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Abstract

Nanometer-sized drug carriers including polymeric nanoparticles (NPs) have been used to increase
biodistribution of a drug in tumors, thereby reducing the effective dose of chemotherapy. NPs
increase drug delivery to tumors to a certain extent, but the amount reaching tumors is only a
small fraction of the total administered NPs because they depend on passive accumulation via the
leaky vasculature surrounding tumors. In an attempt to further increase the drug delivery to
tumors, we develop a polymeric NP system that interacts with an endothelial tumor marker. The
NPs are decorated with quinic acid, a synthetic mimic of sialyl lewis-x, which binds to E-selectin,
overexpressed on the surface of endothelial cells surrounding solid tumors. The NPs selectively
bind to endothelial cells activated with tumor necrosis factor-a, with weak affinity at a relatively
high shear stress. These properties may help NPs reach tumors by increasing the encounter of NPs
with the peritumoral endothelium without hindering subsequent transport of the NPs.
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INTRODUCTION

Nanometer-sized drug carriers including polymeric nanoparticles (NPs) have been used to
increase the distribution of a drug in tumors, thereby reducing the effective dose and non-
specific toxicity of chemotherapy.l NP delivery to tumors is largely based on the
pathological features of vasculature and lymphatic systems surrounding tumors, which lead
to selective extravasation and accumulation of NPs in tumors, known as the enhanced
permeability and retention (EPR) effect.2 However, the amount of NPs delivered to tumors
in this way is only a small fraction (~5%) of the total administered NPs.3 The use of ligands
specific to receptors overexpressed on tumor cells barely increases the amount of NPs
reaching the tumors, although it may increase the retention of NPs in tumors upon their
arrival.#=8 To increase the amount of a drug delivered to tumors beyond the level currently
possible, a new strategy to improve the extravasation of a drug carrier at tumors is needed.
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One of the potential reasons of the limited NP accumulation in tumors may have to do with
the fact that the first cell layer encountered by circulating NPs is the vascular endothelium,®
which--despite the defective structure--presents an access barrier to underlying tumors, the
final destination of the NPs. We envision that the amount of NPs delivered to tumors may be
increased by actively overcoming the access barrier posed by the vasculature surrounding
tumors (“peritumoral endothelium”). We hypothesize that a NP system that recognizes and
reversibly binds to the peritumoral endothelium may have a greater chance to extravasate at
tumors than conventional NPs passively do. The rationale of this hypothesis is that the
endothelium supplying various metastatic tumors expresses a high level of E-selectin10-15;
thus, NPs with a ligand interacting with E-selectin will selectively concentrate on the
peritumoral endothelium as circulating leukocytes do the inflamed endothelium. Moreover,
if endothelial binding of the NPs is reversible, the NPs collected in the peritumoral
endothelium will have a good chance to extravasate through endothelial defects. Although
this approach may not enhance NP binding to target cells, we expect that it will increase the
amount of NPs reaching tumors in the first place. As the first step to investigate this
potential, we have developed a new NP system with an affinity for E-selectin, which
changes with fluctuation of the blood flow.

E-selectin (ELAM-1, CD62E) is a transmembrane glycoprotein expressed on endothelial
cells, primarily induced by inflammatory stimuli.18: 17 While E-selectin is mainly known for
its role in inflammation as a mediator of initial interaction of leukocytes with the inflamed
endothelium,18 it is also implicated in processes related to tumor progression. Many
metastatic tumor cells express ligands that bind to E-selectin.1® 19-23 Dyring circulation
these tumor cells are lodged in the endothelium at distant sites via an interaction with
endothelial E-selectin.1® 24 25 |n addition, a number of studies have found a positive
correlation between endothelial expression of E-selectin and angiogenesis, a critical step for
tumor establishment, growth, and metastasis. 11 13. 26, 27

E-selectin binds to a variety of carbohydrate structures including sialyl Lewis-x (sLeX).19
sLeX is found at the terminus of O-glycans, N-glycans, and neolactosphingolipids expressed
on the surface of leukocytes and tumor cells.?8 sLeX and its mimics, such as derivatives of p-
amino acid, tartaric acid, galactose, and mannose, have been explored as selectin
antagonists?%-3¢ and ligands for macromolecular or particulate drug carriers targeting the
activated endothelium.3"- 38 We used a quinic acid (QA) derivative as a synthetic mimic of
sLeX in decorating NPs, due to the stability in blood and the availability of relatively simple
synthetic schemes in the literature.39 D(-)-QA has an axial-equatorial-equatorial 1,2,3-triol
pattern that mimics the fucose part of sLeX 40 a structural feature critical to coordinating
calcium ions in the interaction with E-selectin.3% 40 By decorating polymeric NPs with the
QA ligand (Fig. 1), we aimed to establish interactions between the NPs and the E-selectin-
expressing endothelium, expecting that such interactions would localize the NPs on the
peritumoral endothelium and enhance the chances of NP extravasation beyond the level
possible with the EPR effect.

EXPERIMENTAL SECTION
Synthesis and analysis of QA-NH,, QA-PEG, QA-PEG-PLGA, and PEG-PLGA (Schemes 1

and 2)

Detailed synthesis procedure and characterization are described in the supporting
information. An amine-coupled QA derivative (QA-NH,, compound 4) was synthesized in
an acetate-protected form (5), according to the published method with modifications.3® The
amine group of protected derivative of QA-NH, was converted to azide (PQA-Az,
compound 5) for further conjugation to polymeric backbone using click chemistry.41-43 A
bi-functional PEG (compound 6) was conjugated to compound 5 by click chemistry to
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produce a protected QA-PEG conjugate. After deprotection, the QA-PEG was conjugated to
PLGA via an amide bond yielding a QA-PEG-PLGA polymer (compound 11). Structures of
intermediates and the final product were elucidated using tH-NMR, 13C-NMR, and
electrospray ionization (ESI) mass spectroscopy. PEG-PLGA (compound 12 in Supporting
information) was synthesized by conjugating PLGA and methoxy-PEG-amine via
carbodiimide chemistry.

Preparation of PLGA NPs, PEG-PLGA NPs, and QA-conjugated NPs (QANPS)

PLGA NPs, PEG-PLGA NPs, and QANPs were prepared by the single emulsion method.
Briefly, 20 mg of PLGA, PEG-PLGA, or QA-PEG-PLGA was dissolved in 0.5 mL DCM
and emulsified in 3 mL of 5% polyvinyl alcohol (PVA) solution, and emulsified for 1 min
using a Vibra-Cell probe sonicator (Sonics, Newtown, CT) at 80% amplitude with a 4-sec
on and 2-sec off pulse mode. The polymer emulsion was stirred for 3 h to evaporate DCM,
and then washed with distilled water 4 times to remove trace DCM and PVA. For
preparation of fluorescently labeled NPs (denoted as *NPs), 25% of the polymer was
replaced with fluoresceinamine-conjugated PLGA, produced according to a previously
reported method.#4 NP size was measured by the Malvern Zetasizer Nano ZS90
(Worcestershire, UK).

Preparation of PLGA NPs conjugated to E-selectin Antibody (Ab-PLGA NPs)

NPs or *NPs were created as described above and lyophilized. One milligram of dry NPs
was suspended in 8 mL Tris buffer (10 mM, pH 8.5). To the suspension was added 50 g/
mL anti-E-selectin Ab dissolved in 1 mL Tris buffer (10 mM, pH 8.5) and stirred for 1 min.
Freshly prepared dopamine solution (0.1 mg/mL) was added to the NP suspension so that
dopamine could polymerize on the NP surface incorporating Ab. The NP suspension was
stirred for 20 min, and then NPs were collected and washed 3 times to remove free
dopamine and Ab.

E-selectin expression on human umbilical vein endothelial cells (HUVEC)

To evaluate the interaction of QANPs and E-selectin, HUVEC (Lonza; Basel, Switzerland)
were prepared to express E-selectin. HUVEC (passage 3) were plated in 24-well plates
coated with collagen type-1. The cells became confluent in 24 h. Cells were exposed to 1 mL
of phenol red-free medium 199 supplemented with 2 mM L-glutamine and 0.2% BSA
(serum-starved medium, SSM) overnight.*> 46 The serum-starved cells were then treated
with tumor necrosis factor-a (TNF-a) (1-10 ng/mL) for 4 h according to the conditions
described in the literature.#> 46 To confirm E-selectin expression, the cells were incubated
with mouse anti-human E-selectin monoclonal Ab for 1 h at room temperature and washed 3
times with SSM to remove unbound Ab. Secondary Ab (anti-mouse IgG-horse radish
peroxidase conjugate) was diluted in fresh SSM and added to the cells. After 1 h incubation,
the secondary Ab was removed and cells were washed 3 times with SSM. 3,3",5,5'-
Tetramethylbenzidine (TMB) 200 L was added to each well and kept protected from light
for 10 min. HCI (1 M, 300 L) was used to quench the reaction, and the absorbance was
read at 450 nm.

HL-60 binding-inhibition assay

HUVEC (passage 3) were cultured in a 24-well plate and treated with TNF-a 10 ng/mL in
SSM for 4 h to express E-selectin. After removing the medium, cells were treated with one
of the following: QA-NH; (20 mM), PLGA NP (0.1 mg/mL), PEG-PLGA NP (0.1 mg/mL),
QANP (0.1 mg/mL, equivalent to 2 M QA), Ab-PLGA NP (0.1 mg/mL), E-selectin Ab (5
pg/mL, positive control) and SSM (negative control), for 90 min. Meanwhile, HL-60 cells
were collected by centrifugation at 1500 rpm for 5 min. Cell pellet was washed with 5 mL
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PBS and stained with calcein-AM (1 mM) for 45 min. After removing the treatments
HUVEC cells were incubated with 4-5 x 10° HL-60 cells in 0.5 mL SSM for 60 min at
37°C. Then HUVEC cells were washed 3 times with SSM to remove unbound HL-60 cells
and lysed with 100 L of cell lysis buffer. The plates were kept at —80°C overnight, thawed
at 37°C, and the fluorescence of cell lysates were read with a microplate reader (ex: 485 nm;
em: 535 nm). The data was expressed as normalized to the SSM-treated negative control.

Visualization of NPs adherent to the activated HUVEC cells in a static condition

HUVEC (passage 3) were seeded at a density of 50,000 cells/cm? in a collagen-I coated 35-
mm dish with a glass window (MatTek). When HUVEC became confluent, cells were
washed 4 times with SSM and incubated with either 1 mL SSM (control, non-activated
HUVEC) or SSM containing 10 ng/mL TNF-a (activated HUVEC) for 4 h. The media was
then replaced with SSM containing 0.1 mg/mL of fluorescently labeled NP suspension
(PLGA *NPs, PEG-PLGA *NPs and QA*NPs) and incubated for 3 h at 37°C. The
suspension was replaced with NP-free SSM, and the NP bound to the HUVEC layer was
observed using an Olympus X81 (Olympus, Japan) confocal microscope. DRAQ-5 nuclear
stain (1 L) was added 2—-3 minutes prior to the imaging. The NPs and cell nuclei were
excited using a 488-nm and 633-nm laser, and their emission signals were read from 500 to
600 nm and 650 to 750 nm and expressed in green and blue, respectively.

Evaluation of NP retention on the activated HUVEC under a dynamic flow condition

HUVEC (passage 3) were cultured on a coverslip (1.77 cm?) coated with collagen-1, and
stimulated with TNF-a (10 ng/mL) for 4 h prior to experiments when applicable. The
coverslip with a HUVEC layer was glued to a plastic disk tip using a mounting glue and
immersed in medium containing 0.1 mg/mL *NPs (PLGA *NPs, PEG-PLGA *NPs,
QA*NPs, or Ab-PLGA *NPs) at room temperature. The disk tip was fixed to a rotating shaft
operated by Modulated Speed Rotator (Pine Research Instrumentation, Raleigh, NC). The
disk rotated at ~330, ~950 and ~1500 rpm generated average shear stresses of 2, 10, and 20
and dynes/cm? on the cell layer, respectively, relevant to the shear stresses experienced at
the wall of blood vessels, specifically in capillaries.*” The rotation continued for 60 min at
room temperature. Coverslips containing cells and adherent NPs were transferred to a 24
well plate, where the cells were lysed and NPs were dissolved using 200 pL of 10% DMSO
solution. Twenty five microliters of the NP-cell lysate suspension was transferred to a 96
well plate, and the cell protein content (representing cells remaining on the cover slip) was
measured by the BCA assay. The remaining NP-cell lysate suspension was used to measure
fluorescence to quantify the NPs remaining adherent to cells. The results were expressed as
nanograms of NPs per micrograms of protein at each shear stress.

Statistical Analysis

Data were expressed as averages and standard deviations of multiple measurements.
Statistical difference among groups was determined by ANOVA, and contrasts between
groups were determined by the Tukey test. A value of p<0.05 was considered statistically
significant.

RESULTS AND DISCUSSION

Synthesis and characterization of a QA-conjugated polymer

The QANPs consisted of three components: (i) poly(lactic-co-glycolic acid) (PLGA) that
formed a NP core to encapsulate a drug, (ii) polyethylene glycol (PEG), serving as a spacer
between PLGA NP core and QA ligand and a stealth layer on the NP surface to enable long-
term circulation of NPs, and (iii) QA ligand to enable interactions between QANPs and E-
selectin. PLGA and PEG were chosen due to the well-established 7n-vivo fates*8: 49 and
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terminal structures (carboxyl and amine groups) amenable to chemical modification.
Relatively small molecular weight PLGA polymers (4.2 kDa or 10 kDa) were used to
accommodate more QA ligands or PEG per NP mass. PLGA polymers (lactic acid: glycolic
acid = 50:50) with molecular weights less than 10 kDa were expected to degrade in a couple
of weeks, as extrapolated from the literature.59 PEG with a molecular weight less than 6 kDa
is known to be readily removed from body via renal excretion.*% 51 We used 3.5 kDa or 5
kDa PEG according to the literature identifying an optimal molecular weight of PEG for
stealth coating in this range.>2

To create the QANPs, a new polymer was synthesized by conjugating QA, PEG, and PLGA
linearly. QA was first modified into an amine-coupled derivative (QA-NH,, compound 4,
Scheme 1), where 3,5-diaminobeonzoic acid was conjugated to the carboxyl group of QA
via an amide bond. 3,5-diaminobenzoic acid was used for three reasons: (i) to create an
amine terminus, which would be used as a chemical handle to link to a polymer; (ii) to
regenerate the carboxyl group, which was known to be essential for the selectin-binding3°
but consumed during the derivatization; and (iii) to provide a planar benzene ring that would
orient the triol and carboxyl group in the same manner as that in L-fucose in sLe*.

The QA derivative was conjugated to PEG, which was then conjugated to PLGA (Scheme
2). The amine group of a protected form of QA-NH, (3) was converted to an azide (pQA-
Az, 5). A bi-functional PEG with an amine and carboxyl termini (6) was partially protected
by converting amine to N-tert-butoxycarbonyl (NH-Boc).53: 54 Subsequently, propargyl
amine was conjugated to the carboxyl terminus of PEG via carbodiimide chemistry.%® The
modified PEG (8) was coupled to pQA-Az (5) by click chemistry,41-43 followed by
sequential deprotection of NH-Boc in PEG and acetyls and methyl in QA part. Finally, the
QA-PEG (10) was linked to PLGA via amide bond to obtain QA-PEG-PLGA polymer (11).

The QA content in the resulting polymer was difficult to quantify. UV, NMR, and mass
spectroscopy were used but found inadequate. First, we attempted to measure the
concentration of QA-NH, with UV spectroscopy after overnight hydrolysis of QA-PEG-
PLGA at pH 4, but its UV absorbance was below the detection limit. The number of protons
belonging to QA-NH, was far fewer than that of the PEG and PLGA parts of the polymer,
making it difficult to estimate additional protons attributable to QA using 1H-NMR
spectroscopy. Mass spectroscopy, in particular MALDI-TOF, could not be used since PLGA
degraded into heterogeneous fragments with low signals close to the noise level. Therefore,
the QA content was determined with TH-NMR in two steps, first by calculating QA content
in pQA-PEG (50 mol%: i.e., 50% of PEG molecules had QA conjugation in the carboxyl
termini after the completion of reaction and purification) and then PEG content in the QA-
PEG-PLGA (20 mol%: i.e., 20% of PLGA molecules had PEG or QA-PEG conjugated to its
carboxyl termini after the completion of reaction and purification). The QA content in the
resulting polymer was thus estimated as 10 mol% (i.e., 10% of PLGA molecules had QA in
one end).

Production and characterization of QANPs

QA-PEG-PLGA was made into QANPs using the single emulsion technique. In the resulting
QANPs, hydrophilic QA-PEG part was expected to face water and PLGA to form a
hydrophobic core. PLGA and PEG-PLGA NPs were prepared in the same method for
comparison. Additionally, PLGA NPs decorated with anti-E-selectin antibody (Ab-PLGA
NPs) were prepared as a positive control using a simple and versatile conjugation method
based on dopamine polymerization.>® Particle sizes of NPs ranged from 180 to 250 nm
(Supporting Table 1), suitable for the systemic application. At the concentration in this study
(0.1 mg/mL), QANPs did not affect the viability of HUVEC after 72 h incubation, similar to
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PLGA and PEG-PLGA NPs (Supporting Fig. 1). This ensures that the following results were
irrelevant to cytotoxicity of NPs.

Affinity of QANPs for E-selectin

Affinity of QANPs for E-selectin was evaluated by measuring their ability to interfere with
HL-60 cell binding to HUVEC expressing E-selectin (Supporting Fig. 2).4> 46 HL-60 is a
maturation-arrested promyelocytic cell line, which has a sLeX-bearing structure on the
surface and binds to E-selectin.>” Binding of HL-60 to E-selectin is inhibited by substances
that preoccupy E-selectin; thus, pre-treatment with NPs or ligands with an affinity for E-
selectin results in a low number of HL-60 cells remaining on the HUVEC layer. Here,
HUVEC was first activated by 4 h incubation with 10 ng/mL TNF-a, which resulted in the
increase of E-selectin signal (measured by cell ELISA) by 12 times as compared to the non-
treated control (Supporting Fig. 3). The activated HUVEC layer was then incubated with
NPs. After removing the NPs, fluorescently stained HL-60 cells were added to the HUVEC
cells, washed after 60 min incubation, and then those remaining with HUVEC were
quantified by measuring their fluorescence. As shown in Fig. 2, Ab and Ab-PLGA NPs
decreased HL-60 binding to the activated HUVEC by 40-50%. In contrast, treatment with
20 mM QA-NH> as a free ligand resulted in only mild suppression of HL-60 binding,
reflecting inherently low affinity of QA derivatives for selectins.3? Similarly, PLGA and
PEG-PLGA NPs showed no or little inhibition of HL-60 binding to the activated HUVEC.
The slight decrease by PLGA NPs as compared to PEG-PLGA NPs is likely due to their
non-specific hydrophobic interaction with HUVEC. On the other hand, QANPs inhibited
HL-60 binding to a comparable level as Ab or Ab-PLGA NPs, indicating that QANPS were
effectively bound to the E-selectin-expressing HUVEC. Given that QANPs, PLGA, and
PEG-PLGA NPs had similar zeta potentials (-19.7+1.2, -17.2+1.0, and —19.5£0.5 mV,
respectively), it is unlikely that such a difference was due to the surface charge difference.
Notably, QANPs inhibited HL-60 binding at a level equivalent to 2 uM of QA, four orders
of magnitude lower than 20 mM, the concentration at which free QA-NH, was not effective.
This indicates that multivalent QA ligands presented by NPs were more effective than free
QA-NH; in interacting with the activated HUVEC. In addition, the presence of QANPS on
HUVEC mediated by the QA-E-selectin interaction would have contributed to the inhibition
of HL-60 binding.

QANP binding to HUVEC in a static condition

Microscopic observation was consistent with the binding inhibition assay. The NPs were
fluorescently labeled (expressed as *NPs), incubated with the activated HUVEC (E-selectin-
positive) or resting HUVEC (E-selectin-negative) in tissue culture plates, and their
interactions with the cells were visualized using confocal laser microscopy (Fig. 3). PLGA
and PEG-PLGA *NPs did not interact with HUVEC irrespective of E-selectin expression. In
contrast, QA*NPs showed selective interaction with the E-selectin-expressing HUVEC
cells.

QANP binding to HUVEC in a dynamic flow condition

Since the ultimate destination for the QANPSs is not the endothelium but the underlying
tumors, it is desirable that QANP-cell interaction is not too strong so that the QANPS can
ultimately extravasate through the leaky endothelium. The vessel wall experiences shear
stress due to blood flow, which depends on fluid viscosity, volumetric flow rate, and vessel
diameter. When all other conditions are equal, the shear stress applied on the vessel wall is
directly proportional to the blood flow rate.?® Given that the blood flow in tumors
fluctuates,>®: 60 we envision that circulating NPs at the peritumoral endothelium will
experience temporally variable shear stress. Therefore, NPs that bind to the endothelium
with varying affinities at different shear stresses may have a better chance to extravasate at
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tumors than those stuck on the endothelial surface. To evaluate the response of QANPs to
shear stress, the extents that QANPs remained bound to E-selectin/HUVEC were evaluated
at various levels of shear stress. The shear stresses measured for post-capillary venules are
1-10 dynes/cm?,17 and those within arteries and veins are 1070 dynes/cm? and 1-6 dynes/
cm?,61 respectively. To mimic the shear stresses in capillaries, the activated HUVEC layer
was attached on a rotating disk system, which rotated in the *NP-containing medium at rates
creating various shear stresses (from 2 to 20 dynes/cm?2)%2 (Supporting Fig. 4). As shown in
Fig. 4, all NPs showed a minimal binding to the non-activated HUVEC at all levels of shear
stress. The amounts of PLGA and PEG-PLGA *NPs remained on the activated HUVEC
were minimal irrespective of shear stress, similar to microscopic observation. On the other
hand, QA*NPs had significantly higher interactions with the activated HUVEC than PLGA
or PEG-PLGA *NPs at all levels of shear stress. Importantly, the interaction between
QA*NPs and HUVEC decreased as the shear stress increased. In contrast, the amount of
Ab-PLGA *NPs, which showed similar affinity for E-selectin as QA*NPs in the absence of
the applied shear stress (binding-inhibition assay), remaining at 20 dynes/cm? was 3 times
more than that of QA*NPs at the same condition. This suggests that, upon exposure to a
relatively high shear stress, QANPs would be less likely to be stuck on the endothelium than
Ab-PLGA NPs. The fact that QANP binding to the activated HUVEC decreased with
increasing shear stress also suggests that the bound QANPs have not undergone endocytosis
at least under the dynamic flow condition, although the exact fate of QANPs after the
binding remains to be investigated.

CONCLUSIONS

QANPs, the NPs with QA-ligand as a synthetic mimic of sLeX, were synthesized in an
attempt to increase extravasation of NPs at tumors. QANPs show affinity for HUVEC cells
expressing E-selectin and, thus, have the potential to concentrate on the peritumoral
endothelium. QANP binding to the activated HUVEC cells is not strong, especially at a
relatively high shear stress. We expect that this weak interaction between QANPSs and E-
selectin is more desirable than stronger ones, often obtained with ligands that target other
endothelial markers,%3-6° in achieving enhanced extravasation. A proof of concept remains
to be obtained in a comparative biodistribution study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Hypothetical diagram of quinic acid conjugated NPs (QANPS) and its interaction with
peritumoral endothelium, followed by extravasation.

Schematic of quinic acid conjugated NP (QANP) and its interaction with peritumoral
endothelium, followed by extravasation.
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ay. Fluorescence of HL-60 bound to HUVEC, which were pre-treated

with NPs (0.1 mg/mL), QA-NH, (20 mM), or E-selectin Ab (5 pg/mL). 0.1 mg/mL QANPs
was equivalent to 2 M of QA. The fluorescence obtained with each treatment is normalized

to the fluorescence of

HL-60 bound to serum-starved medium (SSM)-treated HUVEC.

Therefore, NPs or ligands interfering with the HL-60-HUVEC binding results in
fluorescence lower than 100% (SSM-treated HUVEC, dotted line). Data are expressed as
average + standard deviation of 3-6 independently obtained results per treatment. **:
p<0.01 vs. Ab; n.s.: not significant, p>0.05 vs. Ab.
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Fig. 3.
Confocal scanning microscopy images of NP interaction with HUVEC.
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NP retention on HUVEC layer at varying levels of shear stresses at tumor-associated
capillaries. The retention of *NPs on the activated HUVEC reflects the balance between
their affinity for E-selectin and the responsiveness to the shear stress.
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Scheme 1.
Synthesis of a quinic acid derivative, a synthetic mimic of sLeX.
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Scheme 2.
Synthesis of a QA-PEG-PLGA.
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