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Abstract

Local inflammation of the endothelium is associated with a plethora of cardiovascular
diseases. Vascular-targeted carriers (VTCs) have been advocated to provide focal effec-
tive therapeutics to these disease sites. Here, we examine the design of functionalized
nanoparticles (NPs) as VTCs that can specifically localize at an inflamed vessel wall under
pathological levels of high shear stress, associated for example with clinical (or in vivo)
conditions of vascular narrowing and arteriogenesis. To test this, carboxylated fluores-
cent 200 nm polystyrene particles were functionalized with ligands to activated endo-
thelium, that is, an E-selectin binding peptide (Esbp), an anti ICAM-1 antibody, or using a
combination of both. The functionalized NPs were investigated in vitro using micro-
fluidic models lined with inflamed (TNF-a stimulated) and control endothelial cells (EC).
Specifically, their adhesion was monitored under different relevant wall shear stresses
(i.e., 40-300 dyne/cm?) via real-time confocal microscopy. Experiments reveal a signifi-
cantly higher specific adhesion of the examined functionalized NPs to activated EC for
the window of examined wall shear stresses. Moreover, particle adhesion correlated
with the surface coating density whereby under high surface coating (i.e., ~10,000 mole-
cule/particle), shear-dependent particle adhesion increased significantly. Altogether, our
results show that functionalized NPs can be designed to target inflamed endothelial cells
under high shear stress. Such VTCs underscore the potential for attractive avenues in

targeting drugs to vasoconstriction and arteriogenesis sites.
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1 | INTRODUCTION

Abbreviations: alCAM-1, Anti intracellular adhesion molecule 1; EC, endothelial cells; ECM,

endothelial cell media; Esbp, E selectin binding peptide; FBS, fetal bovine serum; HUVEC,

A variety of cardiovascular diseases, including atherosclerosis, thrombo-

human umbilical vein endothelial cells; ICAM-1, intracellular adhesion molecule 1; NPs, sis, and vasospasm, are characterized by vascular wall inflammation,1

nanoparticles; PBS, phosphate buffered saline; PDMS, polydimethylsiloxane; TNF-a, tumor
necrosis factor alpha; VCAM-1, vascular cell adhesion molecule 1; VTCs, vascular-targeted

carriers; WSS, wall shear stress.

where the inflammatory processes play a major role in vascular patho-

genesis. The inflammatory reaction is a complex process involving the
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immune system cells (e.g., lymphocytes, monocytes, macrophages) and
the endothelial cell layer veering the vascular walls.® The basic interac-
tion between these two cells types at the initial steps of inflammation
relies on inflammatory receptor-ligand interactions,? and therefore, can
be employed for drug delivery using vascular-targeted carriers (VTCs).
Endothelial cells (EC) response to inflammatory mediators is ter-
med endothelial activation and it varies according to the specific
mediator. For example, histamine is known to promote short-term
response of ECs, while TNF-a stimulates a long-term response.® While
short-term EC response occurs within a few minutes and involves
rapid expression of membrane receptors, long-term response induces
new adhesion molecules synthesis.® The inflammatory receptors inter-
act with their ligands on leukocytes surface and can similarly be uti-
lized for targeted drug delivery to activated ECs. The first receptors to
be expressed on ECs are receptors of the selectin superfamily. One of
them, E-selectin, is crucial for capturing leukocytes circulating within
blood flow and enables their rolling over the inflamed EC under physi-
ological flow** (see schematic of Figure 1a). E-selectin is stored in «
granules inside resting EC, but following an inflammatory stimuli these
vesicles fuse rapidly (within seconds) with the cell membrane.® How-
ever, E-selectin expression declines generally within the first 24 hr
post stimulation.® This rapid post-stimulation expression of E-selectin
may be utilized for efficient drug-targeting.”® The next step in EC-

leukocyte cascade, following rolling, consists of a firm adhesion®?1°
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as shown in Figure 1b. This step is mitigated by overexpression
of immunoglobulins superfamily members, such as Intra-cellular adhe-
sion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1).31%12 |5 contrast to E-selectin, ICAM-1 has abroad distri-
bution in the body due to its function in cell-cell and cell-matrix adhe-
sion. While under resting conditions ICAM-1 expression is low, upon

chemokines simulation or shear stress alterations®2

it is upregulated.
ICAM-1 becomes overexpressed mostly after 4 hr, and even 48 hr
later there is still altered expression of the ICAM-1 receptor.’® Yet,
the stable pairing of the ICAM-1 receptor to its ligands provides firm
adhesion, which is highly desirable in drug delivery approach.”®

Based on the natural molecular interaction occurring during inflam-
mation between leukocyte and EC, vascular-targeted carriers (VTCs) that
target activated ECs have been sought and developed (Figure 1b) as a
potent drug delivery strategy.'* Briefly, the active targeting of VTCs is
based on functionalizing these carriers with ligands and antibodies that
enable specific ligand-receptor pairing with their complimentary over-
expressed inflammatory receptors on the EC.*3*> Achieving effective
targeting remains a challenging task where VTCs are designed to adhere
to specific receptor overexpressed on a limited number of cells at the dis-
ease site while avoiding adhesion to vascular cells throughout the body,
where cells exhibit lower receptor expression.® Therefore, various stud-
ies have focused on targeting functionalized nanoparticles to inflamed
endothelium based on over-expression of adhesion receptors such as:
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ICAM-1, VCAM, and E-selectin.?”*® However, in the cardiovascular sys-
tem, this task needs to be performed under dynamic conditions including
blood flow and its associated hemodynamic forces.**? To address this
challenge a number of recent studies have examined VTCs under flow
conditions and optimized their targeting affinity under relevant physio-
logical levels of wall shear stress?® (WSS) falling in the broad range®21-2%

[2% studied microbubble

of 1-60 dyne/cm?. For example, Ferrante et a
carriers, coupled with ligands to VCAM-1 and P-selectin, targeting to
atherosclerotic plaque sites under WSS ranges from 1.6-6 dyne/cm?.
Also, Eniola-Adefeso et al investigated the effect of carriers' size and

ligand coating®%??

on their targeting to vascular wall under low WSS
ranges between 0.8-2 dyne/cm?. In addition to the targeting of VTCs
under constant laminar flow conditions, several studies have also
focused on VTC targeting under more complex flow conditions, including
VTC targeting in low-shear re-circulating flows, as such flows are known
to occur at atherosclerotic arteries.?2 Additionally, to improve site speci-
ficity, the use of multivalent targeting, using two or more ligands which
can provide synergetic adhesion, have also been explored, under these
low WSS conditions. 122

Yet, so far these have been limited to healthy or low WSS conditions
and have not addressed VTC adhesion under pathological levels of high
WSS where WSS can be 100 dyne/cm? and higher.2*?® Studies
addressing NPs targeting under high WSS region have so far focused on
targeting thrombotic arteries?® and not the endothelium. However, high
WSS and endothelial activation are critical aspects known to occur in sev-
eral disease conditions including vaso-constricted arteries or at early
stages of arteriogenesis following occlusion of a neighboring
artery.202427.28 Thys, although not studied before, targeting NPs to the
activated EC under these high WSS conditions can be valuable.

In the present work, we explore in vitro the adhesion of VTCs to
inflamed endothelium under pathological high shear conditions
(>70 dyne/cm?) using microfluidic perfusion models. Our results show
that 200 nm particles functionalized with activated endothelial ligands,
that is, an E-selectin binding peptide (Esbp) or an anti ICAM-1 antibody
or a combination of both, can selectively target activated endothelial
cells under pathological high shear stress conditions. These findings
may provide a promising avenue for targeted delivery of therapeutics
to sites of diseased and inflamed vasculature, where pathological levels
of high WSS are well established.

2 | MATERIALS AND METHODS

21 | Microfluidic device fabrication

Microfluidic devices were produced from Polydimethylsiloxane (PDMS)
using conventional soft-lithography, as reported previously.2 Briefly, a
simple channel (22 mm in length and 2 mm in width) was cut in an 80-pm
aluminum adhesive film using a cutter plotter (CE5000, Graphtec, CA). A
2.2 cm long channel was used to assure a uniform, stable WSS at the
examined region (see also Computational Fluid Dynamic [CFD] simula-
tion results in Supporting Information and Figure S1). The obtained alu-

minum strips were placed at the bottom of a petri dish. Next, a PDMS

Sylgard 184 (Dow Corning, Midland, MI) mixture containing a 1:10 ratio
of crosslinker and resin, respectively was poured into the dish, degassed
and kept at room temperature overnight. Afterwards the PDMS was
peeled, and inlet and outlet holes were punched. Finally, the PDMS chan-
nels were sealed to a glass slide 76 x 50 x 1 mm (Marienfeld, Germany)
utilizing oxygen plasma.

22 | Cell culture
Prior to cell seeding, the surface of the microfluidic device was coated
using 100 pg/ml human fibronectin (Sigma Aldrich, Israel) in PBS. Human
umbilical vein endothelial cells (HUVECs), (Lonza, Israel) were used in all
assays. HUVECs were cultured in T75/T150 flasks with ECM media sup-
plemented with FBS, Endothelial Cell Growth Supplement, penicillin/
streptomycin solution (ScienCell, Switzerland). HUVECs were trypsinized
using trypsin B (Biological Industries, Israel), and 10° cells were seeded in
each microfluidic channel. The cells were then incubated at 37°C and 5%
CO? with standard media for 2 hr to enable a stable cell adhesion.
Inflammation was induced by activating the HUVECS using
0.1 pg/ml TNF-a (R&D Systems, MN) in a serum free media, which
resulted in E-selectin and ICAM-1 over-expression. The activation
was induced under static conditions at 37°C and 5% CO,, over differ-
ent durations (0.5-6 hr). Then the microfluidic channels were washed
twice with PBS. Cells were then fixed using 4% paraformaldehyde
(Sigma Aldrich, Israel) for 10 min at room temperature, washed three

times and stored at 4°C.

23 |
ICAM-1

Staining HUVEC cells against E-selectin and

Cells were stained against E-selectin by incubating the fixed TNF-a stim-
ulated cells with 50 pg/ml FITC labeled E-selectin binding peptide,
Esbp®° (purchased from GL Biochem, China, >95% purity validated by
HPLC and MS),%° for 2 hr at room temperature. Also, ICAM-1 receptors
were stained using incubation with 2.5 pg/ml anti ICAM-1 antibody
(ThermoFisher, MA) for 2 hr, and labeled using a secondary antibody
Alexa fluor 647 anti-mouse (ThermoFisher, MA). Cell nuclei were stained
using DAPI. The microfluidic channels were washed twice with PBS
between staining steps. Confocal images were obtained using a Nikon
based confocal microscopy system (Andor, Belfast GB) and recorded by
an Andor DS-Ri2 camera. Images were acquired by an Andor iQ3 soft-
ware and fluorescent intensity analysis was performed via an Image)
software. Data was averaged from 3 to 5 images per experiment and

three repeat experiments were conducted for each condition.

2.4 | Particle functionalization

Two hundred nanometers of carboxylated polystyrene particles
(ThermoFisher, MA) were modified chemically via EDC/Sulfo-NHS
protocol (Merck, Israel). For Esbp particles, a one-step process was
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used, while for anti-ICAM-1particles, a NeutrAvidin/Biotin-Binding
method was performed. First, the particles were washed three times
with a 2-(N-morpholino) ethanesulfonic acid (MES) buffer and incu-
bated with 200 mM EDC and 200 mM Sulfo-NHS for 30 min at room
temperature. At this point, FITC-Esbp were linked to Esbp particles
for 2.5 hr, and NeutrAvidin to alCAM-1 particles. Then, ethanolamine
(Merck, Israel) was added for 30 min to quench the reaction. The par-
ticles were washed three times using a suspension in 50 mM Tris,
pH 8.0, 0.5% (w/v) casein blocking buffer.

Biotinylated alCAM-1 was linked to NeutrAvidin coated particles
for 2 hr at room temperature. Finally, all particles were washed in PBS
contains 1%(w/v) BSA (Millipore, MA) prior to flow adhesion
experiments.

The amount of conjugated alCAM-1 on particle surface was esti-
mated using the supernatant protein content by a Smith assay with
bicinchoninic acid kit for protein determination (Sigma Aldrich, Israel).
The absorption reads were taken by a CARRY Bio100 spectrophotom-
eter. For particle Esbp quantification, the FITC fluorescence levels
were read using a Microplate reader (Varioskan LUX, ThermoFisher,
MA). In addition, particle size and zeta potential of coated particles

were measured by a DLS Zetasizer Nano instrument (Malvern, GB).

2.5 | Perfusion system and adhesion experiments

The perfusion system comprises a HUVEC seeded PDMS microfluidic
device, a syringe pump (KDS Scientific, MA) connected to a syringe
filled with particle solution at a concentration of 3.4 + 0.5 pg/ml
suspended in PBS which was supplemented with 1%(w/v) BSA
(Millipore, MA) buffer. Particle concentration was measured via fluo-
rimetry utilizing a calibration curve of the stock solution. The particle
solution was perfused through the channel at a controlled constant
flow rate ranging between 512 and 3,840 pl/min, to monitor the influ-
ence of various levels of WSS (see below). The particle solution was
perfused between 15 to 30 min in each experiment. Particle adhesion

was assessed via florescent confocal microscopy.

2.6 | Shear stress and adhesion calculations

Flow-induced WSS corresponds a tangential force applied on a sur-
face due to viscous fluid flow. In our microfluidic model, we set the
WSS using the analytical formula established under laminar flow con-

ditions for a wide channel (w > h) such that

.= 01Q
" Rw

where 1, is the WSS, y the fluid viscosity, Q is the flow rate, h and
w are the channel height and width, respectively. Here, we assume a
fully-developed laminar flow for a Newtonian incompressible fluid

obeying no-slip conditions at the wall.

2.7 | Data analysis and statistics

Confocal time-lapse images were taken for each flow experiments.
Using a custom analysis software (Matlab®), we extract the number of
present particles in each frame and the slope representing the average
adhesion rate over time (i.e., number of particles per mm? per min).
Additionally, the particle adhesion probabilities were also calculated
as described in the Suppl. Material. Each flow experiment was
repeated between 3-4 times, and 3-6 individual locations in each
channel were recorded. Mean data are plotted with corresponding
standard deviation (STD) bars and were analyzed as indicated in figure
legends. Statistical significance of differences was determined using
an unpaired Students t-test. Marks indicate p values of #<.05, **<.01,
*#%< 001, and n.s. indicates not significant as presented in the figures.

All statistical analyses were determined using GraphPad Prism 8%

software.
3 | RESULTS
3.1 | E-selectin and ICAM-1 ligand adhesion to EC

In this work we have focused on VTCs functionalized with two com-
mon inflammatory ligands, namely an Esbp and an anti ICAM-1 anti-
body. The Esbp is an artificial peptide, first synthesized by Shamay
et al.®® The Esbp CDITWDQLWDLMK-CONH2 sequence labeled
with FITC-Lys was used in our study to allow its fluorescence detec-
tion. The peptide binds E-selectin with high affinity but not P-selectin
and L-selectin, members in selectins superfamily.3® For I-CAM1
targeting we used an anti ICAM-1 monoclonal antibody from mouse
origin, which reacts with human ICAM-1, and has been widely studied
for VTCs.”3?

As E-selectin and ICAM-1 expressions vary as a function of time
post stimulation by TNF-a, we first examined the adhesion of these
ligands experimentally in our model at different time points post stim-
ulation. ECs cultured in the microfluidic channels were incubated with
TNF-a and cells were subsequently fixed at various time points fol-
lowing stimulation and then incubated with the examined ligand prior
to confocal fluorescent microscopy imaging.

Our experiments (see Figure 2) show that the expression of
E-selectin increased as a function time, reaching its peak value at
4 hr of TNF-a stimulation and then dropped down to almost its basal
levels at 6 hr post stimulation. Such results confirm the different
kinetics known to exist for these two ligands.® Namely, in the case
of ICAM-1, ICAM-1 levels increased monotonically as a function of
the duration of stimulation by TNF-a (Figure 2b), reaching their
highest value at the longest examined time (6 hr). Within the limita-
tions of the present assay, these results, whereby different ligands
exhibit different temporal changes in expression during disease con-
ditions, further suggest that using multivalent targeting via two or
more targeting ligands may offer a more robust and effective

targeted delivery approach.
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FIGURE 2 Confocal microscopy images of normal HUVEC cells, and of HUVEC cells inflamed upon stimulation by TNF-a. (a) The stimulated
cells express ICAM-1 and E-selectin entities, as revealed by staining with fluorescent-labeled anti ICAM-1 antibody (red) and Esbp (green),
respectively. Staining by DAPI (blue) served as control. All three are displayed collectively in Merge images. Scale bar: 30 um. (b) Time course of
the normalized fluorescence intensities of cell-labeled alCAM-1 (red) and of Esbp (green), as measured in the corresponding images shown in
section (a)

3.2 | Effect of ligand surface density on NPs surface densities: 1,000 (low density) and 10,000 (high density) copies
adhesion under high WSS per um2. The ligand density, hydrodynamic diameter and zeta poten-

tial of the various studied formulations are summarized in Figure 3.
To test the effect of particle surface ligand density on adhesion under ECs were then cultured in the microfluidic devices and inflamed with

high WSS, 200 nm polystyrene NPs were first functionalized at two TNF-a over 4 or 6 hr for Esbp and alCAM-1, respectively. These
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activation times represent the peak E-Selectin and ICAM-1 expression
time points® in our experimental system within a <6 hr time frame
following the above experiments (Figure 2).

To begin, high-density Esbp functionalized NPs were perfused
through the microfluidic devices at different WSS: (a) 40 dyne/cm? rep-
resenting high levels of physiological WSS in arteries, (b) 100 dyne/cm?,
and (c) 300 dyne/cm? representing pathological levels of WSS. For all
the examined levels of WSS, Esbp NPs exhibited selective adhesion to
activated cells, while minimal adhesion was noticed in normal
unstimulated EC, as shown in Figure 4a. Moreover, we observed that the
adhesion rate was shear-dependent, that is, increasing with higher shear.
To test the effect of ligand surface density on adhesion under pathologi-
cally high WSS, we performed experiments with the low-density Esbp
NPs and compared them to the high-density Esbp NPs. The results show
a strong trend whereby high density Esbp NPs adhere more than low-
density Esbp NPs, as shown in Figure 4b for representative images at
WSS = 300 dyne/cm?. Quantitative analysis of the results (Figure 4c)
show that at 100 and 300 dyne/cm?, the adhesion rate of high -density
Esbp NPs to activated EC is more than two folds higher compared to
low-density Esbp NPs. Thus, Esbp NPs appear to provide a selective

attachment to activate the inflamed ECs and increasing the ligand den-
sity has a positive impact on this adhesion.

To test alCAM-1 NPs, the same perfusion experiments were
repeated for conditions of low-density and high-density alCAM-1
NPs; their adhesion under flow to inflamed, (6 hr) TNF-a stimulated
ECs as well as normal ECs was monitored and quantified. For high-
density alCAM-1 NPs (Figure 5), the selective adhesion to activated
ECs compared with unstimulated ECs was consistently observed for
all the WSS values examined (i.e., 40, 100, and 300 dyne/cm?). In con-
trast, for low-density alCAM-1 NPs, significantly less adhesion was
observed under the same WSS conditions, as observed in Figure 5b
showing representative confocal microscopy images at WSS of
300 dyne/cm?. Quantitative analysis of the adhesion rate of both par-
ticles (Figure 5c) underlines a >3-fold increase in particle binding of
high-density alCAM-1 NPs, when spanning 100-300 dyne/cm?. On
the other hand, low-density alCAM-1 NPs show a decrease in binding
when WSS increases, as well as significantly less overall adhesion.
Regarding the high alCAM-1 results (Figure 5c) the observed behavior
of the NPs can be attribute to a more complex interaction between

the anti-body and the ligand, which can also be influenced by flow.

Pristine Esbp +
Esbp aICAM:-1
Particle alCAM-1
) & 1 2\ N/
*— *— *— (
( ) 9\‘ = =g
4 > 8
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FIGURE 3

NPs ligand quantification, number mean value and Z-average of the particles' size, particles' PDI, and the {-potential evaluation
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FIGURE 4 Adhesion of Esbp
functionalized nanoparticles (NPs) to
activated Endothelial cells (ECs) under
high shear stress conditions.
(a) Representative fluorescent confocal
microscopy images following perfusion
experiments over ECs. The images show
higher adhesion of Esbp (10,000 copies/
m?) functionalized NPs to activated cells,
compared to low-density Esbp NPs
(1,000 copies/pm?), at for the examined
wall shear stresses of: 40, 100, and
300 dyne/cm?. Scale bar: 50 pm.
(b) Confocal microscopy images comparing
the adhesion of Esbp functionalized NPs
at two surface densities (1,000 &
10,000 #/pm?) to activated ECs (phase
images) at a WSS of 300 dyne/cm?. High-
density Esbp NPs show greater adhesion
to cells. Scale bar: 50 pm.
(c) Quantification of the adhesion rate of
Esbp-NPs coated at two densities to
activated ECs under flow at different
levels of wall shear stress (i.e., 40,100, and
300 dyne/cm?). The EC were stimulated
by TNF-a for 4 hr

FIGURE 5 Adhesion of alCAM-1
functionalized nanoparticles (NPs) to
activated Endothelial cells (ECs) under
high shear conditions.

(a) Representative fluorescent
confocal microscopy images following
perfusion experiments over ECs. The
images show higher adhesion of
alCAM-1 (10,000 copies/pm?) NPs to
activated cells at the examined wall
shear stresses: (i.e., 40, 100, and

300 dyne/cm?). Scale bar: 50 pm.

(b) Confocal microscopy images
comparing the adhesion of alCAM-1
functionalized NPs at two surface
densities (1,000 & 10,000 #/pmz) to
activated ECs phase image) at a WSS
of 300 dyne/cm?. High-density
alCAM-1 particles show greater
adhesion to cells. Scale bar: 50 pm.

(c) Quantification of the adhesion rate
of alCAM-1-NPs coated with two
densities to activated ECs under flow
at different levels of wall shear stress
(i.e., 40,100, and 300 dyne/cm?). The
EC were stimulated by TNF-a for 6 hr
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3.3 | Adhesion of Esbp + alCAM-1 dual
functionalized NPs under high WSS

Given the enhanced adhesion under high WSS of high-density
NPs, for both Esbp and alCAM-1 NPs, we examined also dual
functionalized NPs comprising a combination of Esbp and alCAM-1
(see functionalized NPs characteristics in Figure 3). Specifically, 5,000
copies of each ligand were immobilized on the same particle to pro-
duce the same total molecules as compared under high-density Esbp
and alCAM-1 NPs. We then perfused the NPs on 0.5-hr TNF-a stimu-
lated EC or 4 hr stimulated EC, while monitoring particle adhesion
under high WSS. Then we compared them with high-density Esbp and
alCAM-1 NPs.

As shown in Figure 6a, for 0.5 hr stimulated ECs, under normal phys-
iological levels of WSS (40 dyne/cm?) all formulations exhibited
enhanced adhesion to activated EC compared to normal EC demonstrat-
ing their specific interaction with inflamed EC. Additionally, for all the
examined NPs, the adhesion rate reaches a maximum level at the maxi-
mum examined (WSS = 300 dyne/cm?) as shown in Figure éb. Thus, the
increase in shear stress correlates with an increased flux of particles and

thereby results in more particles that adhere. However, as the adhesion

15,000-
5 = *kk
E &g 10,000
s §E&
7 K]
2 £2 50001
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interaction between the NPs and the inflamed EC layer under flow are
complex in nature, a non-linear correlation is observed throughout our
experiments, even for particles that exhibit high affinity to their target.
Additionally, in order to normalize the particle flux, we calculated the
adhesion probabilities of the three types of NPs to activated EC under
WSS of 40, 100, and 300 dyne/cm? (see Supporting Information and
Figures S2 and S3).

Importantly, upon comparing the different particle coatings, parti-
cle adhesion of the dual-targeted NPs produced superior adhesion
compared to high-density Esbp and alCAM-1 NPs at all WSS values,
thus highlighting the synergistic action of Esbp and alCAM-1 adhesion
under the examined condition of 0.5 hr TNF-a stimulation.

As shown in Figure 6c, when the same NPs were tested after 4 hr
of inflammation at physiological levels of WSS = 40 dyne/cm?, all of
the NPs formulations showed high selectivity to activated ECs. Addi-
tionally, although under this physiological level of WSS the adhesion
rate of the dual-targeted NPs was superior to high-density alCAM-1
NPs and high-density Esbp NPs, when NPs were tested under patho-
logical levels of WSS the high-density alCAM-1 (Figure 6d) NPs
exhibited the highest adhesion rate. This effect was most pronounced

at 300 dyne/cm? where a three-fold increase in the adhesion was
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observed compared to Esbp NPs and dual targeting NPs. These find-
ings at longer time points post TNF- « simulation are in line with pre-

vious data?®2°

obtained at physiological levels of WSS (i.e., in the
range of 10-70 dyne/cm?), whereby the inflammatory receptors over-

expression changes it profile at different time-points post stimulation.

4 | DISCUSSION

Our in vitro results confirm that targeting NPs to activated ECs, via
E-selectin and ICAM-1 receptors, can provide selective adhesion not
only at physiological levels of arterial WSS, as described in previous
studies, but also and importantly at pathological levels of high WSS,
associated with sites of arterial stenosis. The examined functionalized
NPs exhibited stable adhesion even at a WSS of 300 dyne/cmz,
suggesting strong ligand-receptor linkage. Even at a coating density of
1,000 copies per pm2 for both Esbp and alCAM-1 NPs some
enhanced adhesion at high WSS was observed; namely, increasing the
coating density to 10,000 copies per pm2 resulted in significantly
more adhesion. This latter result agrees with the trend that the proba-
bility of first ligand-receptor pairing is higher when there are more
ligands on particle surface. Moreover, in this study, the attachment
between the particle and the EC layer is stronger when more ligand-
receptor bindings are present. However, an increase in the number of
ligands on the particles surface does not always lead to greater adhe-
sion of NPs to cells, and in some cases may have a counterintuitive
negative effect as described by Zern et al,®2 particularly with regards
to the trade-off between NPs targeting and their selectivity, which is
highly dependent on the NPs ligand density. Consequently, ligand
density is an important parameter that should be adequately studied
for optimal targeting of the NPs, including under high WSS conditions
associated with several vascular disease scenarios.

As the expression of EC adhesion receptors changes temporally
upon exposure to an inflammatory mediator (i.e., TNF-a in our case),
VTCs must be designed correspondingly. Here, specifically we focused
on a relatively short TNF-a stimulation (<6 hr). Nevertheless, within
such time interval significant differences exist in the expression of
ECs E-selectin and ICAM-1 receptors, which affected profoundly the
targeting of Esbp and alCAM-1 NPs under perfusion conditions. The
Esbp and alCAM-1 NPs show different adhesion curves at different
inflammation times. This may be the result of the different expression
at the examined time points as well as the different dissociation con-
stant of these receptors, which determine how stable the pairing will
be for each ligand at a defined shear stress. It is known that E-selectin
is involved in the initial stages of attachment and rolling of leukocytes
following the initial adhesion the ICAM-1 receptors is responsible for
the firm bond.® These different bond characteristics are also reflected
in the present results. Esbp NPs show superiority in adhesion com-
pared to alCAM-1 NPs only at the normal physiological shear at 0.5 hr
of TNF-a simulation. Interestingly, in spite of its low expression at 0.5
post TNF-a simulation, alCAM-1 NPs had high levels of adhesion
even at high levels of WSS. Following 4 hr of stimulation, alCAM-1
NPs are superior to Esbp NPs across all the examined WSS including

at a physiological level of 40 dyne/cm?. The difference between the
two particles is more pronounced than at 0.5 post TNF-a simulation.
Thus ICAM-1 may offer a more firm and stable adhesion compared to
E-selectin and similarly alCAM-1 NPs may offer stronger adhesion
compared to Esbp NPs,33 suitable for high WSS conditions.

When dual targeting particles were tested, these particles exhibited
significant higher adhesion compared to both Esbp and alCAM-1 parti-
cles after half an hour of inflammation (Figure 4), at all the examined
WSSs, and showed a higher adhesion probability under high WSS
(100 and 300 dyne/cmz, see Figure S2). Thus, suggesting synergetic
effects of E-selectin and ICAM-1 binding to their ligands. At 4 hr of TNF-
o stimulation, this synergetic effect diminishes probably due to the fact
that the inflammatory receptor overexpression profile has changed.
Therefore, the ratio of 1:1 does not fit optimally the receptors' expres-
sion as ICAM-1 is significantly more dominant than the E-selectin.®
Additionally, for each ligand a lower surface density, that is, 5,000 copies
per pmz, on the dual targeting particles exists and as ICAM-1 interaction
becomes dominated the adhesion compared to the higher 10,000 copies
per pm2 alCAM-1 is reduced. This phenomena was also well investigated
by Eniola-Adefeso et al'® for particle tested under normal WSS. Besides
the difference in the ICAM-1 and E-selectin receptors', there are also a
difference between antibody and peptide functions and stabilities®*:
antibodies are of a larger size than peptides, and exhibit poor tissue pen-
etration. But peptides perform instability, susceptibly to degradation and
delivery limitations. In our case, alCAM-1 and Esbp are of different
molecular size (>150 and 2.2 kDa correspondingly) and thus their size
and conformation may also affect sterically the ligand-receptor pairing.

In comparison to previous studies, our work mainly focuses on
improving inflamed endothelial cells active-targeting under high WSS
(40-300 dyne/cm?) while previous work focused on WSS below
10 dyne/cm?. For example, Eniola-Adefeso et al*® showed that dual-
targeted NPs result in an adhesion which is superior to mono-targeted
NPs at WSS of 0.8-2 dyne/cm? and in an inflamed mesentery in vivo
model. Our results under high WSS, also show a similar trend where
the dual functionalized NPs adhere better compared to the mono-
targeted NPs, at 0.5 hr post TNF-a stimulation. However, following
4 hr of TNF-a stimulation, the alCAM-1 NPs are more effective than
the dual formulation highlighting that this synergetic effect depends
on the temporal expression of both targeted receptors as well as the
WSS. Additionally, our results at high WSS also agree with the previ-
ous finding at physiological levels of WSS showing that an increase in
the ligand-density leads to a more firm adhesion.'® Indeed, the high
density coated NPs adhere better to the inflamed ECs under high
WSS, however, as shown in Figure 6, this comes at the cost of a sig-
nificant increase in the adhesion of the high density coated NPs to
non-inflamed ECs. When looking at the specificity of the different
NPs formulation, defined as the ratio between the adhesion of NPs to
activated ECs (on target) divided by the adhesion to normal ECs (off-
target), at different levels of WSS (Figure S4) a complex behavior is
observed where the coating type, coating density and activation time
all play a role. For both Esbp (Figure S4a) and alCAM-1 NPs
(Figure S4b) the higher density NPs correspond to higher specificity at
all the examined high WSS. Additionally, the high-density alCAM-1
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NPs show higher specificity than high-density Esbp NPs. As shown in
Figure S4c,d, increasing the activation time (0.5 vs. 4 hr), leads to sig-
nificant increase in the selectivity of adhesion, particularly for the
alCAM-1 NPs which at long activation time and high WSS is superior
to all the other formulations. Thus, at high WSS optimizing the selec-
tive adhesion under flow of functionalized drug carriers is an impor-
tant task, which needs to be tailored based on the pharmacokinetics
and safety profiles of the drug to be delivered. Thus, at high WSS
optimizing the selective adhesion under flow of functionalized NPs is
an even more challenging task then under physiological conditions.

Although our study provides initial evidence that NPs can be
designed and optimized for targeting activated ECs under high patho-
logical levels of WSS, such designed particles will require further
investigation under more relevant conditions mimicking specific dis-
ease conditions, for example, stenosis, both in vitro and in vivo. Addi-
tionally, other ligands may be of interest to study, such as VCAM-1,
and the combination of multiple ligand displays at various ratios on
the same NPs requires further investigation.

5 | CONCLUSIONS

Specific targeting of particles for drug delivery, using inflammatory
ligand-receptor pairing, can be valuable for treatment of a variety of dis-
eases and has thus received considerable attention in the field of cardio-
vascular nanomedicine. However, most of the work so far focused on
targeting under low to normal WSS both in vitro and in vivo.132%%2 Here
we show that functionalized particles with anti-inflammatory ligands can
selectively adhere to inflamed endothelial cells under high WSS, which is
anticipated in stenosis or in abnormally vaso-constricted arteries. Further
design of such carrier is required in order to tailor such nanomedicine to

defined pathological conditions where high WSS occurs.

CONFLICT OF INTEREST

The authors declare no potential conflict of interest.

AUTHOR CONTRIBUTIONS

H.Z., MK, and N.K. conceived the experiments. Y.S. synthesized the
Esbp peptide. H.Z. functionalized VTCs with Esbp and alCAM-1, per-
formed the perfusion experiments with the microfluidic models and
analyzed the data. H.Z. and N.K. wrote the manuscript in consultation
with Y.S., J.S., and N.L. All authors discussed the results and contrib-

uted to the final manuscript.

ORCID

Josué Sznitman = https://orcid.org/0000-0001-8217-3842
Netanel Korin "2 https://orcid.org/0000-0001-7244-889X
REFERENCES

1. Virdis A, Schiffrin EL. Vascular inflammation: a role in vascular disease
in hypertension? Curr Opin Nephrol Hypertens. 2003;12:181-187.
https://doi.org/10.1097/00041552-200303000-00009.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Treps L, Wong BW, Carmeliet P, Harjes U, de Zeeuw P, Eelen G.
Endothelial cell metabolism. Physiol Rev. 2017;98(1):3-58. https://doi.
org/10.1152/physrev.00001.2017.

Tavares JC, Muscard MN. Adhesion molecules and endothelium. In:
Lemos Da Luz P, Libby P, Laurindo FRM, Palandri AC, eds. Endothe-
lium and cardiovascular diseases: vascular biology and clinical syndromes.
London: Elsevier Inc.; 2018:189-201. https://doi.org/10.1016/B978-
0-12-812348-5.00014-3.

Ley K. The role of selectins in inflammation and disease. Trends Mol Med.
2003;9:263-268. https://doi.org/10.1016/51471-4914(03)00071-6.
Parekh RB, Edge CJ. Selectins - glycoprotein targets for therapeutic
intervention in inflammation. Trends Biotechnol. 1994;12:339-345.
https://doi.org/10.1016/0167-7799(94)20034-5.

Ley K. In: Ley K, ed. New Therapeutic Targets in Rheumatoid Arthritis.
Basel: Birkhaduser Basel; 2008. https://doi.org/10.1007/978-3-7643-
7975-9.

Eniola AO, Willcox PJ, Hammer DA. Interplay between rolling and
firm adhesion elucidated with a cell-free system engineered with two
distinct receptor-ligand pairs. Biophys J. 2003;85(4):2720-2731.
https://doi.org/10.1016/50006-3495(03)74695-5.

Eniola AO, Hammer DA. In vitro characterization of leukocyte mimetic
for targeting therapeutics to the endothelium using two receptors. Bio-
materials. 2005;26:7136-7144. https://doi.org/10.1016/j.biomaterials.
2005.05.005.

Lawson C, Wolf S. ICAM-1 signaling in endothelial cells. Pharmacol Rep.
2009;61:22-32. https://doi.org/10.1016/51734-1140(09)70004-0.
Steeber DA, Campbell MA, Basit A, Ley K, Tedder TF. Optimal
selectin-mediated rolling of leukocytes during inflammation in vivo
requires intercellular adhesion molecule-1 expression. Proc Natl Acad
Sci US A. 1998;95(13):7562-7567. https://doi.org/10.1073/pnas.95.
13.7562.

Nagel T, Resnick N, Atkinson WJ, Dewey CF, Gimbrone MA. Shear
stress selectively upregulates ICAM-1 expression in cultured human
vascular ECs. J Clin Invest. 1994;94(2):885-891.

Walpola PL, Gotlieb Al, Cybulsky MI, Langille BL. Expression of
ICAM-1 and VCAM-1 and monocyte adherence in arteries exposed
to altered shear stress. Arterioscler Thromb Vasc Biol. 1995;15(1):2-10.
https://doi.org/10.1161/01.ATV.15.1.2.

Eniola-Adefeso O, Adili R, Fish MB, Fromen CA, Zimmerman A,
Holinstat M. Evaluation of receptor-ligand mechanisms of dual-
targeted particles to an inflamed endothelium. Bioeng Trans Med.
2016;1:103-115. https://doi.org/10.1002/btm2.10008.

Koren E, Torchilin VP. Drug carriers for vascular drug delivery. [UBMB
Life. 2011;63(8):586-595. https://doi.org/10.1002/iub.496.

Wang Z, Li J, Cho J, Malik AB. Prevention of vascular inflammation by
nanoparticle targeting of adherent neutrophils. Nat Nanotechnol.
2014;9:204-210. https://doi.org/10.1038/nnano.2014.17.

Torrice M. Does nanomedicine have a delivery problem? ACS Cent Sci.
2016;2(7):434-437. https://doi.org/10.1021/acscentsci.6b00190.
Muro S, Garnacho C, Champion JA, et al. Control of endothelial
targeting and intracellular delivery of therapeutic enzymes by modu-
lating the size and shape of ICAM-1-targeted carriers. Mol Ther. 2008;
16(8):1450-1458. https://doi.org/10.1038/mt.2008.127.
Khodabandehlou K, Masehi-Lano JJ, Poon C, Wang J, Chung EJ.
Targeting cell adhesion molecules with nanoparticles using in vivo and
flow-based in vitro models of atherosclerosis. Exp Biol Med. 2017;242
(8):799-812. https://doi.org/10.1177/1535370217693116.

Whittaker AK, Peter K, Davis TP, Truong NP, Ta HT. The effects of parti-
cle size, shape, density and flow characteristics on particle margination
to vascular walls in cardiovascular diseases. Expert Opin Drug Deliv.
2017;15(1):33-45. https://doi.org/10.1080/17425247.2017.1316262.

0. Malek AM, Alper SL, Izumo S. Hemodynamic shear stress and its role

in atherosclerosis. Jama. 1999;282(21):2035-2042. https://doi.org/
10.1001/jama.282.21.2035.


https://orcid.org/0000-0001-8217-3842
https://orcid.org/0000-0001-8217-3842
https://orcid.org/0000-0001-7244-889X
https://orcid.org/0000-0001-7244-889X
https://doi.org/10.1097/00041552-200303000-00009
https://doi.org/10.1152/physrev.00001.2017
https://doi.org/10.1152/physrev.00001.2017
https://doi.org/10.1016/B978-0-12-812348-5.00014-3
https://doi.org/10.1016/B978-0-12-812348-5.00014-3
https://doi.org/10.1016/S1471-4914(03)00071-6
https://doi.org/10.1016/0167-7799(94)90034-5
https://doi.org/10.1007/978-3-7643-7975-9
https://doi.org/10.1007/978-3-7643-7975-9
https://doi.org/10.1016/S0006-3495(03)74695-5
https://doi.org/10.1016/j.biomaterials.2005.05.005
https://doi.org/10.1016/j.biomaterials.2005.05.005
https://doi.org/10.1016/S1734-1140(09)70004-0
https://doi.org/10.1073/pnas.95.13.7562
https://doi.org/10.1073/pnas.95.13.7562
https://doi.org/10.1161/01.ATV.15.1.2
https://doi.org/10.1002/btm2.10008
https://doi.org/10.1002/iub.496
https://doi.org/10.1038/nnano.2014.17
https://doi.org/10.1021/acscentsci.6b00190
https://doi.org/10.1038/mt.2008.127
https://doi.org/10.1177/1535370217693116
https://doi.org/10.1080/17425247.2017.1316262
https://doi.org/10.1001/jama.282.21.2035
https://doi.org/10.1001/jama.282.21.2035

ZUKERMAN ET AL.

BIOENGINEERING &
TRANSLATIONAL MEDICINEJn;f11

21

22.

23.

24,

25.

26.

27.

28.

29.

Charoenphol P, Huang RB, Eniola-Adefeso O. Potential role of size
and hemodynamics in the efficacy of vascular-targeted spherical drug
carriers. Biomaterials. 2010;31(6):1392-1402. https://doi.org/10.
1016/j.biomaterials.2009.11.007.

Charoenphol P, Mocherla S, Bouis D, Namdee K, Pinsky DJ, Eniola-
Adefeso O. Targeting therapeutics to the vascular wall in
atherosclerosis-carrier size matters. Atherosclerosis. 2011;217(2):364-
370. https://doi.org/10.1016/j.atherosclerosis.2011.04.016.

Ferrante EA, Pickard JE, Rychak J, Klibanov A, Ley K. Dual targeting
improves microbubble contrast agent adhesion to VCAM-1 and
P-selectin under flow. J Control Release. 2009;140(2):100-107.
https://doi.org/10.1016/j.jconrel.2009.08.001.

Korin N, Kanapathipillai M, Matthews BD, et al. Shear-activated
nanotherapeutics for drug targeting to obstructed blood vessels.
Science. 2012;337(6095):738-742. https://doi.org/10.1126/science.
1217815.

Epshtein M, Korin N. Shear targeted drug delivery to stenotic blood
vessels. J Biomech. 2017;50:217-221. https://doi.org/10.1016/j.
jbiomech.2016.11.015.

Molloy CP, Yao Y, Kammoun H, et al. Shear-sensitive nanocapsule
drug release for site-specific inhibition of occlusive thrombus forma-
tion. J Thromb Haemost. 2017;15(5):972-982. https://doi.org/10.
1111/jth.13666.

Schaper W, Scholz D. Factors regulating arteriogenesis. Arterioscler
Thromb Vasc Biol. 2003;23(7):1143-1151. https://doi.org/10.1161/
01.ATV.0000069625.11230.96.

Dolan JM, Kolega J, Meng H. High wall shear stress and spatial gradi-
ents in vascular pathology: a review. Ann Biomed Eng. 2013;41(7):
1411-1427. https://doi.org/10.1007/510439-012-0695-0.

Khoury M, Bransky A, Korin N, et al. A microfluidic traps system
supporting prolonged culture of human embryonic stem cells aggre-
gates. Biomed Microdevices. 2010;12(6):1001-1008. https://doi.org/
10.1007/s10544-010-9454-x.

30.

31

32.

33.

34.

Shamay Y, Paulin D, Ashkenasy G, David A. E-selectin binding
peptide-polymer-drug conjugates and their selective cytotoxicity
against vascular endothelial cells. Biomaterials. 2009;30(32):6460-
6468. https://doi.org/10.1016/j.biomaterials.2009.08.013.

Gunawan RC, Auguste DT. The role of antibody synergy and membrane
fluidity in the vascular targeting of immunoliposomes. Biomaterials. 2010;
31(5):900-907. https://doi.org/10.1016/j.biomaterials.2009.09.107.
Zern BJ, Chacko AM, Liu J, et al. Reduction of nanoparticle avidity
enhances the selectivity of vascular targeting and PET detection of
pulmonary inflammation. ACS Nano. 2013;7(3):2461-2469. https://
doi.org/10.1038/jid.2014.371.

Chang KC, Hammer DA. Adhesive dynamics simulations of sialyl-Lewis
(x)/E-selectin-mediated rolling in a cell-free system. Biophys J. 2000;79
(4):1891-1902. https://doi.org/10.1016/S0006-3495(00)76439-3.
AlDeghaither D, Smaglo BG, LMW. Beyond Peptides and mAbs - Cur-
rent Status and Future Perspectives for Biotherapeutics with Novel
Constructs. J Clin Pharmacol. 2016;55(03):1-33. https://doi.org/10.
1002/jcph.407.Beyond.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Zukerman H, Khoury M, Shammay Y,
Sznitman J, Lotan N, Korin N. Targeting functionalized
nanoparticles to activated endothelial cells under high wall
shear stress. Bioeng Transl Med. 2020;5:e10151. https://doi.
org/10.1002/btm2.10151



https://doi.org/10.1016/j.biomaterials.2009.11.007
https://doi.org/10.1016/j.biomaterials.2009.11.007
https://doi.org/10.1016/j.atherosclerosis.2011.04.016
https://doi.org/10.1016/j.jconrel.2009.08.001
https://doi.org/10.1126/science.1217815
https://doi.org/10.1126/science.1217815
https://doi.org/10.1016/j.jbiomech.2016.11.015
https://doi.org/10.1016/j.jbiomech.2016.11.015
https://doi.org/10.1111/jth.13666
https://doi.org/10.1111/jth.13666
https://doi.org/10.1161/01.ATV.0000069625.11230.96
https://doi.org/10.1161/01.ATV.0000069625.11230.96
https://doi.org/10.1007/s10439-012-0695-0
https://doi.org/10.1007/s10544-010-9454-x
https://doi.org/10.1007/s10544-010-9454-x
https://doi.org/10.1016/j.biomaterials.2009.08.013
https://doi.org/10.1016/j.biomaterials.2009.09.107
https://doi.org/10.1038/jid.2014.371
https://doi.org/10.1038/jid.2014.371
https://doi.org/10.1016/S0006-3495(00)76439-3
https://doi.org/10.1002/jcph.407.Beyond
https://doi.org/10.1002/jcph.407.Beyond
https://doi.org/10.1002/btm2.10151
https://doi.org/10.1002/btm2.10151

	Targeting functionalized nanoparticles to activated endothelial cells under high wall shear stress
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Microfluidic device fabrication
	2.2  Cell culture
	2.3  Staining HUVEC cells against E-selectin and ICAM-1
	2.4  Particle functionalization
	2.5  Perfusion system and adhesion experiments
	2.6  Shear stress and adhesion calculations
	2.7  Data analysis and statistics

	3  RESULTS
	3.1  E-selectin and ICAM-1 ligand adhesion to EC
	3.2  Effect of ligand surface density on NPs adhesion under high WSS
	3.3  Adhesion of Esbp+aICAM-1 dual functionalized NPs under high WSS

	4  DISCUSSION
	5  CONCLUSIONS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	REFERENCES


