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Abstract—The identification of novel, synthetic targeting
ligands to endothelial receptors has led to the rapid devel-
opment of targeted nanoparticles for drug, gene and imaging
probe delivery. Central to development and optimization are
effective models for assessing particle binding in vitro. Here,
we developed a simple and cost effective method to
quantitatively assess nanoparticle accumulation under phys-
iologically-relevant laminar flow. We designed reversibly
vacuum-sealed PDMS microfluidic chambers compatible
with 35 mm petri dishes, which deliver uniform or gradient
shear stress. These chambers have sufficient surface area for
facile cell collection for particle accumulation quantitation
through FACS. We tested this model by synthesizing and
flowing liposomes coated with APN (KD ~ 300 lM) and
VCAM-1-targeting (KD ~ 30 lM) peptides over HUVEC.
Particle binding significantly increased with ligand concen-
tration (up to 6 mol%) and decreased with excess PEG.
While the accumulation of particles with the lower affinity
ligand decreased with shear, accumulation of those with the
higher affinity ligand was highest in a low shear environment
(2.4 dyne/cm2), as compared with greater shear or the
absence of shear. We describe here a robust flow chamber
model that is applied to optimize the properties of 100 nm
liposomes targeted to inflamed endothelium.

Keywords—Liposomes, HUVEC, VCAM-1, Aminopeptidase

N, Lipo–PEG–peptide.

INTRODUCTION

Drug delivery using targeted nanoparticles is an
attractive alternative to traditional molecular thera-
peutics. Nanoparticles are well suited for chemother-
apeutic delivery, as they can increase the drug’s
circulation half-life,9 reduce cytotoxic side-effects,16

and passively accumulate on the tumor interstitium via
the enhanced permeability and retention (EPR)
effect.13 Selective screening methods such as in vivo
phage display have led to the identification of numer-
ous ligand-receptor pairs.20 By coating nanoparticles
with these targeting moieties, their use can be
expanded to the localized delivery of genes, drugs and
imaging probes for cardiovascular disease,27 diabetes7

and other chronic conditions.14

Central to the development and optimization of
targeted nanoparticles is an effective model for quan-
tifying particle binding under near in vivo conditions.
Inflammatory cell responses such as leukocyte tether-
ing to endothelium take place under a certain range of
shear stress (1–6 dyne/cm2),22 and in vitro particle
delivery can be significantly enhanced7 or reduced5 by
the addition of shear. In order to predict the in vivo
properties of targeted nanoparticles, shear stress must
be included in its in vitro characterization.

Previous studiesof targetedparticles under shear stress
have utilized functionalized microparticles flowing
through microfluidic chambers seeded with cells or
receptors and manual counts of the bound particles.2,5,19

Such quantification is time consuming and a suboptimal
strategy for nanoparticles, whose dimensions are below
the optical threshold. Flow cytometry is an attractive
alternative, as it is a fast and sensitive method for quan-
tifyingfluorescent nanoparticledeliveryper cell, provided
that a large number of cells are collected. We propose a
microfluidic chamber model that allows for the facile
collection of ample cells for flowcytometric analysis post-
shear treatment. For this purpose, we employ reversibly
vacuum-sealed polydimethylsiloxane (PDMS) microflu-
idic chambers. Vacuum sealing allows PDMS to bind to
many surfaces with well characterized vacuum to fluid-
pressure tolerance.3 The device has been designed to fit
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into a 35 mm petri dish, but the chamber surface treat-
ment area has been scaled up to allow for adequate cell
collection. By employing microfluidic chambers, physi-
ological shear stress can be reproduced with fluid flow
rates on the order of tens of microliters per minute, con-
serving precious treatment materials. The vacuum seal-
able chamber allows for cells to be grown in standard
35 mm petri dishes, facilitates cell collection post-
treatment and allows for chamber reuse. Collected cells
can then be analyzed via flow cytometry.

Using this system, we characterized the effects of the
targeting ligand, ligand density, and polyethylene-
glycol (PEG) density on endothelial accumulation of
particles under static and dynamic conditions. Fluo-
rescently-labeled liposomal nanoparticles were syn-
thesized and coated with NGR [cyclic CNGRC
targeting aminopeptidase N (APN)17] or VHP (linear
VHPKQHR targeting VCAM-18), two peptides with
KD values of ~300 and ~30 lM, respectively.15,18 As
APN expression is up-regulated at angiogenic sites and
VCAM-1 at inflammatory sites, particles targeting
these proteins can be used to selectively treat or image
diseases such as cancer or atherosclerosis, respectively.
As liposome binding strength increases with multiva-
lency,25 we expect particle accumulation under flow to
increase with increasing concentrations of ligand and
then plateau as binding is maximized. Liposomes of
0–6 mol% ligand density were synthesized by varying
lipid–PEG–peptide complex (LPP, lipo–PEG–peptide)
content, and their binding to endothelial cells under
flow was compared. PEG is a hydrophilic polymer that
plays a key role in in vivo drug delivery, inhibiting
opsonization by forming a steric barrier. Though the
effect on particle accumulation of the PEG brush
length relative to the ligand linker length has been
studied,27 the effect of PEG concentration (in addition
to PEG within the LPP) on particle accumulation is
unclear. Liposomes consisting of 6 mol% LPP and
0–6 mol% lipid-PEG were synthesized and optimized
for particle accumulation. Flow cytometry results were
corroborated with in situ post-treatment fluorescent
microscopy images. Finally, to better understand the
relationship between shear stress and particle binding,
a second chamber model with a gradient shear stress
was designed and particle delivery was compared to the
shear stress experienced.

MATERIALS AND METHODS

Peptide, FAM-Labeled Peptide, and Lipo–PEG–
Peptide Synthesis

Cyclized NGR, linear VHP and the appropriate
scrambled peptide (sVHP) were synthesized. Their full

sequences with linker domains are as follows;
NGR = cCNGRC, VHP = Boc-VHPKQHR-GGSK
(ivDde)GC, and sVHP = Boc-QRHPHVK-GGSK
(ivDde)GC. Peptides were synthesized on Pal resin
(Applied Biosystems, Foster City, CA) or Rink amide
MBHA resin (NovaBiochem, La Jolla, CA) using solid
phase peptide synthesis with standard Fmoc chemistry.
Fmoc-amino acids and peptide coupling reagents were
purchased from NovaBiochem. Solvents and other
reagents of analytical purity were obtained from Sig-
ma-Aldrich (Milwaukee, WI) and VWR (Brisbane,
CA).

Carboxyfluorescein (FAM) labeled VHP and sVHP
peptides (FAM-VHP and FAM-sVHP) were synthe-
sized by removing the ivDde protecting group with 2%
Hydrazene in dimethyl formamide (DMF), and then
reacting the exposed amine with a FAM using peptide
coupling reagents.

Peptides were coupled to form LPP conjugates using
the method previously described by Zhang et al.27 In
brief, after synthesis of the desired peptide sequence,
the peptide was coupled (at the cysteine’s free amine
for NGR and an amine exposed at the lysine following
ivDde removal for VHP) with three Fmoc-PEG(1300)
groups, an Fmoc-Lys(Fmoc) and Stearic acid. Prod-
ucts were cleaved off resin, purified using Prostar
HPLC (Varian, Palo Alto, CA) and the molecular
mass was confirmed using the matrix assisted laser
desorption ionization time of flight (MALDI-ToF)
4700 (Applied Biosystems, Carlsbad, CA).

Peptide Targeted Liposome Fabrication

Liposomes decorated with various molar percent-
ages of NGR or VHP peptides were prepared for the
comparison of binding avidity between static and
dynamic conditions. 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC), 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[amino(polyethylene glycol)-2000]
(ammonium salt) (DSPE-PEG2000), mini extruders,
membranes, and filters were purchased from Avanti
Polar Lipids (Alabaster, AL), Calcein was obtained
from Applied Biosystems, and Sephadex G-75 was
obtained from GE Healthcare (Little Front, UK). For
our studies 0, 1, 2, 4, 6I, 6II and 6III % NGR and VHP
liposome were fabricated, where 0% = (DPPC:DSPE-
PEG2000:LPP-XXX = 94:6:0), 1% = (94:5:1), 2% =

(94:4:2), 4% = (94:2:4), 6I % = (94:0:6), 6II % =

(92:2:6) and 6III % = (88:6:6). The liposomes were
prepared using methods described previously.27 Briefly,
lipids dissolved in chloroform were dried under a
stream of nitrogen gas, lyophilized overnight and then
re-solubilized in 5 or 10 mM Calcein (pH 7.4, 300 mOs)
suspended in DPBS+/+ by incubating and sonicating
at 60 �C. The lipid solution was then extruded through
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100 nm pores 21 times at 60 �C, and the liposomes were
isolated via size exclusion chromatography using
Sephadex G-75. The size and absorbance of the col-
lected liposomes were verified using a Nicomp 380ZLS
particle sizer (Nicomp PSS, Santa Barbara, CA) and a
Nanodrop-1000 spectrophotometer (Thermo Scientific,
Weltham, MA), respectively. Particle diameters were
110.6 ± 4.0 nm for control liposomes, and 131.3 ±

8.3 nm for peptide targeted liposomes. The difference in
size is due to the longer PEG brush (3900 Da) on the
LPP, compared to the DSPE-PEG2 k (2000 Da) brush
layer. Liposome concentration was normalized by its
495 nm absorbance (Calcein’s maximal absorbance).

Cell Culture and Protein Expression

Human umbilical vein endothelial cells (HUVEC)
were purchased from Clonetics (San Diego, CA) and
were cultured in endothelial growth media (EGM)
supplemented with 0.1% (v/v) human endothelial
growth factor (hEGF), 0.1% (v/v) hydrocortisone,
0.1% (v/v) GA-1000, 0.4% (v/v) bovine brain extract
(BBE) and 10% (v/v) fetal bovine serum (FBS), all
from Lonza (Portsmouth, NH) inside a 95% air/5%
CO2 atmosphere incubator maintained at 37 �C.
HUVECs from passages 5 to 7 were used for the
experiments.

VCAM-1 expression was up-regulated by incubat-
ing HUVEC with tumor necrosis factor alpha (TNFa)
(R&D Systems, Minneapolis, MN) in EGM for 4 h.
To minimize the effect of VCAM-1 up-regulation
induced by shear stress23 (as shear stress will be applied
in later studies), a range of TNFa concentration was
explored, and the concentration with maximal
up-regulation without visible cytotoxic effects was
employed. VCAM-1 and APN protein expression on
HUVEC was verified by immunolabeling and flow
cytometry analysis using fluorescence activated cell
sorting (FACS, Becton–Dickinson, Franklin Lakes,
NJ). Fluorescein-labeled antibodies and the corre-
sponding isotype controls were purchased from R&D
Systems and eBiosciences (San Diego, CA). For the
anti-APN mAb, the WM15 clone was used.

To assess NGR-liposome specificity, HUVEC were
pre-treated with 5 lg/mL of anti-CD13 mAb in 0.2%
BSA DPBS+/+ for 15 min, followed by a 10 min
treatment with 1% NGR liposomes at 4 �C. Cells were
collected and their fluorescence was analyzed using
FACS. NGR-liposome binding was also tested by pre-
blocking with 109 (free peptide to LPP-NGR ratio of
10–1) and 20 9 free peptide. VHP peptide specificity
has been previously investigated by Nahrendorf et al.15

To confirm this, we compared VHP and sVHP
monomer binding to cells. HUVEC were treated with
0.8 lM FAM-VHP or FAM-sVHP for 60 min at

37 �C in media, rinsed, collected and analyzed using
FACS.

Microfluidic Chamber Construction

Two vacuum sealable microfluidic PDMS chambers
were designed. The first chamber was designed for
treating and analyzing cells using FACS, requiring a
large cell treatment area with uniform shear stress
throughout the majority of the chamber (uniform
shear chamber, or USC). The second chamber was
designed for optically analyzing particle binding to
cells under a spatially dependent shear stress profile
(gradient shear chamber, or GSC). The designs were
based upon those fabricated by Simon et al.21,23 The
wall shear stress at the center of a microfluidic chamber
can be estimated using sw ¼ 6lQ

h2w
; where l is the vis-

cosity (0.015 dyn*s/cm2 for water at 4 �C), Q is the
volumetric flow rate, h is the height (50 lm), and w is
the width of the chamber. For this equation, the fluid
must be Newtonian, and the width must be signifi-
cantly greater than the height. With all other factors
kept constant, the theoretical shear stress can be
manipulated by altering the width. For the USC, a
rectangular chamber (4 mm 9 19 mm) with constant
width throughout, save for the tapered inlet and outlet
(Fig. 1a) was designed. For the GSC, the Hele-Shaw
design based on Usami et al.24 was employed. In this
model, the first 16.5 mm from the inlet, the chamber

width can be expressed by w0
1

1�x
L
; where w0 is the

entrance width, L is the total chamber length, and x is

the distance from the inlet along L (Fig. 1b). The wall
shear stress for this chamber is expressed as
sw ¼ 6lQ

h2w0
1� x

L

� �
; and linearly decreases with distance

from the inlet. Values of w0 equal to 2 mm and L equal
to 20 mm were used. Both chambers were designed
over a spider web of vacuum networks.

The prototype chamber molds were designed in
Powerpoint (Microsoft) and fabricated by photopat-
terning dry-film,28,29 a method that is fast and requires
neither a photomask nor a clean room. Later genera-
tion chambers were designed using AutoCAD-LT2000
(Autodesk) and photomasks were ordered from Out-
put City (Bandon, OR). Standard soft lithography
techniques were used to create PDMS (Sylgard 184,
Dow Corning) chambers with 50 lm tall features.
Once cured, an inlet, outlet, and two vacuum holes
were punched through the chamber using a sharpened
16 gauge blunt needle. During experiments vacuum
tubes are inserted into the vacuum holes, evacuating
the air inside the spider web, creating a seal and
affixing the chamber onto the surface. A tube
connected to a PHD2000 microinjector (Harvard
Apparatus, Holiston MA) is inserted into the outlet,
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withdrawing solution through the chamber at a
specified flow rate. The treatment solution is deposited
directly over the inlet hole, onto the PDMS surface
(Fig. 1c).

Microfluidic Chamber Flow Characterization

The spatial distribution of shear stress throughout the
USC was obtained experimentally for a flow rate of
10 lL/min through velocity and height profile measure-
ments (Supplementary Methods). Shear stress measure-
ments through relevant portions of the GSC were
conducted in a similar manner for 10 and 20 lL/min and
are detailed in the supplementary methods.

Chamber performance with nanoparticles was tested
by flowing liposomal particles over cells and optically
analyzing the plate for spatial dependencies in particle-
cell binding. HUVEC were grown on petri dishes pre-
treated with rat tail collagen (BD Biosciences, Franklin
Lakes, NJ) to prevent non-specific liposomal binding to

the petri dish surface. After reaching confluency, cells
were treated with TNFa, chilled to 4 �C, and rinsed with
0.2% BSA DPBS +/+. The chamber was then affixed
on the top of the cell plate, and cells underwent a
treatment of 2 min rinse, 5 min treatment with 1 or 2%
VHP liposomes (10 mM Calcein, normalized to
k495 = 0.1 in 0.2% BSA DPBS +/+) and 3 min rinse.
The USC was tested using a flow rate of 10 lL/min, and
the GSC was tested at 10 and 20 lL/min. The chambers
were gently removed, and cells were rinsed and incu-
bated in media at 37 �C for 4 h. Cells were then fixed
with 3% paraformaldehyde (PFA) in DPBS2/2 and
stained with 60 ng/mL DAPI in DPBS2/2. Cells were
imaged using a fluorescence microscope (Y-IDP,
Nikon, Japan) with a 59 objective, and a 20 9 6 or
20 9 10 frame mosaic was collected for each USC and
GSC treated dish, respectively. Background images
were subtracted from the mosaic images using ImageJ.
Areas inside the USC were segmented into cross-
sectional areas along an axis (1 mm by 4 mm along the

FIGURE 1. PDMS microfluidic chambers. (a) USC with 4 mm width and 19 mm total length (15 mm without taper). (b) GSC based
upon the Hele-Shaw design, where shear stress along the center line decreases linearly with distance from the inlet (narrower end),
with inlet width of 2 mm, and chamber length of 20 mm. (c) Schematics of the flow chamber in use—the chamber is affixed onto the
surface over cells by applying a vacuum through the spider web network via the outer two holes. Treatment solution is directly
placed over the inlet, and the outlet is connected to a microinjector that withdraws the solution at a controlled rate. (d) USC
demonstrated with a blue dye. The chamber is small enough to be affixed directly over cells on a standard 35 mm petri dish.
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x-axis and 1 mm by 16 mm along the y-axis), and a
profile along the axis was calculated by taking the
average fluorescence of each area. For the GSC, mean
fluorescence along the x-axis was measured and plot-
ted against the shear stress. In order to identify spatial
binding patterns, each fluorescence profile was nor-
malized by subtracting its mean value before com-
paring with other samples of the same treatment
group.

Particle Binding Studies—Static Binding Studies

To assess the relative binding avidity of each lipo-
some formulation, particles were statically incubated
with the target cells, which were then analyzed using
FACS. HUVEC were grown to confluence in 24-well
tissue culture plates and chilled to 4 �C. Cells were
rinsed and treated with 150 lL of chilled liposome
solution (0, 1, 2, 4, 6I, 6II or 6III % of NGR or VHP
solution normalized to k495 = 0.05) for 5 min at 4 �C,
then rinsed 39, treated with cold media and incu-
bated at 37 �C for 4 h. Cells were then rinsed with
DPBS2/2, collected and analyzed using FACS.

FACS Analyzed Dynamic Binding Studies

Dynamic binding of liposomes was assessed by
flowing nanoparticles through the USC over cells and
analyzing their fluorescence via FACS. Results were
then compared with those obtained via static binding.
Like static studies, treatments were conducted at 4 �C
to prevent internalization during treatment. HUVEC
were grown to confluence on 35 mm petri dishes,
rinsed, and the USC was vacuum affixed over the cells
onto the petri dish. Rinsing solution was pulled
through the chamber at 10 lL/min for 2 min, followed
by treatment solution (liposome solution normalized
to k495 = 0.05) for 5 min, and rinsed again for 3 min.
The vacuum was turned off, the flow chamber carefully
removed, and the area outside the chamber was
cleaned to remove untreated cells. Cells were rinsed 3
additional times, incubated in media at 37 �C for 4 h,
and collected for FACS analysis. FACS data of
dynamic studies resulted in two distinct peaks; one
peak corresponding to cell’s auto-fluorescence, and a
higher fluorescence peak which varied with liposome
formulation (Fig. 2). Fluorescence microscopy of
in situ cells (Fig. 5a) revealed that cells were labeled
throughout the entirety of the inner chamber surface.
By thoroughly cleaning the channel exterior, we
reduced the non-fluorescent population of cells col-
lected, from 81.4 ± 6.9 to 5.9 ± 4.4%. We concluded
that the lower peak belonged to untreated cells col-
lected from outside the chamber, and therefore report
the median value of the higher peak.

RESULTS

Cell Protein Expression and Peptide Particle Specificity

VCAM-1expression levelswere characterized through
pretreatment with 0, 0.01, 0.1, 1.0 or 10 ng/mL of TNFa
followed by immunolabeling. VCAM-1 expression
increased with TNFa concentration in a non-linear
manner (Fig. 3a) with 10 ng/mL resulting in the highest
expression level, however the increase between 1 and
10 ng/mL TNFa was not significant (p> 0.05). We thus
chose the 10 ng/mL level to maximize accumulation and
minimize the dependence of expression on shear stress.
For all subsequent VHP-liposome related studies
HUVEC were pre-treated with 10 ng/mL of TNFa.
Both APN and VCAM-1 mAb binding was signifi-
cantly greater than that of their respective IgG isotype
controls, confirming APN and VCAM-1 presence on
HUVEC (Fig. 3b). NGR-liposome’s specificity to
APN was tested by pre-treating cells with anti-APN
mAb or free NGR peptide. Pre-treatment with the
mAb reduced NGR liposome binding five-fold
(Fig. 4a), and pre-treatment with 109 free peptide
reduced binding ten-fold (data not shown). Increasing
free peptide concentration from 109 to 209 did not
further inhibit binding. To assess VHP specificity,
FAM-VHP monomer binding was compared against
FAM-sVHP monomer (Fig. 4b). A reduction in bind-
ing of up to 42% was observed when cells were incu-
bated with FAM-sVHP instead of FAM-VHP.

FIGURE 2. Representative example of FACS data for 0%
(solid line), 1% (dashed line) and 2% (dotted line) VHP-
conjugated liposome binding to HUVEC under flow. When
double peaks were present, the lower peak was coincident
with the control treatment.
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Microfluidic Chamber Characterization

Shear stress experienced inside the chambers was
characterized by measuring flow velocity and chamber
height throughout the chamber. Cross sectional height
measurements revealed that the USC height varied in a
parabolic fashion across the width due to sagging of
the upper wall. A decrease in chamber height and mean
flow velocity of up to 42 and 30% (relative to the
edge), respectively, was observed in the chamber center
(Supplementary Fig. 2). Following normalization of
the velocity by height, the average shear stress of the
USC was 4.4 ± 0.4 dyne/cm2 over the distance from
4.5 to 12.5 mm from the inlet (2–4 in Supplementary

Fig. 1). Due to the designed increase in width
with distance from the inlet, shear stress in the
GSC decreased linearly from 8.6 to 3.8 and 4.1 to
2.4 dyne/cm2 for 20 and 10 lL/min flow rates,
respectively, over a distance of 2.7 to 13.5 mm from
the inlet (Supplementary Fig. 2). For the GSC, the
chamber height decreased by 5% at most over the
distance from 2.7 to 13.5 mm from the inlet.

Optical Analysis of Cells In Situ

Optically-labeled liposomes were distributed
throughout the USC (Fig. 5a). After 4 h of post
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centrations of TNFa. VCAM-1 expression increased non-linearly with TNFa concentration. Differences between 1 and 10 ng/mL
were not found to be significant. N 5 3 for each group. Error bars represent standard deviations. (b) Comparing VCAM-1 and APN
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treatment incubation and fixation, punctate fluores-
cence was observed in the cells (Fig. 5b). One way
ANOVA analysis of the 2% peptide-conjugated lipo-
some treatment revealed a spatial dependence on
binding along the y-axis (p< 0.01) with a decrease

along the chamber edge, but not along the x-axis
(p> 0.05) (Figs. 5c and 5d). Increasing the surface
concentration of peptide from 1 to 2% VHP increased
the mean fluorescence intensity by approximately
fourfold.
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FIGURE 5. Spatial binding pattern of liposomal nanoparticles throughout the USC was characterized by flowing 1 (N 5 8) and 2%
(N 5 6) VHP-conjugated liposomes over HUVEC and measuring fluorescence through microscopy. (a) 20 3 6 frame mosaic image
composed of fluorescence images acquired using a 53 objective, with background subtraction. (b) An enlarged image of the edge
of the chamber, showing the individual cells with punctate fluorescence, seen at 53. (c) The average fluorescence along the y-axis.
(d) The average fluorescence along the x-axis. One way ANOVA results showed significant spatial dependence of 2% VHP-
conjugated liposomes capture along the y-axis (p < 0.01), but not along the x-axis. Capture of 1% VHP-conjugated liposomes was
not spatially dependent along either axis (p > 0.01).
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To systematically examine the change in accumu-
lation between 1 and 2%-conjugated VHP liposomes,
we examined liposome capture under shear in the GSC
at 10 and 20 lL/min, corresponding to a range in
measured shear stress from 2.4 to 8.6 dyne/cm2.
Figure 6a provides a representative image of endo-
thelium sheared with 2%-conjugated VHP liposomes
at 10 lL/min. For both 1 and 2%-conjugated VHP
liposomes, the greatest accumulation occurred at the
lowest shear measured (2.4 dyne/cm2), and decreased
steadily with increased shear stress (Fig. 6b). As
observed in earlier studies, the 2%-conjugated ligand
liposome accumulation was significantly greater than
for 1%-conjugated ligand liposomes.

Optimization of Surface Architecture

Particle binding under static and dynamic condi-
tions was compared for two peptide-conjugated

liposomes, with substantial increases in avidity as the
peptide molar percentage increased from 0 to 6%
(Figs. 7a and 7b). Further, increasing the PEG brush
layer decreased accumulation in static and dynamic
assays. For both peptides, increasing the molar per-
centage of DSPE-PEG2k from 0 to 6% decreased
liposome accumulation by 50%. For maximal binding,
we found 6% LPP without additional PEG to be
optimal.

NGR and VHP-Targeted Particles Respond Differently
to Shear Stress

Under shear stress of 4.4 dyne/cm2 NGR-conju-
gated liposome binding significantly decreased while
VHP-conjugated liposome binding significantly
increased. The increase in accumulation for the 2%-
conjugated VHP liposomes under shear stress was
verified using fluorescence microscopy. Finally, the
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FIGURE 7. Comparison of binding under static vs. dynamic conditions for varying peptide molar concentrations for NGR and
VHP-conjugated liposomes. (a) NGR-conjugated liposome binding under static and dynamic (4.4 dyne/cm2 shear stress with the
USC) conditions. Particle binding increased with peptide concentration (p < 0.01 except from 4 to 6%), but consistently decreased
under shear (p < 0.01 except for 1%) (N ‡ 3). (b) VHP-conjugated liposome binding under static and shear conditions. Particle
binding consistently increased with peptide concentration (p < 0.01), and also increased under shear (p < 0.01 except for 1%, up to
13-fold) (N ‡ 3). (c) Binding of NGR and VHP-conjugated liposome in side by side comparison.
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accumulation of NGR- and VHP-conjugated
liposomes was compared for 1 and 2% ligand
concentrations (Fig. 7c). On average, VHP-conjugated
liposomes accumulated 1.6 and 33.4 times better than
NGR-conjugated liposomes under static and dynamic
conditions, respectively. VHP-conjugated liposome
accumulation increased approximately 13 fold when
treated under 4.4 dyne/cm2 of shear stress, while
NGR-liposome accumulation decreased to half under
identical conditions.

DISCUSSION

In this work, we have designed a flow chamber that
facilitates the characterization of targeted nanoparticle
accumulation on a monolayer of cells under physio-
logical shear stress. The design allows for cells to be
cultured in standard 35 mm petri dishes, uses a small
volume of reagents and cells are collected with ease for
FACS analyses. The concept of analyzing particle
binding under shear in vitro is not new, and studies
involving more complex microfluidic chambers that
replicate the vascular intricacies19 have been used to
identify the vascular structural features that favor
binding. The strength of our model lies in its ability to
rapidly and quantitatively characterize nanoparticle
binding under flow on a per cell basis with high sen-
sitivity, facilitating particle optimization. For optimal
in vivo particle-based delivery, continued research will
be important regarding both the vascular/flow field
characteristics, and the particle surface chemistry that
maximize accumulation.

Experimental shear stress characterization via
velocity and chamber height measurements revealed
that the chamber height varied as a result of the PDMS
material properties26 and the high aspect ratio of the
chamber (1:80), which was chosen in order to obtain
large numbers of cells for flow cytometry. For future
studies, alternative materials should be evaluated,
balancing the requirement for obtaining a vacuum seal
with the stiffness required by the large chamber width.
Despite deformation, the shear stress throughout the
centermost half of the USC was 4.4 ± 0.4 dyne/cm2

under a volume flow of 10 lL/min. In situ fluorescence
microscopy of the cells treated with 2%-conjugated
VHP liposomes using the USC exhibited relatively
uniform fluorescence of 10.29 ± 0.98 throughout the
treatment area. The magnitude of the decrease in
fluorescence at the chamber edge (as compared with
the center) was only 7% (Fig. 5c), and the effect on
FACS data was therefore small. Analyzing GSC treated
cells in situ revealed that the average liposome accu-
mulation decreased by 9% over the USC relevant shear
stress range of 3.6 to 5.1 dyne/cm2 and by 35% when

shear stress was increased from 2.4 to 8.6 dyne/cm2. The
effect of ligand concentration was far greater, with an
85% decrease in accumulation observed when liposomes
included 1%, as compared with 2%, of the conjugated
peptide (Fig. 6b).

Under shear stress, the difference in accumulation of
particles containing the VHP and NGR ligands likely
results from both the differences in avidity15,18 of the
particles and the nature of the receptor. We anticipate
that the introduction of shear stress will disrupt
receptor ligand interaction for the low affinity (NGR-
APN) receptor-ligand bond. In addition, a substantial
literature has demonstrated that VCAM-1 bonds
exhibit catch-bond characteristics that are enhanced by
shear stress.4

Treating cellswithVHP-conjugated liposomesunder a
shear stress of 4.4 dyne/cm2 significantly increased par-
ticle delivery as compared to treatment under static
conditions. This is not surprising, as studies involving the
transfection of endothelial and neuronal cells using cat-
ionic lipoplexes have also resulted in a significant increase
in delivery when supplemented with flow.6 However,
convection–diffusion based modeling by Lee et al.12

shows that spheroids do not migrate towards chamber
walls in the absence of external forces (such as gravita-
tional or electrostatic forces), and that the addition of
flow forces parallel to the wall does not enhance particle
margination.Korn et al.10modeled themeanfirst passage
time (MFPT) of targeted nano-spheres to receptor-
coated walls and found MFPT to decrease with increas-
ing Peclet number (proportional to shear rate), receptor
density and receptor length. Consistent with Lee et al.’s
work, margination/sedimentation was found to be inde-
pendent of convection; however, once the particle was in
binding proximity (via external forces or diffusion)
greater flow resulted in faster particle rotation and an
increasing ligand-receptor encounter rate. Modeling the
binding rate of surface tethered reactants on two surfaces
moving against each other, Chang et al.1 found the
binding rate to initially increase with relative velocity due
to an increased rate of encounter, but to then plateau due
to a decrease in encounter duration. This may explain
why particle delivery decreased when shear stress was
increased from 2.4 to 8.6 dyne/cm2 in the GSC, and the
large difference in binding between NGR- and VHP-
conjugated liposomes under flow.

Under both static and dynamic conditions, an
increase in ligand concentration (from 0, 1, 2, 4, to
6 mol%) resulted in a steady increase in particle
accumulation. This is consistent with the work of
others, where MFPT and probability of capture of a
targeted nanoparticle to a surface under flow was
enhanced with increased ligand concentration.10,25 The
critical shear stress required to dislodge a particle from
a receptor-coated wall has been found to increase
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linearly with ligand density.11 Korn’s work predicts
that at low shear MFPT is dominated by the ligand
density, but as shear is increased, MFPT decreases for
all ligand densities, eventually converging. Although
the binding of particles with differing ligand densities
was quantified under only two shear stresses in this
study (0 and 4.4 dyne/cm2), it will be of interest to
quantitatively test particle accumulation with a greater
range of shear stress to test Korn’s predictions.

The addition of PEGylated lipids in excess of 6 total
mol% did not enhance particle accumulation, and in
the case of 6% excess (6III %), particle accumulation
was halved compared to 0% excess (6I %).

Although not explored in this paper, the chamber
can accommodate physiological treatment fluids. The
introduction of erythrocytes in in vitro flow studies has
shown to significantly increase the accumulation of
targeted microparticles on to surfaces.2 Future studies
will evaluate targeted nanoparticles in the presence of
erythrocytes.

In summary, we have designed a flow chamber that
allows for facilitated characterization of targeted nano-
particle binding to a monolayer of cells under physio-
logical shear stress. The data obtained throughFACShas
been verified with fluorescence microscopy images of
in situ cells, and although the chamber shear is not com-
pletely uniform, both the FACS and in situ imaging
results were in agreement that the effects of non-unifor-
mity was minimal compared to the effects of particle
composition. Most importantly, we find that even for
100 nm liposomes with dense concentrations of ligand
(up to 3000 per nanoparticle) the effect of shear stress on
particle accumulation varies with the affinity of the
ligand. For the ligands evaluated here, accumulation was
maximized at the maximum surface density tested
(6 mol%) and without an additional brush layer. Accu-
mulation of NGR-conjugated liposomes decreased with
the introduction of shear stress, however, for VHP-
conjugated liposomes targeted to VCAM-1, accumula-
tion peaked with the shear stress of 2.4 dyne/cm2 similar
to the adhesion of neutrophils in similar shear stress.

ELECTRONIC SUPPLEMENTARY MATERIAL

The online version of this article (doi:10.1007/
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which is available to authorized users.
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