laws for
attachment and detachment of particles ranging from 43 to 1,100 nm
in diameter, using an identical antibody/antigen system. We extended
methods developed previously for the binding of 210 nm particles [18]
to explore the effects of particle size on adhesion.

Evaluation of particle detachment revealed that the canonical func-
tional form for particle detachment was conserved over a wide spec-
trum of adhesion molecule density, shear rate and particle size. All
particle sizes illustrate a shared dependence of detachment rate on
bound time, but the detachment rate also illustrates consistent power
law scaling (fundamental f=%) with the effect of time. The detachment
rate of a multivalent particle would be expected to decrease with
increasing time since adhesion can strengthen during contact between
a particle and surface regardless of particle size. Since bond number
must ultimately govern detachment dynamics, the factors that control
bond formation, such as chemical or structural properties of the
receptor/ligand interaction, are likely to affect adhesion strengthening
(i.e., p). It remains to be seen how values of § will depend on receptor
size and density as illustrated by other receptor/ligand pairs display-
ing different kinetic, mechanical and structural characteristics.

Previously we determined that the detachment rate (k) or x%)
for 210 nm particles scaled with adhesion molecule density when nor-
malized to 1/ (n,n?’), where ¢ was approximately % [5]. Similar results
were obtained here for 43 nm particles, except the best fit was obtained
for ¢ =1/5. Conversely, detachment was only observed at the lowest
shear rate for 1.1 um particles, and within this data set, the detachment
rate scaled directly with n; (¢ = 1). Interestingly, for each particle size
the slope of detachment rate plotted as a function of 1/ (n,n?’) was
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approximately equal. Consequently it appears that an inverse relation-
ship with n, is a fundamental property of particle detachment, while
the influence of n; on detachment rate diminishes with particle size.
Plotting ¢ versus R,, indicated that the effect of n; is directly pro-
portional to particle size. While the fundamental basis for ¢ is not
known at this time, its behavior scales with the predicted difference
in available surface area within the contact zone between the spherical
cap of the particle (SAc = 2nRpL¢) and the projected area of the particle
onto the underlying substrate (PA¢c = SA¢ — nL%). Here L refers to a
characteristic length that is on the order of the bond length (typically
the bond length subtracted by the minimum separation distance
between the particle and substrate). Applying an estimate for L in this
antibody/ICAM-1/Fc system of 15 nm, the ratio PA./SA. is 0.65, 0.93,
and 0.99 for 43, 210, and 1100 nm particles, respectively. We suggest
that the monotonic relationship between ¢ (0.2, 0.33, and 1) and the
ratio PA./SA. indicates a fundamental relationship that may inform
the role of particle size and molecular size on adhesion. Thus, it
appears that ¢ reflects the state of the contact zone and the length-
scale of the receptor/ligand bond, where the relatively high degree of
particle curvature associated with small particles diminishes the sig-
nificance of ligand density. In contrast, the relatively planar geometry
seen with large particles renders the contributions from both receptor
and ligand equivalent. Our results also imply that ¢ would not con-
tinue to increase for particles larger than a micron in diameter, since
this value appears to be saturating at 1. Additional insight into the ori-
gin of ¢, as with the power law f that governs adhesion strengthening,
will require further experiments using different receptor/ligand sys-
tems or the use of adhesive dynamics simulations that assess particle
bonding interactions with the appropriate molecular detail [19,20]. It
should be noted that the detachment rate itself should eventually reach
a limit at low receptor or ligand densities, when there is only a single
tether in the contact zone.

Shear rate did not significantly influence the detachment rate of par-
ticles smaller than 210 nm. However, it did bring about the paradoxical
outcome for micron-sized particles in which detachment was observed
at low shear rate but not at the higher values. The maximum tether
force experienced by a bound particle (FM* = 132#5’ng, [21,22]) is
predicted to be less than 1 pN for 43 and 210 nm particles at the shear
rates investigated, as well as for 1.1 um particles at 100 s * shear rate.
The strength of a single antibody/antigen bond, on the other hand, has
been shown in numerous studies to be greater than 10 pN [23]. There-
fore, it is reasonable to conclude that hydrodynamic force plays a neg-
ligible role in particle detachment at these conditions. In this limit,
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particle detachment would be independent of mechanics and, thus,
dominated by the kinetics of bond formation and breakage. Conversely,
Ff’fax is greater than 1 pN for 1.1 um particles at 400 and 1000 s~ ! shear
rates (1.6 and 5, respectively) and, thus, the shear force could be on the
same order of magnitude as the bond strength. The absence of detach-
ment at these conditions suggests that the influence of shear flow is
exerted during binding, as particle arrest should occur only if the initial
attachment event is capable of withstanding the shear force. Hence, a
bias may exist at elevated shear forces towards higher initial bond
numbers, decreasing the likelihood of detachment. Requirement of
multiple bonding for initial particle arrest would also decrease
adhesion rate, as observed in this study for the binding of 1.1 um parti-
cles at higher shear rates. Brownian motion of a tethered particle will
also generate forces and torques that could contribute to bond disrup-
tion. This contribution is not expected to be significant for 1.1 um, as
adhesive dynamics simulations of red blood cells tethered to a surface
by a single bond have indicated that bond disruption forces arising from
Brownian motion are on the order of 0.005 pN and, thus, negligible [18].
Bond disruption forces caused by diffusion of nanoparticles have not
been studied and are expected to be insignificant.

Attachment of 43 nm and 1.1 pm particles scaled directly with both
receptor and ligand densities, or n,n;, as demonstrated previously for
nano- and micron-scale particles [5,7]. Using the dependence of 24 on
n.n;, we could independently assess the impact of flow rate on particle
attachment. Plotting k4 /n,n; versus shear rate for 43, 210 and 1100 nm
particles resulted in an apparently linear relationship between hydro-
dynamic flow and particle attachment for each case (Fig. 7C). However,
the net effect of shear rate differed considerably for nano- and micron-
scale particles, as increasing shear rate increased adhesion rate for the
43 and 210nm cases but decreased adhesion for 1.1pum particles.
Competing factors are clearly at play and, based on the expected linear
scaling, we concluded that these factors were particle slip velocity and
hydrodynamic shear force, which scale with j,R, and ?ng, respect-
ively [7,17,21]. Shear force, thus, becomes the dominant factor for
particles greater than 210 nm, requiring greater initial bond numbers
to successfully tether the larger particles from flow. To elucidate
further the effect of particle size, the flow-dependent (slope, C;) and
flow-independent (intercept, Cs) components from the attachment rate
versus shear rate plots were isolated by linear regression. Plotting C;
versus particle radius yielded a curve with apparent second order
polynomial functionality, including negative second order, positive
first order and negligible constant terms. This scaling correlates
precisely with the mathematical dependence of hydrodynamic shear
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force and slip velocity on particle size. Based on shape of the curve, slip
velocity dominates adhesion for smaller nanoparticles before being
overtaken by shear force, and it appears that the factors are balanced
for a particle approximately 600 to 800 nm in diameter. The constant
term is likely related to contact duration, which is given by the inverse
of the shear rate. Thus, we conclude that the forward reaction rate
for the antibody/ICAM-1 interaction (ky=1.6 x 10° M 's™', [16]) used
here is sufficiently fast to render this constant term insignificant.
The factor C5 increased nonlinearly with size, saturating at a diameter
of 1.1 pum. Hence larger particles fundamentally bind with greater
efficiency, per adhesion molecule, which is likely due to the larger con-
tact area size. Additional experiments with different receptor ligand
systems and simulations will be required to specify fully the functional
form for C; and Cs with respect to particle size.

Based on the attachment rates measured, it would appear that a
specific particle size is optimal for targeting different areas of the vas-
culature depending on the local hydrodynamic flow environment.
Properly accounting for transport limitations within a specific local
flow environment is of particular importance for designing delivery
carriers that target molecular determinants that are also expressed
at a basal level on normal tissues. To illustrate how these factors
translate within the context of ICAM-1 targeting on inflamed endo-
thelium, we calculated the expected particle delivery potentials at
both normal and inflamed ICAM-1 expression densities. This was
accomplished by calculating k4 (slope values from k4 versus n,n; plots
at 100s~! shear rate) and k% (Eq. (9)) for 43, 210 and 1100 nm parti-
cles at the ICAM-1 expression levels reported for normal (nfv =
150/um?) and inflamed (nP = 1000/pm?) endothelial cells in vitro,
over the range of particle receptor densities that we could attain
experimentally. The transport-reaction model (Eqs. (6)—(7a—d)) was
then used to determine the observed attachment rate over an arbi-
trarily chosen 10cm long section of reactive ICAM-1 surface for
10 min based on a bulk particle concentration of 10’ /mL. Finally, par-
ticle detachment was assessed using the stochastic simulation based
on the observed attachment rate, calculated ;c% value and f :%, both
during the 10 min binding period as well as the ensuing 10 min. Due
to evidence from our previous study that detachment rate does not
decrease indefinitely, «? was not allowed to exceed 0.05 s 1 [5]. The
ratio of particle densities delivered to the diseased and normal cases
(BP /BN ) are plotted versus n, in Fig. 8A for each particle size studied.
These results indicate that particle depletion effects lead to decreased
selectivity as binding rate increases, and this effect is more pro-
nounced for larger particles. This is a direct consequence of smaller
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FIGURE 8 Simulated calculation of carrier delivery to endothelial ICAM-1
expressed at normal (n) = 150/um?) and inflamed (n? = 150/um?) densities.
Attachment rate was determined for 43, 210 and 1100 nm diameter particles
at each ligand density based on experimental results at 100s~* shear rate,
and the transport-reaction model was used to determine the resulting attach-
ment rate. Specifically, transport-reaction model solutions were obtained
assuming exposure of a 10-cm long section of blood vessel to a bulk concen-
tration of 107 carriers/mL for 10min. The attachment rate was then used
along with the appropriate % value (Eq. (9)) and = % in the stochastic detach-
ment simulation to assess particle dissociation during the binding period and
for a 10 min period afterwards. (A) Selectivity, defined as the ratio of particles
delivered to the diseased and normal cases (BP /BN ), decays for all particles as
receptor density increases due to increasingly higher binding rates at normal
ligand density. However, selectivity remains greater at higher receptor densi-
ties for smaller particles. The decay in selectivity is discontinuous for 43 or
210 nm particles, as local maxima are observed due to the non-linear relation-
ship between «% and n; (¢ less than 1). (B) Total delivery density for the diseased
case (B, solid lines) and the difference between the diseased and normal cases
(BP — BY, dotted lines) plotted against particle receptor density. Delivery poten-
tial saturates quickly for the larger particles, and at lower delivery levels, as a
result of rapid depletion of particle concentration near the vessel wall. Satu-
ration was not observed for the 43nm particle size because receptor-coating
density was limiting. Thus smaller particles can be delivered at higher levels
despite lower intrinsic attachment rate (see Fig. 7). Based on the combined
factors of adhesion efficiency, depletion effects and receptor coating limitations,
the ideal particle size would be 100-150nm in diameter for this targeted
delivery application.

particles having a higher rate of diffusion and, thus, a greater capacity
to overcome particle depletion from the near-wall region. As Fig. 8B
demonstrates, decreasing particle size not only leads to increased sel-
ectivity, but can also increase the yield, or rate, of particle binding to
diseased tissues. This change occurs because the elevated diffusion
rate compensates for the decreased binding rate. The combined
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influence of selectivity and total delivery potential is also exhibited in
Fig. 8B by the difference between binding to the diseased and normal
cases (B? — BY), which again demonstrates that targeting selectivity is
greatest for smaller particles. Figure 8B also suggests that the 43 nm
particles were unable to attain their maximum binding potential, on
account of the physical limitations of antibody-coating density. Thus,
the ideal carrier would be one that is small enough to exhibit high
selectivity but large enough to attain the maximum theoretical deliv-
ery potential, which for this application would be obtained for a carrier
between 100 and 150 nm diameter.

The findings described in this work regarding particle size and tar-
geting receptor density optimization are unique to the case at hand,
namely the particle adhesion rate observed for the BBIG anti-ICAM-1
antibody and the reported ICAM-1 expression levels on endothelium.
If the target expression density were considerably lower, for instance
on the order of hundreds rather than thousands of sites/um? then
the ideal particle size would increase. Likewise, if a targeting receptor
were used that displayed lower binding efficiency, a larger particle
would again be ideal. It should be noted that our arguments have cen-
tered around particle numbers to this point, whereas carrier payload
(volume scales with Rg) and maximum particle concentration also
depend on size. These factors add additional optimization criteria for
particle size selection. In addition, the conditions encountered within
the vascular system present natural barriers that preclude the use of
certain particle sizes. For example, particles larger than a few microns
cannot pass through capillary beads. Furthermore, splenic filtration
preferentially captures rigid particles larger than 200-500nm, so
engineering deformability can increase this threshold to an extent
[24]. On the low end of the size scale, particles smaller than 20nm
are capable of passing directly into lymph nodes [25], while those less
than 100-150 nm are efficiently taken up by liver hepatocytes [26,27].
Therefore, to maximize residence time within the circulation and
thereby maintain effective carrier concentration levels for multiple
passes of the target region, the ideal delivery carrier size range would
be between 100 and 200 nm diameter [28]. The ideal particle size ident-
ified here for targeting ICAM-1 using our monoclonal antibody happens
to be within this size range. Finally, the work described herein was per-
formed using a well-defined, reconstituted system. Consequently,
translation of our findings to in vivo settings would require consider-
ation of numerous factors encountered within the vascular circulation.
For instance, ligands such as ICAM-1 are presented on the plasma
membrane of endothelial cells rather than on a flat surface, and the
non-uniform topography may affect encounter frequency. Additionally,
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vessel branching and physical interactions with blood components,
particularly red blood cells, can effectively mix the particles in solution
and provide a secondary mechanism to reach the vessel surface. This
would alleviate the dependence on diffusion, improving the selectivity
and total delivery potential of larger particles.

SUMMARY

In summary, we have built upon previous methods to evaluate and
characterize multivalent particle adhesion to investigate the role of
particle size across the nano-metric length scale. Our results indicate
that size can dramatically influence both carrier recruitment
efficiency and the stability of binding through the combined effects
of fluid flow dependent factors that include particle transport and
shear force, as well as flow-independent factors such as mass action
and contact area size. Furthermore, we demonstrated how size effects
can be exploited to engineer delivery carriers with optimal binding
characteristics for given therapeutic applications. Based on our find-
ings using a particular monoclonal antibody specific for ICAM-1, we
conclude that particles ranging from 100 to 150nm would provide
for maximal targeting efficiency to inflamed endothelium expressing
ICAM-1, as well as optimal selectivity to prevent delivery to normal
tissues.
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