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Abstract

Aim—Nanosized particles (NPs) enriched in hydroxyapatite and protein isolated from calcified
human tissue accelerate occlusion of endothelium-denuded arteries when injected intravenously into
rabbits. Since platelet aggregation and secretory processes participate in normal hemostasis,
thrombosis and vascular remodeling, experiments were designed to determine if these biologic NPs
alter specific platelet functions in vitro.

Methods—~Platelet-rich plasma was prepared from citrate anticoagulated human blood. Platelet
aggregation and ATP secretion were monitored in response to thrombin receptor agonists peptide
(10 uM) or convulxin (50 pg/ml) prior to and following 15 min incubation with either control solution,
human-derived NPs, bovine-derived NPs or crystals of hydroxyapatite at concentrations of 50 and
150 nephelometric turbidity units.

Results—Incubation of platelets for 15 min with either human- or bovine-derived NPs reduced
aggregation induced by thrombin receptor activator peptide and convulxin in a concentration-
dependent manner. Hydroxyapatite caused a greater inhibition than either of the biologically derived
NPs. Human-derived NPs increased ATP secretion by unstimulated platelets during the 15 min
incubation period.

Conclusion—Effects of bovine-derived and hydroxyapatite NPs on basal release of ATP were both
time and concentration dependent. These results suggest that biologic NPs modulate both platelet
aggregation and secretion. Biologically derived NPs could modify platelet responses within the
vasculature, thereby reducing blood coagulability and the vascular response to injury.
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Biologically derived nanoparticles (NPs), which are 20-500 nm vesicles are surrounded by a
calcium phosphate shell, circulate in the blood. Their origin is uncertain, although they could
be derived from activated or apoptotoic cells and/or chemical/mineral interactions [1-4].
Calcifying NPs are present in and have been isolated from diseased tissue of humans, including
atherosclerotic plaque [5,6], kidney stones [7-10], psammoma bodies of ovarian cancer [11],
saliva [12], mitral valve calciphylaxis [13] and prostate stones [14].

Three types of calcified NPs modify in vivo arterial remodeling [15]:

*  NPs derived from human calcified tissue — the composition of which may be
complexes of proteins, lipids and mineral [16,17];

»  Calcified NPs derived from bovine blood — the composition of which is purported to
be fetuin complexed to hydroxyapatite (HA) or calcium carbonate [18-20];

*  HA crystals [21].

When calcified NPs derived from human aneurysms and kidney stones were injected
intravenously into rabbits, arterial occlusions and calcifications occurred within areas of
endothelium-denuded arteries, whereas eccentric intimal hyperplasia occurred in injured
arteries of animals injected with hydroxyapatite particles or NPs derived from bovine serum
[15,22]. Therefore, the source and composition of NPs determine the pathophysiological
consequences of their interactions with biological tissue, perhaps by initiating such actions as
generation of oxygen-derived free radicals, inflammation, acting as nucleation sites for
inorganic mineral deposition and altering protein structure [23-29].

Platelets aggregate at sites of vascular injury and secrete vasoactive and mitogenic substances
that facilitate vascular remodeling [30]. Nano- and micro-sized carbon particles, positively
charged NPs and latex NPs covered with collagen-related peptides activate platelets and
enhance experimental thrombosis [28,31-33]. Alternatively, liposomes, PEGylated and
nonPEGylated cetyl alcholol/polysorbate NPs inhibit agonist-induced platelet aggregation
[34]. However, it is not known whether or not biologically derived NPs known to alter vascular
remodeling in vivo affect platelet functions. Therefore, experiments were designed to
investigate how these biologically derived NPs affect platelet reactivity in vitro. It was
hypothesized that the ability of biologically derived NPs to modulate platelet aggregation and
secretion would reflect the cellular origin and/or composition of the NPs.

Nanoparticle propagation & collection

Nanoparticles were prepared from human calcified aortic aneurysms and kidney stones, as
previously described [5]. In brief, these NPs were seeded into standard tissue culture flasks
containing Dulbecco’s modified Eagle medium (10-013; Mediatech, Inc., Manassas, VA,
USA) supplemented with 10% y-irradiated fetal calf serum (Atlanta Biologicals, Inc.,
Lawrenceville, GA, USA). In this medium, NPs exist in a floating or planktonic form prior to
adhering to the surface of the culture flasks where they form visible domes encrusted with HA.
Planktonic forms of human-derived NPs were collected from the culture media by
centrifugation (20,000 g, 20 min, 4°C) 2 weeks after seeding the flasks. The supernatant was
discarded and pellets were washed with phosphate-buffered saline (PBS); washed pellets from
several flasks were combined. After two additional washes and centrifugations (20,000 g, 20
min, 4°C), the resulting pellet was suspended in PBS, with the volume adjusted to obtain a
turbidity of 50 or 150 nephelometric turbidity units (NTU; Hach 2100N Turbidimeter,
Loveland, CO, USA).
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Stock solutions of bovine-derived NPs (Nanobac Oy, Finland) were diluted in sterile saline
[20]. Inorganic HA crystals (1 pg; 3Cag[PO4], -:Ca[OH]5; Sigma Chemical, MO, USA) were
dissolved in PBS to 50 and 150 NTUs.

Turbidity reflects both the size and density of the NPs. Biologically derived NPs clump, making
it impossible to determine actual number of particles/volume (Figure 1). Therefore, tubes
containing stock solutions of NPs were vortexed, sonicated for 3 min and then vortexed again
immediately prior to measurements of turbidity and pipetting aliquots needed for each
experiment.

Preparation of platelet-rich & -poor plasma

Venous blood from healthy male and female human volunteers (35-65 years of age) was
collected into citrate anticoagulated tubes that were then centrifuged at 200 g for 15 min, 25°
C to obtain platelet-rich plasma (PRP). Platelet-poor plasma (PPP) was prepared by
centrifugation of PRP at 3000 g for 15 min. The platelet count of both PRP and PPP was
monitored by Coulter counting. The PRP was adjusted with PPP to standardize the final platelet
count at 250 x 102 platelets/pl.

Platelet aggregation

Platelet aggregation was monitored in PRP with and without NPs by the turbidimetric (light-
transmission) method using a whole-blood aggregometer in optical mode (Chronolog Corp.,
Havertown, PA, USA). Human-derived, bovine-derived NPs or HA crystals (50 pl of stock
dilutions) were added to PRP (400 pl; 250 x 102 platelets/ul) and the light transmission
measured for 15 min to record changes in NP-induced basal aggregation. After 15 min,
thrombin receptor activator peptide (TRAP; 10 uM) or convulxin (50 pg/ml) was added and
light transmission was recorded for an additional 5 min. In some experiments, indomethacin
(107> M) or NC-mono-methyl L-arginine (L-NMMA; 10~4 M; Sigma Chemical) was added
30 min prior to addition of the NPs.

Platelet-dense granule ATP secretion

Microscopy

Secretion of ATP from dense granules was determined by bioluminescence using 40 ul of
diluted PRP (1:1000) in sterile Hanks’ balanced salt solution (GIBCO, CA, USA) buffered
with 20 mM 4-(2-hydroxyethyl)-1-piperazineethane-sulfonic acid (HEPES; pH 7.4) and
containing 3 mg/ml bovine serum albumin, 0.5 g/l glucose and 1 uM tick anticoagulant peptide
in the absence or presence of human-derived NPs, bovine NPs or HA crystals (50 or 150 NTU).
ATP secretion was determined following 15 min incubation with NPs or HA alone.

Samples of NPs were examined by scanning-electron microscopy, as previously described
[5,15]. Examination of human-derived NPs interacting with platelets by confocal laser-
scanning microscopy was performed after the platelets were labeled with the thiol-reactive dye
BODIPY®-FL maleimide by adding an aliquot of the dye stock, prepared in dimethly sulfoxide
(DMSO0), to an aliquot of platelets in suspension (1:10) and incubating them for 20 min at 25°
C. Atotal of 10 pl of labeled platelets were then added to 80 ul Tyrode’s buffer together with
10 pl filtered (1.2 pm) NPs. After incubation for 20 min at 25°C, these platelets were fixed by
adding 100 pl 4% paraformaldehyde, and maintaining the preparation at 4°C for 30 min. NPs
not associated with platelets were then removed by centrifugation at 2500 g for 10 min.
Resulting pellets were resuspended in 25 pl PBS and plated onto poly-L-lysine-coated slides
for analysis by confocal laser-scanning microscopy. A set of unstained platelets were processed
identically and used as a fluorescent signal blank.
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To visualize platelet aggregation, platelet suspensions (100 ul) were prepared and maintained
at 37°C for 35 min, either in the absence (control) or presence of 150 NTU of human-derived
NPs. A second set of samples was treated identically, except that in these platelets aggregation
was induced during the final 15 min of incubation by the addition of TRAP (10 pM final
concentration). Platelet suspensions were then fixed and prepared for microscopy, as described
earlier.

In experiments using BODIPY-FL maleimide-labeled platelets, each coverslip was observed
using a Zeiss LSM 510 confocal laser-scanning system (Carl Zeiss, Inc., Oberkochen,
Germany) equipped with a 488 nm argon laser and an Axiovert 200 M inverted microscope
fitted with a 100x/1.4 Plan Apochromat oil-immersion objective. For fluorescence detection,
the emission light was passed through a bandpass 505-550 filter. Differential interference
contrast images were captured concurrent with fluorescence. In experiments using unlabeled
platelets, only differential interference contrast images were taken. Images were captured and
processed by using Zeiss LSM510 software.

Statistical analysis

Results

All values are presented as mean + standard error of the mean. PRP from a single individual
was used in more than one type of experiment; n = the number of tests for each experiment.
All experiments were carried out independently using blood from four to seven individuals.
Different harvests of separate cultures of NPs derived from either human calcified aneurysms
or kidney stones were used in these experiments. Statistical significance was evaluated by one-
way analysis of variance or Student’s t-test unpaired observations; differences at a level of p
< 0.05 were considered to be significant.

Nanoparticles associate with the platelet surface (Figure 2); however, addition of either NPs

or HA crystals did not induce significant platelet aggregation without the concurrent agonist

stimuation with TRAP (Figure 3). After 15 min of incubation with NPs and HA, both the rate
and maximal aggregation to TRAP (Figures 3 & 4) were reduced in a concentration-dependent
manner with HA having the highest potency and human NPs the lowest. Human-derived NPs
also inhibited aggregation induced by convulxin, a less potent platelet aggregation agonist than
TRAP (Figure 5). These inhibitory effects of human-derived NPs or HA (150 NTU) on platelet
aggregation were not reversed by either L-NMMA or indomethacin (Table 1).

In contrast to the affects on aggregation, ATP secretion increased by 20% following 15 min
incubation of platelets with human-derived NPs (p < 0.05), but was suppressed by 50 NTU of
bovine-derived NPs. This effect was biphasic since ATP secretion returned to baseline after
incubation of platelets with 150 NTU of bovine-derived NPs. HA did not have a statistically
significant effect on basal ATP secretion either immediately, within 1 min or after 15 min
incubation (Figure 6).

Discussion

Results of this study indicate that NPs of biological origin differentially inhibit platelet
aggregation in a concentration-dependent manner and alter dense granule ATP secretion. These
results are consistent with the hypothesis that biological activity of NPs is dictated by their
composition, size and charge [33,35]. This hypothesis is also supported by the differential
degrees of platelet aggregation induced by multiwalled and single-walled nanotubes, Cgg
fullerenes, mixed carbon NPs or collagen-coated latex NPs [28,31] compared with inhibition
of platelet aggregation by positively charged NPs or those formed from PEGylated and
nonPEGylated cetyl alcohol/polysorbate NPs [32,34]. Results from this study suggest that
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some types of NPs with physiologically relevant compositions also inhibit rather than stimulate
platelet functions. Bovine-derived NPs appear to be composed of fetuin—calcium complexes
[20]. The exact chemical composition of biologically derived NPs cultured in bovine serum is
complex and reflects, in part, the tissue of origin (serum compared with aneurysm or kidney
stone) of the NPs and the conditions under which they are cultured [5,12,17,19]. The
composition of human-derived NPs used in the present study consists of lipids, some nucleic
acids and proteins of human and bacterial origin, including elongation factor tu [Lieske JC,
Unpublished Data] [5,16].

These results have important biomedical and pathophysiological implications because NPs
composed of bone matrix proteins and bovine serum albumin are being tested for delivery of
agents for bone regeneration [36]. In addition, NPs of various compositions are being
manufactured for use as carrier molecules for drugs in the treatment of cancers, bioimaging,
modulation of angiogenesis and bone regeneration [36—39]. Based on the results of the present
study, some NPs have the potential to inhibit platelet functions.

Platelet aggregation and secretion at sites of vascular endothelial injury contribute to vascular
wound healing and the development of atherosclerosis [30]. The inhibitory effects of biologic
NPs on platelet functions observed in the present study help to explain differences in vascular
remodeling following injection of planktonic forms of these NPs into animals in which one
carotid artery had been denuded of endothelium [15]. Intimal hyperplasia did not develop in
the endothelium-denuded artery of animals inoculated with bovine-derived NPs and HA
crystals [15]. These NPs had the greatest inhibitory effects on in vitro platelet aggregation in
the present study. The disruption of the internal elastic lamina in arteries from these animals
may reflect the fetuin—calcium composition of the bovine-derived NPs and HA crystals
exposed to serum [20]. The heterogeneous nature of the human-derived NPs is reflected in the
gradient in vascular healing from minimal intimal hyperplasia to luminal occlusion with
calcification observed in animals injected with human-derived NPs [15]. These previous in
vivo effects are consistent with the current in vitro observation of minimal inhibition of platelet
aggregation but increased dense granule secretion when platelets were exposed to human-
derived NPs.

The biologic NPs used in this study inhibited platelet aggregation induced by two different
agonists, one that activates the thrombin receptor and the other that activates the collagen
receptor, suggesting that the inhibitory effects may be nonspecific, perhaps by reducing
platelet—platelet interaction as has been proposed by others [33,34] or by binding to these or
other surface receptors (Figure 2). Platelet aggregation is inhibited by nitric oxide and
prostacyclin. However, neither L-NMMA or indomethacin reversed the reduction in agonist-
induced aggregation in the presence of NPs or HA, suggesting that neither activation of nitric
oxide synthase or cyclooxygenase, respectively, contribute to inhibition. NPs interacting with
the platelet surface membrane may activate other intracellular processes that affect ATP
secretion from dense granules. Dense granule ATP could act as an autocrine factor to further
modulate agonist-induced secretion or aggregation. Mechanisms of these processes remain to
be explored.

Conclusion

Hydroxyapatite, as well as NPs from two different mammalian sources (bovine blood and
human tissue homogenates) containing calcium phosphate complexed with protein, inhibit
platelet aggregation. Greatest inhibition was observed with hydroxyapatite particles; the least
inhibition was observed with human-derived NPs of heterogenous composition. Inhibition of
aggregation may be achieved through decreased platelet—platelet interactions. Biologic NPs
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may also affect dense granule secretion. The combined effects of NPs on platelets will alter
the ability of platelets to respond to vascular injuries.

Future perspective

Some authors have suggested that biologic NPs, a product of normal physiological processes,
may not have pathophysiological potential [19]. However, the current studies suggest that
biologic NPs have important physiologic effects on platelet activation. Microparticles/micro-
vesicles found in human blood are similar in size to biologic NPs and their cellular origin and
quantity in human blood varies with diseases such as atherosclerosis, thrombotic diseases and
arterial calcification [2,4,36,40,41]. Therefore, as technologies to evaluate nanosized materials
in the blood improve, evaluating the thrombogenic potential of various human-derived NPs or
microvescicles/microparticles may increase understanding of the etiology of various diseases
and facilitate development of diagnostic, preventive and curative NP modalities.

Conclusion

Experiments were designed to determine if NPs derived from calcified human tissue alter
platelet aggregation and secretion in vitro. These human-derived NPs inhibited platelet
aggregation but to a lesser degree than NPs of fetuin—calcium complexes or hydroxyapatite
(calcium phosphate), most likely by reducing platelet—platelet interactions. Human-derived
NPs also stimulated basal secretion of ATP from platelet-dense granules. These effects, if
present in vivo, would modulate the ability of platelets to respond to intravascular injury.

Executive summary

Nanoparticles derived from calcified human tissue decreased aggregation of
platelets stimulated with either thrombin receptor activator protein or convulxin,
in part by reducing platelet—platelet interactions.

The inhibition of platelet aggregation by human-derived nanoparticles was less
than that imparted by fetuin/mineral complexes or hydroxyapatite alone.

Human-derived nanoparticles increased basal secretion of ATP from platelet-
dense granules.

Nanosized protein/mineral complexes and nano/microvesicles derived from
activated and apoptotic cells or commensal bacteria, which circulate in the blood,
could affect coagulability of the blood through interaction with platelets.

Utility and efficacy of nanoparticles currently under development for diagnostic
and therapeutic purposes might be affected by how they interact with platelets and
modulate platelet aggregation and secretory processes.
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Figure 1. Scanning-electron micrographs of nanoparticles derived from (A) human aortic
aneurysm, (B) fetal bovine serum and (C) hydroxyapatite
Scale bars represent 1 um.
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Figure 2. Representative images of human-derived nanoparticles interacting with platelets

(A) The image taken using 488 nm laser excitation shows intense fluorescent label in platelets
(green). (B) The differential interference contrast image shows that most platelets maintained
discoid, inactivated shapes, whereas others were irregular and elongated when exposed to
human-derived nanoparticles (nanoparticles image as dark circular forms, arrows). (C) The
merged image shows human-derived nanoparticles (arrows) associated with the platelet
exterior. Scale bars represent 5 um.
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Figure 3. Differential interference contrast analysis of effects of human-derived nanoparticles on
activation and aggregation of human platelets

Representative images show unstimulated platelets (control) (A) maintained discoid
morphology with moderate activation, whereas platelets coincubated with 150 nephelometric
turbidity unit human-derived nanoparticles (B) exhibited a larger proportion of cells with
spherical enlargement, together with shape changes and pseudopodia. Platelets exposed to
thrombin receptor activator peptide (10 uM) (C) aggregated but platelets incubated with
human-derived nanoparticles for 15 min prior to stimulation with thrombin receptor activator
peptide (D) showed fewer and smaller aggregates. Cumulate data from these experiments are
quantified in Figure 4. Scale bars represent 2 um.
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Figure 4. Averaged traces of thrombin receptor activator peptide-induced platelet aggregation
(measured by light transmission using aggregometry) in the absence (control) or presence of (A)
human-derived nanoparticles, (B) bovine-derived nanoparticles or (C) hydroxyapatite crystals
Platelet suspensions were exposed to nanoparticles or hydroxyapatite for 15 min prior to

aggregation induced by addition of thrombin receptor activator peptide (10 uM final

concentration). Significant differences (paired t-test, p < 0.05) in amplitude of aggregation at

5 min: *Versus control; "Versus 50 NTU same treatment, and in slope of aggregation

rate; ¥Versus untreated control; $Versus 50 NTU same treatment. Data are mean + standard
error of the mean, n = the number of tests conducted on aliquoted platelet-rich plasma derived

from four or five individuals.
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NTU: Nephelometric turbidity unit.
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Figure 5. (A) Cumulative rate of and (B) maximal platelet aggregation in response to TRAP (10
pM) and convulxin (50 pg/ml) following 15 min incubation in the absence (control) or presence of
human-derived nanoparticles

Data are shown as mean + standard error of the mean; n = the number of tests conducted on
aliquoted platelet-rich plasma derived from five to seven individuals.

*Denote statistically significant decreases compared with control; p < 0.05.

NP: Nanoparticle; NTU: Nephelometric turbidity unit; TRAP: Thrombin receptor activator
peptide.
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Figure 6. Changes in basal ATP secretion from human platelets immediately after (within 1 min)
and following 15 min incubation of the platelets with either HNPs, BNPs or HA crystals at two
different doses: 50 NTU and 150 NTU

ATP secretion is presented as percentage change compared with vehicle-treated controls. Data
are mean = standard error of the mean of triplicate determinations on paired samples of blood
(n =5-7).

*Significantly different (p < 0.05) by paired t-test from corresponding value in untreated
control.

50 NTU of the same treatment.

BNP: Bovine-derived nanoparticle; HA: Hydroxyapatite; HNP: Human-derived nanoparticle;
NTU: Nephelometric turbidity unit.
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Effects of L-NMMA and indomethacin on platelet aggregation in the presence of 150 nephelometric turbidity
units of human-derived nanoparticles or hydroxyapatite™.

Human-derived NPs Hydroxyapatite

Amplitudei

Control 447 +0.7 37.3+03
L-NMMA (1074 M) 43.0+0.6 36.0+15
Indomethacin (1073 M) 433+17 333+27
Slope§

Control 48.7+3.3 36.3+2.0
L-NMMA (1074 M) 47.0+1.2 36.0+20
Indomethacin (1075 M) 46.0+£26 34320

*
Data are shown as mean + standard error of the mean, n = 3/condition.

¢Percentage light transmission.

§Change in percentage light transmission per min.

L-NNMA: NG-mono-metth L-arginine; NP: Nanoparticle.
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