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Purpose. Pegylated and nonpegylated cetyl alcohol/polysorbate nanoparticles (E78 NPs) are being
tested as drug carriers for specific tumor and brain targeting. Because these nanoparticle formulations
are designed for systemic administration, it is important to test the compatibility of these lipid-based NPs
with blood and blood cells.

Methods. The hemocompatibility of E78 NPs was evaluated with a particular focus on hemolytic activity,
platelet function, and blood coagulation. Human red blood cell lysis was determined by measuring
hemoglobin release. Activation and aggregation of human platelets were determined using flow cyto-
metry and aggregometry, respectively. Finally, the whole blood clotting time was measured using human
blood.

Results. E78 NPs did not cause in vitro red blood cell lysis at concentrations up to 1 mg/mL. In addition,
under conditions tested, E78 and polyethylene glycol (PEG)-coated E78 NPs (PEG-E78 NPs) did not
activate platelets. In fact, both NP formulations very rapidly inhibited agonist-induced platelet activation
and aggregation in a dose-dependent manner. Additionally, E78 NPs significantly prolonged in vitro
whole blood clotting time at a concentration of 500 pg/mL or greater.

Conclusions. 1t was concluded that PEG-coated and nonpegylated E78 NPs have potential blood
compatibility at clinically relevant doses. Based on the calculated nanoparticle-to-platelet ratio, the
concentration at which E78 NPs could potentially affect platelet function in vivo was approximately
1 mg/mL.

KEY WORDS: blood clotting; hemocompatibility; platelet activation; platelet aggregation; platelets; red

blood cell lysis.

INTRODUCTION

Nanoparticles have received a great deal of attention as
drug delivery carriers for systemic administration. They have
been shown to deliver drugs in a controlled manner and are
being developed as targeted drug delivery systems for thera-
peutic and imaging agents (1,2). Considering the fact that the
majority of nanoparticle formulations are intended for sys-
temic administration, many researchers are concerned with
general biocompatibility of nanoparticles (3-5). However,
there are very few reports on nanoparticle interaction with
blood and blood cells, although researchers have attempted
to study the interaction of liposomes with blood cells,
particularly platelets (6-11). Nevertheless, there are no
standard methodologies for the in vitro assessment of the
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blood compatibility of particulate carriers such as liposomes
or nanoparticles.

The thrombogenic potential of liposomes was studied by
determining the influence of surface charge on a variety of in
vitro parameters including whole blood clotting time
(WBCT), recalcification time, thrombin time, prothrombin
time, and platelet aggregation in platelet-rich plasma (PRP)
(10). Additionally, platelet aggregation and whole blood
clotting time were determined in vivo after liposome infusion
into guinea pigs (10). In general, Zbinden et al. showed that
only negatively charged liposomes induced platelet activation
as evidenced by a reduction in clotting time and the forma-
tion of reversible liposome/platelet aggregates both in vitro
and in vivo. Based on these observations, it was concluded
that negatively charged liposomes have the ability to acti-
vate contact factors such as Hageman factor and possibly
factor XI, which further leads to activation of the blood
clotting system (10). The association of various types of lipo-
somes with blood cells was also studied by Constantinescu
et al. (6). Liposomes were mixed with whole blood, and
association with platelets, red blood cells, and leukocytes was
determined using flow cytometry. All liposomal formulations
tested, irrespective of their composition, associated with
cells very rapidly in a dose-dependent manner, both in vivo
and in vitro. Interestingly, liposomes appeared to associate
with the various blood cell types to the same extent.
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Additionally, the interaction was independent of the pres-
ence of plasma proteins suggesting that liposomes interacted
directly with cells (e.g., no opsonization was necessary to
trigger interaction). Constantinescu et al. (6) hypothesized
that phospholipids from the liposomes fuse with cell mem-
branes. However, no studies were performed to investigate
the influence of liposomes on the function on each blood cell
component and hemostasis. Miyamoto et al. investigated the
interactions of latex nanoparticles of different sizes and
surface charge with platelets (12) and the mechanisms of
blood coagulation induced by the nanoparticles (13). In the
first study, the effects of particle size, surface charge, and
hydrophobicity on platelet aggregation in PRP (single cell
count and TEM) and platelet activation [monitored by the
release of adenosine triphosphate (ATP)] were investigated.
It was observed that all types of particles tested induced
platelet activation and aggregation (12). Particle size was an
important factor affecting nanoparticle—platelet interaction
as larger nanoparticles induced platelet aggregation more
readily. Additionally, nanoparticles having more hydropho-
bic surfaces resulted in greater platelet activation and ag-
gregation (12). Similarly, negatively charged nanoparticles
induced platelet aggregation to a greater extent than cationic
or neutral nanoparticles (12). Interestingly, it was also noted
that an increase in the nanoparticle-to-platelet ratio over a
certain threshold value resulted in an inhibition of aggregate
formation. However, there were no changes in ATP release
with an increase in nanoparticle concentration, e.g., no
inhibition of platelet activation. Additionally, it was calcu-
lated that the number of nanoparticles required to inhibit
platelet aggregation was approximately equal to the number
of nanoparticles needed to cover the available surface area of
the platelets. It was concluded that at a certain nanoparticle-
to-platelet ratio, nanoparticles inhibited aggregate formation
by suppressing platelet-to-platelet contact (12). The ability of
the nanoparticles to inhibit platelet aggregation was depen-
dent on particle size as well as surface hydrophobicity and
charge.

Our laboratory recently reported on the feasibility of
using novel cetyl alcohol-based nanoparticles (E78 NPs) for
specific tumor and brain targeting (14-17). Initial blood com-
patibility of E78 NPs overcoated with PEGgszgo-folate was
evaluated (17). The thrombogenic potential of nanoparticles
was determined based on changes in light absorbance in
mouse platelet-rich plasma (PRP) (17). Nanoparticles did not
cause neutrophil activation or platelet aggregation. The
purpose of the present studies was to 1) continue the
evaluation of the hemocompatibility of these cetyl alcohol-
based nanoparticles with particular focus on hemolytic
activity, platelet function, and blood coagulation and 2) work
toward the development of standard methodologies for the in
vitro assessment of the hemocompatibility of particulate
carriers.

MATERIALS AND METHODS
Materials
Emulsifying wax (E. wax) was purchased from Spectrum

Chemicals (New Brunswick, NJ, USA). Polyoxyl 20-stearyl
ether (Brij 78) was obtained from Unigema (Wilmington,
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DE, USA). DSPE-PEG;, was purchased from Avanti Polar
Lipids (Alabaster, AL, USA). Human o-thrombin (THR),
gly-pro-arg-pro peptide, epinephrine, collagen, and sodium
chloride were purchased from Sigma Chemicals (St. Louis,
MO, USA). [1S-[10,2a(Z),3B(1E,3S),4a]]-7-[3-[3-hydroxy-
4-(4-iodophenoxy)-1-butenyl]-7-oxabicyclo-[2.2.1]hept-2-yl]-
S-heptenoic acid (I-BOP) was purchased from Cayman
Chemical (Ann Arbor, MI, USA). Fluorescently labeled anti-
bodies [IgM-fluorescein isothiocyanate (FITC), PAC-1-
FITC, and CD42-PE] were obtained from BD Biosciences
(San Jose, CA, USA). All materials were used as obtained.
For all experiments, deionized water was filtered through
0.22-pum filters (Nalgene International, Rochester, NY, USA).

Preparation of Nanoparticles from Microemulsion
Precursors

Microemulsion precursors were prepared as reported by
Oyewumi and Mumper (18) with slight modifications.
Briefly, 2 mg of E. wax as the oil phase and 4.5 mg Brij 78
as the surfactant were weighed out into glass vials, and the
vials were heated to 50-55°C. To the melted mixture of oil
and surfactant, deionized and 0.2-um filtered water was
added to obtain a final volume of 1 ml and final Brij 78
surfactant concentration of 4 mM. Microemulsions formed
spontaneously at this elevated temperature. Upon simple
cooling in the mixing vial, warm oil-in-water microemulsion
precursors solidified into nanoparticles (E78 NPs). To form
polyethylene glycol (PEG)-coated E78 NPs (PEG-E78 NPs),
60 pL of a chloroform solution of DSPE-PEGj( (1 mg/mL)
was added to the vial containing the melted mixture of oil
phase and surfactant. The chloroform was evaporated, and
nanoparticles were engineered as described above. Nano-
particles were coated with 3% w/w DSPE-PEG;(. For the
RBC lysis, whole blood clotting time, and aggregometry
experiments, nanoparticles were formulated in 150 mM
sodium chloride. All NP formulations were prepared at a
final E. wax concentration of 2 mg/mL.

Nanoparticle Characterization

Particle size was measured at 25°C using a Coulter N4
Plus Sub-Micron Particle Sizer (Coulter Corporation, Miami,
FL, USA) at 90° light scattering for 90 s. Prior to size
determination, nanoparticle suspensions were diluted with
filtered water to ensure light scattering intensity within the
required range of the instrument (5 x 10*-1 x 10° counts/s).
Surface charge of nanoparticles was measured using
Zetasizer 2000 (Malvern Instruments, Southborough, MA,
USA).

Red Blood Cell Lysis

Fresh citrated blood was obtained from healthy human
volunteers. Blood was mixed at 1:1 (v/v) ratio with water
(positive control) and nanoparticle suspension in 150 mM
NaCl at final concentrations ranging from 0 (negative
control) to 1 mg/mL. Samples were incubated at 37°C for
30 min on a Labquake Orbital Shaker. After the incubation,
intact red blood cells were separated from plasma by
centrifugation at 600 x g for 5 min. Supernatant was
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collected and incubated for 30 min at room temperature to
allow for hemoglobin oxidation. Oxyhemoglobin absorbance
was measured spectrophotometrically at 540 nm. To evaluate
the influence of time on red blood cell (RBC) lysis in the
presence of nanoparticles, blood was incubated with 1 mg/mL
of E78 NPs for up to 6 h. At predetermined time points,
oxyhemoglobin level was measured as described above. The
percentage of RBC lysis was calculated based on the assump-
tion that 100% red blood cell lysis resulted from a 1:1 (v/v)
mixing of blood with water. Additionally, RBC lysis was eval-
uated in the presence of an increasing concentration of Brij
78. Equal volumes of blood and Brij 78 solution (0-4 mM)
in saline were incubated for 30, 60, and 120 min at 37°C on
a Labquake orbital shaker. The percentage of RBC lysis
was determined as above.

Platelet Activation—-Flow Cytometry Studies

Fresh citrated blood was obtained from healthy human
volunteers. To minimize ex vivo platelet activation, the first
collection tube was discarded. Whole blood was diluted with
platelet buffer 1:8 (v/v) and incubated with platelet activators
(final concentration) a-THR (1 U/mL), I-BOP (1 uM), or
adenosine diphosphate (ADP; 10 uM) in the presence or
absence of nanoparticle formulations at concentrations
ranging from 1 to 150 pg/mL for 10 min at 37°C. Resting
platelets (no agonists) were used as a negative control. All
samples were incubated with the antibodies IgM-FITC
(control), PAC-1-FITC, and CD42b-PE at room temperature
for 20 min and protected from light. CD42b recognizes the
membrane glycoprotein Ib (GP Ib), found on the surface of
resting and activated platelets, and was used to identify
platelets for flow cytometry analysis. PAC-1 antibody
recognizes the glycoprotein IIb/IIla (GP IIb/Illa) on the
surface of activated platelets. Samples were fixed with 2%
paraformaldehyde and further diluted with the platelet
buffer. Fixed samples were stored up to 24 h in the
refrigerator until analyzed by flow cytometry. Samples were
evaluated in the Flow Cytometry Core Research Facility at
the University of Kentucky using FACSCalibur by Becton
Dickinson (San Jose, CA, USA) and analyzed using Cell
Quest software, version 3.4 (BD Biosciences).

Aggregometry Studies

Platelet aggregation in the presence and absence of
nanoparticles was monitored using Chrono-Log Whole Blood
Impedance Aggregometer (Chrono-Log Corporation, Haver-
town, PA, USA). Nanoparticle suspensions in saline were
mixed with citrated blood at a 1:1 (v/v) ratio. Mixtures were
equilibrated to 37°C under constant stirring, and the baseline
current was set by immersing electrodes in the citrated blood/
nanoparticle mixture. Aggregation was assessed as maximal
amplitude at 6 min after the addition of agonists (20 uM of
ADP, 20 uM I-BOP, or 0.1 U/mL of a-THR). Nanoparticle
concentrations ranged from 5 to 200 pg/mL. A saline solution
was used as a positive control instead of nanoparticles.
Additionally, nanoparticles (200 pg/mL) in saline with no
blood were used as a negative control. All blood was used no
later than 3 h from the time of collection. Data were analyzed
using AGGRO/LINK® software (Chrono-Log Corporation).
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In Vitro Whole Blood Clotting Time

Freshly collected citrated human blood was mixed
1:1 (v/v) with saline (control) or nanoparticles (final concen-
tration 25-1000 pg/mL) in borosilicate glass vials. Samples
were incubated for 5 min at room temperature after which
25 pL of 50 mM calcium chloride (CaCl,) solution was ad-
ded to the vials. The time from CaCl, addition to the first
visible signs of clot formation was determined as the whole
blood clotting time. This assay is commonly used in clinical
hospitals to determine WBCT.

RESULTS
Preparation and Characterization of Nanoparticles

E78 NPs and PEG-E78 NPs had similar sizes and zeta
potentials. E78 NPs had a particle size and zeta potential of
67.0 £ 17.5 nm and —40.0 £ 2.2 mV, respectively. PEG-E78
NPs had a particle size and zeta potential of 67.0 + 11.7 nm
and —40.2 £ 2.0 mV, respectively. These data are in agree-
ment with previous findings (14).

RBC Lysis

Incubation of blood with an equal volume of water (as a
positive control) resulted in instantaneous red blood cell
lysis. Addition of increasing concentration of Brij 78 to whole
blood led to a significant RBC lysis (Fig. 1A). The RBC lysis
in the presence of surfactant was concentration- and time-
dependent (Fig. 1A). For example, the presence of Brij 78 at
final concentration of 2 mM resulted in 54, 62, and 82% RBC
lysis after 30-, 60-, and 120-min incubation, respectively. In
contrast, nanoparticle concentrations ranging from 0 to
500 pg/mL did not cause hemoglobin release after 30-min
incubation with blood (data not shown). The higher concen-
tration of 1000 pg/mL E78 NPs led to detectable release of
hemoglobin (Fig. 1B). The percentage of RBC lysed,
following 30-min incubation, was determined to be 0.89 *
1.1% based on osmotic cell lysis with water. As demonstrated
in Fig. 1B, nanoparticles at the highest final diluted concen-
tration of 1 mg/mL incubated with blood over time resulted
in time-dependent increase in RBC lysis. After 6 h, the
calculated percentage of RBC lysed was 4.7 £ 1.5%. There
was no spontaneous cell lysis over time when blood was
diluted with physiological saline (as a control).

Flow Cytometry Studies

To evaluate the potential thrombogenic activity of
nanoparticles, E78 NPs and PEG-E78 NPs were incubated
with blood, and platelet activation was determined based on
the efficiency of PAC-1 binding to the activated platelets.
As shown in Fig. 2, a strong increase in fluorescence signal
was observed after incubating blood with o-THR, a potent
platelet agonist. However, both types of nanoparticles at fi-
nal diluted concentrations of 50, 100, and 150 pg/mL did not
cause changes in PAC-1 binding when compared to rested
platelets (control). Of particular interest was that there
was an inhibition of agonist-induced platelet activation when
platelet agonists were added to the mixture of blood and E78
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Fig. 1. In vitro red blood cell (RBC) lysis. (A) Equal volume of Brij
78 (04 mM) was added to the whole blood and incubated at 37°C;
RBC lysis was determined spectrophotometrically (1 = 540 nm)
based on oxyhemoglobin level in plasma. (B) Time course of RBC
lysis in the presence of E78 NPs (final NP concentration 1 mg/mL)
and saline (control). Data represent mean + SD, n = 3.

NPs (100 pg/mL). Moreover, this inhibition was agonist-
independent as shown in Fig. 3. To further investigate
inhibition of agonist-induced platelet activation by the nano-
particles, a dose response study was performed. The final
diluted concentration of E78 NPs ranged from 1 to 100 ng/
mL. Furthermore, to evaluate whether nanoparticle surface
properties influenced nanoparticle—platelet interaction, the
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Fig. 2. Mean fluorescence intensity of PAC-1 binding to resting
platelets (negative control) and platelets in the presence of thrombin
(positive control) and nanoparticle formulations. Lack of significant
fluorescence in presence of E78 NPs and PEG-E78 NPs indicates
that nanoparticles do not cause platelet activation. Data represent
mean + SEM, n = 3.
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Fig. 3. Mean fluorescence intensity of PAC-1 binding to agonist-
induced activated platelets in the presence and absence of E78 NPs
(100 pg/mL). Data suggest that inhibition of agonist-induced platelet
activation by E78 NPs is agonist-independent. Data represent mean +
SEM, n = 3.

experiment was repeated for PEG-E78 NPs. As evidenced in
Fig. 4, there was a significant decrease in a-THR-induced
PAC-1 binding when the nanoparticle concentration was in-
creased. There were no statistical differences between E78
NPs or PEG-E78 NPs.

Whole Blood Impedance Aggregometry

The influence of nanoparticles on the aggregation
processes in whole blood was determined based on changes
in electrical resistance between two probes immersed in the
sample. It was shown that there was no increase in resistance
due to the presence of negatively charged nanoparticles
(200 pg/mL) and 0.1 U/mL of o-THR in normal saline
(Fig. 5A). After the addition of a-THR to a whole blood
sample with no nanoparticles, there was a change in the
electrical resistance resulting from platelet aggregation and
adhesion to the probes (Fig. 5B). In the presence of 5 ng/mL
of E78 NPs, the current amplitude dropped from 14 Q
(positive control) to 6 Q indicating partial inhibition of o-
THR-induced platelet aggregation. There were no apparent
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Fig. 4. Mean fluorescence intensity of PAC-1 binding after thrombin-
induced platelet activation in the presence of increasing concentra-
tions of E78 NPs and PEG-coated nanoparticles. There is a dose-
dependent inhibition of agonist-induced platelet activation by nano-
particles. Data represent mean + SEM, n = 3.
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Fig. 5. Impedance aggregometry. (A) Negative control: E78 NPs
(200 pg/mL) incubated with saline and challenged with 0.1 U/mL a-
THR. Data suggest that in the presence of nanoparticles, but the
absence of platelets, there are no significant changes in electrical
resistance. (B) Blood was incubated with saline (control, no. 1), E78
NPs (5 pg/mL, no. 2; 25 pg/mL, no. 3; 75 ng/ml, no. 4), and challenged
with 0.1 U/mL THR. Data suggest that nanoparticles inhibit platelet
aggregation in a dose-dependent manner.

changes in resistance at nanoparticle concentrations of 25 and
75 pg/mL, indicating a lack of platelet aggregation. Dose-
dependent inhibition of platelet aggregation was also con-
firmed in the presence of agonists such ADP and I-BOP (data
not shown).

In Vitro Whole Blood Clotting Time

As shown in Table I, the time required to start clot
formation in whole blood-saline mixture (1:1 v/v) upon the
addition of calcium ions was determined to be 157 + 19 s.
When blood was preincubated with E78 NPs at varying
concentrations, a dose-dependent prolongation of whole
blood clotting time was noticed. There were no differences
in clotting time with nanoparticles at a concentration up to
250 pg/mL when compared to the saline control. At 500 pg/
mL of E78 NPs, the first signs of clot formation were noticed
after 280 s corresponding to a 1.8-fold increase in WBCT. In
addition, a further doubling of the E78 NPs to 1000 pg/mL
resulted in a ~3-fold increase in WBCT when compared to
control.
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DISCUSSION

With increasing use of drug carriers such as polymeric
nanoparticles and solid lipid nanoparticles, it is of critical
importance to establish methodologies to systematically in-
vestigate the hemocompatibility of these carriers with whole
blood and various blood components such as RBCs, platelets,
and white blood cells.

The cetyl alcohol/polysorbate-based nanoparticles used
in these present studies were made with Brij 78, a known
surface active agent by itself. Because it is well known that
surface-active agents can compromise membrane integrity
(19), the effect of E78 NPs on red blood cells was in-
vestigated. It was hypothesized that as a result of nano-
particle formation from oil-in-water microemulsion droplets,
the hydrophobic portion of the surfactant was immobilized
within nanoparticle matrix, and hydrophilic head was local-
ized on the surface of the particles. This unique arrangement
of Brij 78 implies that Brij 78 no longer retained its surface-
active properties and therefore should not have caused red
blood cell lysis. As demonstrated in Fig. 1A, the addition of
an increasing amount of Brij 78 (final concentration 0-2 mM)
led to a significant time-dependent hemoglobin release. In
contrast, nanoparticles made with Brij 78 did not cause
hemoglobin release at relevant concentrations, i.e., concen-
trations that would be practical in therapeutic applications
after systemic injection into the blood. Even at the highest
concentration of 1 mg/mL, which equals to 1:1 (v/v) dilution
of blood with the nanoparticle formulation, only a small
percentage of red blood cell lysis was observed. A final
nanoparticle concentration of 1 mg/mL corresponds to a final
Brij 78 concentration of 2 mM. However, as demonstrated in
Fig. 1A and B, there are significant differences between the
extent of RBC lysis in presence of 1 mg/mL of nanoparticles
and 2 mM free Brij 78. These findings confirmed the
hypothesis that Brij 78 on the surface of E78 NPs had different
physical properties from free surfactant. Nonetheless, there is
the possibility of some free Brij 78 in the water phase at
equilibrium. This free surfactant molecules could possibly be
responsible for the observed RBC lysis in the presence of the
highest nanoparticle concentration as shown in Fig. 1B.
Similar studies have been reported in the literature with
superparamagnetic nanoparticles. These studies revealed

Table 1. The Effect of E78 NP Concentration on the In Vitro Whole
Blood Clotting Time

E78 NPs (pg/mL) Clotting time (s)

0 157 £19
50 154 + 19
100 145 £5
150 144 5
250 174 £ 16
500 281 + 52%
1000 463 + 46*

Whole citrated blood was mixed at 1:1 (v/v) ratio with saline
(control) or E78 NPs at various concentrations in borosilicate glass
and incubated for 5 min at room temperature. An aliquot of 50 mM
calcium chloride was added, and the time was measured until the first
signs of visual clot formation.
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that incubation of 70 nm magnetide/dextran particles with
blood resulted in 60% hemolysis; however, this lytic activity
was considered clinically irrelevant due to extremely high
nanoparticle concentration used for the in vitro studies.
Indeed, when clinically relevant doses of the magnetide/
dextran particles were applied, no hemolysis occurred (20).
It is known that blood contact with negatively charged
surfaces such as glass or kaolin often results in the contact
phase activation of the plasma coagulation system (21,22).
Thus, it is possible that negatively charged carrier systems
may lead to thrombosis upon systemic administration. As
demonstrated by Miyamoto et al. (12), latex nanoparticles
having the most negative zeta potential aggregated platelets
more readily than neutral or cationic particles. Additionally,
nanoparticles were rapidly phagocytosed by platelets that
subsequently resulted in platelet aggregation (12,23). The
potential thrombogenic activity of E78 NPs was investigated
by in vitro aggregometry, which is considered the gold stan-
dard for the assessment of platelet function. Most commonly
used aggregometry procedures are based on turbidometric
changes in light transmittance using platelet-rich plasma
samples. However, it is known that platelet activity is mod-
ulated by red and white blood cells (13). Therefore, it is more
reliable to test platelet function in physiological milieu such as
whole blood. For this reason, flow cytometry studies as well as
whole blood impedance aggregometry were employed in the
present studies. Whole blood impedance aggregometry when
compared to turbidometric methods offers advantages such
as increased sensitivity and the ability to test platelet func-
tion in whole blood (24). This allows for maintaining phys-
iological environment for platelets and eliminates sample
(PRP) preparation step, which is time-consuming and may
cause platelet damage. As demonstrated in Fig. 2, incubation
of nanoparticles with whole blood did not result in an increase
in PAC-1 binding indicating that E78 NPs and PEG-E78 NPs
did not activate platelets and were not thrombogenic. How-
ever, it was found that nanoparticles do interact with platelets
leading to inhibition of agonist-induced platelet activation and
aggregation. As reported by Miyamoto et al. (12), latex
nanoparticles can activate platelets, but at the same time, at
high concentrations, nanoparticles disrupt the formation of
platelet aggregates by inhibiting cell to cell contact. Likewise,
in these present flow cytometry studies, E78 NPs inhibited
platelet activation and prevented platelet aggregation. There-
fore, it is possible that nanoparticles coated the surface of
platelets and limited the access of antibody to the cell surface.
Alternatively, Brij 78 present on the surface of nanoparticles
and/or excess of free surfactant may interact with the surface
of the platelets thereby inhibiting antibody recognition.
Indeed, the ability of certain polyethylene glycol-polypropyl-
ene glycol copolymers (poloxamers) to inhibit platelet aggre-
gation has previously been demonstrated (25). Poloxamer
184 at concentration of 2 mM significantly inhibited ADP-
induced platelet activation as determined by flow cytometry
analysis. Further, this inhibition was independent of agonist
tested (ADP and TRAP). It was also demonstrated that the
same surfactant markedly reduced the ability of the platelets
to bind fibrinogen and antibody PAC-1 (25). It was therefore
suggested that the mechanism underlying Poloxamer 184
effect on platelets may be due to its binding to GP IIb/IITA
on the surface of activated platelets. Similarly, in the case of
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E78 NPs, a decrease in PAC-1 binding was observed in the
presence of nanoparticles (Figs. 2—4). However, no changes in
CD-42 antibody binding to the platelets were noted in the
presence and absence of nanoparticles (data not shown),
indicating that there was no physical barrier that would non-
specifically inhibit access of the antibody to the platelet
surface. Additionally, inhibition of agonist-induced platelet
activation by E78 NPs was evident using P-selectin as an
activation marker (data not shown) suggesting that there were
no specific interactions between nanoparticles and/or Brij 78
and GP IIb/I1Ia. Juliano et al. reported that positively charged
liposomes inhibited ADP-induced platelet aggregation in
platelet-rich plasma (PRP) in dose-dependent manner. How-
ever, when liposomes were incubated with washed platelets
rather than PRP, negatively charged liposomes prevented
thrombin-induced aggregation (7). The authors concluded
that the interaction of cationic liposomes with platelets was
indirect because it occurred in PRP but not with isolated and
washed platelets. This indirect interaction could be poten-
tially triggered by plasma protein coating on the surface of
the liposomes. In contrast, anionic liposomes interacted with
platelets directly. It is possible that negatively charged
liposomes first interacted with thrombin, a positively charged
protein. This interaction would result in a lowering of the
free thrombin concentration, which could subsequently lead
to an apparent inhibition of platelet aggregation. Thrombin
was shown to coat the surface of negatively charged E78 NPs
(data not shown). Thus, to avoid artifacts due to nanoparticle/
thrombin interactions, a series of other agonists such as ADP,
I-BOP (Fig. 3), epinephrine, TRAP, and collagen (data not
shown) were also tested. Importantly, it was determined that
E78 NPs inhibited platelet activation irrespective of these
additional agonists tested. These findings suggest that nano-
particles interact directly with platelets and not first with the
agonist and/or detector antibody. Using impedance aggreg-
ometry, it was confirmed that E78 NPs inhibit agonist-induced
platelet aggregation in dose-dependent manner, and that this
process is agonist-independent.

The results of the present studies suggest that the pro-
cess of nanoparticle—platelet interaction is very rapid and
occurs in the timeframe of seconds. It was observed that
when agonist was added to the blood sample first and then
followed by nanoparticles, there were no differences in plate-
let activation as compared to the positive control. However,
when the order of addition was reversed, a significant in-
hibition of platelet activation was observed. The rapid inter-
action of nanoparticles with platelets agrees with other
reports (6). Constantinescu et al. (6) observed that associa-
tion of liposomes with blood cells was in most cases complete
within 1 min.

Polyethylene glycol and polyethylene oxide (PEO)
molecules are capable of resisting plasma protein adsorption
(26-28) and platelet adhesion (29-32). Therefore, pegylation
of surfaces is commonly used for the purpose of increasing
hemocompatibility of biomaterials. The DSPE-PEG mole-
cules are hypothesized to be oriented in a similar manner as
Brij 78 during microemulsion formation; for example, the
lipid-DSPE is embedded in nanoparticle matrix, and the
PEG molecules are located on the surface of nanoparticles.
In case of E78 NPs, there were no differences in platelet
interaction between E78 NPs and PEG-E78 NPs (Fig. 4),
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indicating that the character of the interaction is most likely
not related to the surface of the nanoparticle. In fact, similar
findings were reported by Constantinescu et al. (6) where
kinetics of liposomes/platelet association were the same for
uncoated liposomes and PEG-coated liposomes.

E78 NPs and PEG-E78 NPs have been tested for
numerous applications in vivo by intravenous injection of
doses up to 40 mg/kg into mice, which would result in nano-
particle blood concentrations of approximately 400 pg/mL.
No gross effects of this highest dose with respect to prolonged
clotting time and/or bleeding problems have been observed
(unpublished observations). In an attempt to understand the
potential discrepancies between the flow cytometry results
and in vivo observations, in vitro clotting time experiments
were performed. At tested conditions, nanoparticles up to
250 pg/mL did not have any significant effect on whole
blood clotting time. However, at E78 NPs concentration of
500 pg/mL in a 1:1 (v/v) blood/saline mixture, prolongation of
clotting time was found to be significant. To further correlate
these results, the ratio of nanoparticles to platelet was
calculated based on the assumption that there was the same
number of platelets in each original blood sample. At a
concentration of 500 pg/mL of blood/saline mixture (1:1), the
nanoparticle-to-cell ratio was approximately 10,000 to 1. In
flow cytometry studies, this ratio would be approximately
equivalent to a nanoparticle concentration of 100 pg/mL.
Using these calculations, a relatively strong correlation be-
tween both experiments was obtained. Some discrepancy may
be explained based on the employed assumptions and/or the
inherent error in the visual estimation of the endpoint during
clotting time experiments. Nevertheless, it was concluded that
the concentration of E78 NPs in whole blood (e.g., in vivo
conditions), which potentially could affect platelet aggrega-
tion, was approximately 1000 pg/mL, which is at least 2-fold
greater than the highest NP concentration in blood routinely
tested in animal studies. The concentration of 1000 pg/mL
was calculated with the assumption that the in vivo injection
volume will not result in significant blood dilution.

The actual mechanism underlying inhibition of platelet
activation and aggregation by E78 NPs still remains to be
elucidated. Numerous reports suggest, however, that platelets
have the ability to phagocytose drug carriers such as lipo-
somes both in vitro and in vivo (7,8,33). In addition, in vitro
assays such as aggregometry, serotonin release, and platelet
membrane integrity demonstrated that liposome uptake by
platelets did not alter cell functions (8). Moreover, the
uptake of liposomes did not impair platelet circulation and
function in vivo (33). On the other hand, various studies have
indicated that liposomes can affect platelet function both
in vitro (7,10) and in vivo (10). Therefore, it could be
hypothesized that E78 NPs may be rapidly taken up by
platelets. Once in the cell, nanoparticles may alter cellular
pathways controlling platelet activation and subsequent
aggregation. In addition, if nanoparticles are found to alter
these pathways, what are the kinetics of these processes and
are they reversible or irreversible? Experiments testing this
hypothesis are being currently designed. In addition, initial
experiments have been performed that demonstrate that
these nanoparticles are extensively metabolized in vitro by
alcohol dehydrogenases over 24 h suggesting that the effects
of E78 NPs, if any, may be short-lived.
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Based on literature review, it was concluded that nano-
particle or liposome interaction with blood cells is highly
dependent on particle size and surface properties, particular-
ly surface charge. Present studies with E78 NPs demonstrated
that when evaluating the influence of drug carriers on
platelet function, it is critical to assess the potential thrombo-
genic properties and also the ability of the carrier to inhibit
platelet activity. Overall, E78 NPs do not cause red blood cell
lysis and are not thrombogenic. Nanoparticles at high nano-
particle-to-platelet ratios inhibited agonist-induced platelet
activation and aggregation. Additionally, above certain
concentrations, E78 NPs were observed to prolong in vitro
clotting time. However, at clinically relevant doses, cetyl
alcohol/polysorbate nanoparticles have potential blood com-
patibility.
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