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Nanoparticle-induced platelet aggregation and vascular thrombosis
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1 Ever increasing use of engineered carbon nanoparticles in nanopharmacology for selective
imaging, sensor or drug delivery systems has increased the potential for blood platelet—nanoparticle
interactions.

2 We studied the effects of engineered and combustion-derived carbon nanoparticles on human
platelet aggregation in vitro and rat vascular thrombosis in vivo.

3 Multiplewall (MWNT), singlewall (SWNT) nanotubes, C60 fullerenes (C60CS) and mixed carbon
nanoparticles (MCN) (0.2-300 ugml~") were investigated. Nanoparticles were compared with
standard urban particulate matter (SRM 1648, average size 1.4 um).

4 Platelet function was studied using lumi aggregometry, phase-contrast, immunofluorescence
and transmission electron microscopy, flow cytometry, zymography and pharmacological inhibitors
of platelet aggregation. Vascular thrombosis was induced by ferric chloride and the rate of thrombosis
was measured, in the presence of carbon particles, with an ultrasonic flow probe.

5 Carbon particles, except C60CS, stimulated platelet aggregation (MCN>=SWNT>MWNT >
SRM1648) and accelerated the rate of vascular thrombosis in rat carotid arteries with a similar rank
order of efficacy. All particles resulted in upregulation of GPIIb/IIla in platelets. In contrast, particles
differentially affected the release of platelet granules, as well as the activity of thromboxane-, ADP,
matrix metalloproteinase- and protein kinase C-dependent pathways of aggregation. Furthermore,
particle-induced aggregation was inhibited by prostacyclin and S-nitroso-glutathione, but not by
aspirin.

6 Thus, some carbon nanoparticles and microparticles have the ability to activate platelets and
enhance vascular thrombosis. These observations are of importance for the pharmacological use of

carbon nanoparticles and pathology of urban particulate matter.
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Introduction

The development of nanotechnology and engineered carbon
nanomaterials (1-100 nm in size) greatly increased the phar-
macological use of carbon and other nanoparticles. These
nanoparticles have vast applications in the electronics, aero-
space, computer industries, consumer products (e.g. sunscreens
and cosmetics) and, more recently, in medicine (The Royal
Society and Royal Academy Engineering, 2004). Indeed,
the National Institutes of Health reviewing the applications
of nanotechnology for monitoring, diagnosis and treatment
of human diseases introduced the term of ‘nanomedicine’ to
describe these applications (Moghimi et al., 2005). The delivery
and targeting of pharmacological, therapeutic and diagnostic
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agents using nanotechnology implies the interactions of
nanoparticles with blood and its elements (Winter et al., 2003).

There is some evidence that carbon micro-scale particles can
affect vascular haemostasis and precipitate thrombosis.
Indeed, personal exposure to ambient airborne particulate
matter (PM) 10um or less in aerodynamic size diameter
(PM,,) increased plasma fibrinogen levels (Seaton et al.,
1999). Furthermore, peripheral thrombosis (Nemmar et al.,
2003) has been detected following tracheal instillation of
diesel exhaust particles to experimental animals. However, no
data have been reported on the effects of engineered or combus-
tion-derived nanoparticles on platelet function or vascular
thrombosis.

Therefore, we investigated the effects of nanoparticles on
human platelet function in vitro and rat vascular thrombosis.
We compared the effects of nanoparticles in mixed carbon
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nanoparticles (MCN), purified fullerenes (C60CS), carbon
single (SWNT) and multiplewall (MWNT) open nanotubes
with particles in a standard mix urban (St Louis, MS, U.S.A.)
particulate matter (SRM 1648, average size of 1.4 um). For this
study, we selected engineered carbon nanoparticles (C60CS,
SWNT and MWNT) that are frequently used in drug
discovery and delivery (LaVan et al., 2002; 2003), and MCN
and SRM 1648, which are a part of airborne PM present in the
industrial environment. There is also growing concern that
nanoparticles such as fullerenes, which are produced by tons
each year, are accidentally released into the environment
(Oberdorster, 2004). Here, we report that MCN, SWNT,
MWNT, SRM1648, but not C60CS, have the ability to induce
aggregation of human platelets and to enhance vascular
thrombosis in rats.

Methods

Particles and reagents

Urban PM standard reference material (SRM1648) was
obtained from the U.S. Department of Commerce National
Institute of Standards and Technology, Gaithersburg, MD,
U.S.A. MCN (a mixture of amorphous carbon with approxi-
mately 7% C60 CS), purified C60CS, purified open SWNT
and MWNT were purchased from SES Research, Houston,
TX, U.S.A. Particles were suspended in Tyrode’s solution.
In order to minimize particle self-assembly (agglomeration),
particle suspensions were always sonicated for 2min and
vortexed <20s prior to testing. In some experiments, particle
suspensions were filtered through 0.1 um filters (Millipore
Corporation, U.S.A.) and the filtrate used to aggregate
platelets.
12-(2-Cyanoethyl)-6,7,12,13-tetrahydro-13-methyl-5-oxo-5H-
indolo(2,3-a)pyrrolo(3,4-c)-carbazole (G66976) was from
Calbiochem (San Diego, CA, U.S.A.). Collagen and lucifer-
in-luciferase were from Chronolog (Havertown, PA, U.S.A.).
All other reagents used were purchased from Sigma-Aldrich.

Human platelets, aggregation and ATP release

Blood was obtained from healthy volunteers who had not
taken any drugs known to affect platelet function for 2 weeks
prior to the study. Washed platelets were isolated and
resuspended in Tyrode’s solution (2.5 x 10® platelets ml~!), as
previously described (Radomski & Moncada, 1983). Platelets
were preincubated for 2min at 37°C in a whole blood ionized
calcium lumi-aggregometer (Chronolog) prior to the addition
of particles (0.2-300 ugml™"). Prostacyclin (PGI,), S-nitroso-
glutathione (GSNO), aspirin, 2-methylthio-AMP, phenanthro-
line, ethylenediamine tetraacetic acid (EDTA) and G66976
were preincubated with platelets for 1 min before the addition
of particles. Platelet aggregation was studied for 8§ min and
analysed using Aggro-Link data reduction system (Chronolog)
(Radomski ez al., 2001; 2002; Jurasz et al., 2003). The release
of ATP was measured by luciferin-luciferase using lumi-
aggregometer as previously described (Sawicki et al., 1997;
Chung et al., 2002).

Phase-contrast, transmission electron and
immunofluorescence microscopy

For phase-contrast microscopy, platelet aggregation was
terminated at 20% maximal response, as determined using
the aggregometer. The samples were fixed by adding an equal
volume of 2% glutaraldehyde and 2% paraformaldehyde in
0.1 M phosphate buffer (PB), pH 7.4, and then incubated for
1 h at room temperature.

Aliquots of each sample were then taken for phase-contrast
microscopy examination using an Olympus CKX41 micro-
scope (Olympus America Inc., Melville, NY, U.S.A.). Photo-
micrographs were captured using a digital camera and
MicroFire (Olympus America Inc.) software.

The remaining samples were then prepared for transmission
electron microscopy examination (Alonso-Escolano et al.,
2004). Ultrathin sections were cut in an LKB Ultracut
microtome (Leica, Deerfield, IL, U.S.A.), stained with uranyl
acetate and lead citrate in an LKB Ultrostainer, and examined
in a JEM 1010 transmission electron microscope (JEOL Inc.,
Peabody, MA, U.S.A.) at an accelerating voltage of 80kV.
Digital images were obtained using the AMT Advantage
digital CCD camera system (Advanced Microscopy Techni-
ques Corp., Danvers, MA, U.S.A)).

For immunofluorescence microscopy, cytospins were pre-
pared by centrifuging 120 ul of platelet suspension onto a glass
slide in a cytocentrifuge (AC-060, Cytopro, Wescor Inc.,
Logan, UT, U.S.A.). Slides were allowed to air dry at room
temperature and nonspecific binding was blocked by incuba-
tion for 30min at room temperature in Dulbecco’s PBS
containing 10% BSA (DPBS/BSA). Slides were incubated for
60 min with anti-MMP-9 (10 ugml™") antibodies in blocking
buffer (DPBS/BSA). IgG (10 ugml™") was used as isotype
control. Following washing with DPBS/BSA, slides were
incubated with a 1:300 dilution of anti-mouse IgG conjugated
with FITC for 60 min. Following washing with PBS, the slides
were mounted in SlowFade Light Antifade solution (Mole-
cular Probes, Eugene, OR, U.S.A.) and examined using a Zeiss
Axioplan 2 imaging microscope (Carl Zeiss Microimaging
Inc., Thornwood, NY, U.S.A.). The immunofluorescence
images were captured using AxioCam MRm digital camera
(Carl Zeiss Microimaging Inc.).

The images were imported into Adobe Photoshop version
7.0 (San Jose, CA, U.S.A.), cropped and corrected for
brightness and contrast, but not otherwise manipulated.

Flow cytometry

Flow cytometry was performed using a Beckman Coulter
FC500 dual laser five colour flow cytometer. Flow cytometry
was performed on single stained platelet samples as described
previously (Jurasz et al., 2001; Radomski et al., 2001). Briefly,
to minimize the presence of aggregates in samples, platelets
(10 pd of suspension) and fluorescent-labelled antibodies (10 ul)
containing 0.25 ug of antiactivated GPIIb/I11a (PAC-1), anti-
GPIb, anti- P-selectin (BD Biosciences, San Diego, CA,
U.S.A)), or 1pug anti-integrin 3 (SouthernBiotech, Birming-
ham, AL, U.S.A.) were diluted 10-fold using physiologic
saline. Samples and antibodies were incubated in the dark at
room temperature for 5Smin. Platelets were identified by
forward and side scatter signals, and 10,000 platelet-specific
events were analysed by the cytometer for fluorescence.
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Zymography

Zymography (Sawicki et al., 1997; Fernandez-Patron et al.,
1999; Chung et al., 2002) was performed using 8% SDS-
PAGE with copolymerized gelatin (2mgml~!). The samples
(10 ul of platelet releasate) were subjected to electrophoresis.
Gels were washed in 2.5% Triton X-100 for 1h (three times,
20min each) and twice in zymography buffer (20 min each
wash). Then, the samples were incubated in enzyme assay
buffer (25mM Tris, pH 7.5, SmM CaCl,, 0.9% NaCl, 0.05%
Na;N) until the MMP activities could be determined. MMP-2
and MMP-9 were identified by their molecular weight and
quantified by reference to purified standards (Chemicon,
Temecula, CA, U.S.A.) using ChemiDoc XRS Gel Documen-
tation System (Bio-Rad, Hercules, CA, U.S.A.) (Sawicki et al.,
1997; Alonso-Escolano et al., 2004).

Rat vascular thrombosis

We used rodent ferric chloride model of carotid artery
thrombosis (Kurz et al., 1990; Wang & Xu, 2005) with the
following modifications. Wistar—Kyoto rats were anesthetized
with ketamine/xylazine solution (0.09ml 100 g~ body weight)
IM (thigh). The rats were placed in dorsal recumbency on a
heated (37°C) surgical board. The trachea was palpated and
a midline incision from the caudal end of the larynx to the
suprasternal notch was made. The left carotid artery was than
isolated and a Parafilm M sheet (7 x 20 mm) was placed under
the carotid artery in order to prevent chloride-induced tissue
damage.

To initiate thrombosis, a patch (6 x 8mm) of micro-filter
paper saturated with FeCl; solution (70% w v~") was placed on
the carotid artery upstream from the flow probe. Simulta-
neously, a 0.5ml suspension (50 ugml™") of PM in 0.9% NaCl
solution was injected intravenously into the femoral vein. The
blood flow in carotid artery was monitored continuously with
an ultrasonic flow probe (Transit Time Flowmeter TTFM
Type 700, Hugo Sachs Electronik) and an in-house data-
acquisition system.

Statistics

The results are expressed as mean+s.e.m. of at least three
independent experiments. Data were analysed using analysis
of variance (GraphPad Prism, San Diego, CA, U.S.A)).
Tukey—Kramer multiple comparisons test and Student’s 7 tests
were performed, where appropriate. Statistical significance was
considered when P<0.05.

Results
Nanoparticles aggregate human platelets

Incubation of platelets with MCN, MWNT, SWNT and
SRM 1648, but not with C60CS, resulted in a concentration-
dependent increase in platelet aggregation (Figure la and b).
The order of efficacy was: MCN>=SWNT>MWNT >
SRM1648 (P<0.05, n=6-10). Under these conditions, the
efficacy of collagen (Sugml™'), a physiologic aggregating
agent, was similar to that of MCN (76 +6 versus 70 +3%,
P>0.05, n=28). The aggregating ability of SRM1648 were
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Figure 1 Aggregation of platelets by carbon nanoparticles and
SRM1648. (a) Superimposed traces showing the effects of
SRM 1648, MCN, MWNT, SWNT and C60CS (at 200 ugml~") on
aggregation. The effect of collagen (Sugml™') is also shown.
(b) Concentration—response curves of platelet aggregation to PM.
Data are mean+s.e.m., n=6-10.

abolished following filtration through 0.1 um filter, while those
of other particles was reduced by 75-85% (n=4). Simulta-
neously with aggregation, the release of ATP was investigated
as an index of dense granule release (Chung et al., 2002).
Platelets aggregated with MCN released significant amounts of
ATP (1.2+0.2nM, n=23). In contrast, the release of ATP was
not detectable (<0.1 nM, n=3) in platelets stimulated by the
remaining types of PM.

To study closely the structure of PM-induced platelet—
platelet interactions, we used phase-contrast and transmission
electron microscopy. Figure 2a and b show phase-contrast
control micrographs of unstimulated and collagen-aggregated
platelets, respectively. The examination of platelet samples
stimulated by particles revealed the presence of small
(SRM1648, Figure 2¢) and large (MCN and SWNT,Figure
2d and e) platelet aggregates upon incubation of platelets with
particles. Incubation of platelets with C60CS did not cause
aggregation (Figure 2f).

Figure 3a shows the ultrastructural appearance of unstimu-
lated platelets. The examination of platelets aggregated with
PM showed that only MCN resulted in degranulation of
platelet alpha and dense granules (Figure 3c). In contrast,

British Journal of Pharmacology vol 146 (6)
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Figure 2 Phase-contrast micrographs of PM-induced aggregation. For comparison the effect of collagen (5 ugml™") is also shown.
(a) Resting platelets; (b) collagen-induced aggregation; (¢) SRM1648; (d) MCN; (e) SWNT; (f) C60CS. Arrows show platelet

aggregates. Scale bar: 20 um.

platelets aggregated by the remaining types of particles largely
retained their granular structure; however, they showed
various degree of activation, as detected by shape change,
internal contractions and the extension of numerous pseudo-
podia (Figure 3b and d). C60CS did not result in detectable
changes in platelet ultrastructure as compared to unstimulated
platelets (Figure 3e). Agglomerates of particles associated with
platelets were also seen in the samples of platelets aggregated
with PM (Figure 4a—c). In the absence of platelets, carbon
particles suspended in Tyrode’s solution underwent self-
assembly process and formed agglomerates sizing from
100 nm to 10 um.

Nanoparticles amplify vascular thrombosis in rats

To confirm that the platelet-aggregating effects of nanoparti-
cles in vitro could be detected in vivo, we studied the effects of
these particles on the development of vascular thrombosis in
rats. Figure S5a shows representative recordings of FeCls-
induced carotid artery thrombosis and the amplifying effect of
MCN on the development of thrombosis. Furthermore,
infusions of MCN, SWNT and MWNT significantly acceler-
ated time and the rate of development of carotid artery
thrombosis in rats (Figure 5b). SRM1648 was less effective
(P<0.05, n=135) than nanoparticles in inducing thrombosis,

British Journal of Pharmacology vol 146 (6)
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Figure 3 The ultrastructural features of PM-induced aggregation. (a) Resting platelets, (b) SRM1648, (c) MCN, (d) MWNT,
(e) C60CS each at 200 ugml~". (al—el): low-power micrographs. Note the formation of large, tight aggregate composed of mostly
degranulated platelets in (cl), loose aggregates in (bl and d1) with largely preserved granular structure and nonactivated platelets

in (el). (a2—e2) The corresponding high-power micrographs. Low-power micrographs: scale bar 2 um; high-power micrographs:
500 nm.
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Figure 4 Association of PM agglomerates with platelets, as
observed using transmission electron microscopy. (a) SRM1648;
(b) MCN; (c) C60CS each at 200 ugml~'. Arrows show particle
agglomerates. Scale bar: 500 nm.
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Figure 5 Stimulation of rat carotid thrombosis by nanoparticles.
(a) Representative recordings showing the potentiating effect of
MCN on FeCls-induced rat carotid thrombosis. (b) The rate of
blood flow decreased (—dV/d¢) by nanoparticles during FeCls-
induced thrombotic occlusion of the rat carotid artery. Data are
mean+s.em., n=35. ¥*P<0.05, FeCl;+ particles versus FeCl;+
saline by ANOVA with Tukey—Kramer test.

while C60CS exerted no significant effect on the development
of vascular thrombosis (P>0.05, n=75).

Mechanisms of nanoparticle-induced platelet aggregation
in human platelets

Role of receptors  The activation (a change from the low- to
high-affinity conformation) of glycoprotein integrin receptor
GPIIb/II1a is crucial for platelet aggregation to occur (Coller,
1995). In addition, changes in the abundance of GPIb and the
translocation of P-selectin from o-granules to the platelet
surface membrane underlie platelet adhesion and platelet—
leukocyte aggregation, respectively (Radomski & Radomski,
2000). Therefore, we measured these receptors upon aggrega-
tion with various types of particles. Figure 6a—d shows that
SRM1648, MCN, MWNT and SWNT resulted in the
activation of GPIIb/IITa. The lowest concentration of MCN,
which significantly increased activation of GPIIb/II]la,
was 50 ugml™! (P<0.05, n=3). The removal of extracellular
divalent ions with EDTA is known to cause dissociation of
GPIIb/IIIa and to inhibit its function (White & Escolar, 2000).
We investigated the effect of EDTA on PM-induced aggrega-
tion. The treatment of platelets with EDTA (6 mM) resulted in
complete inhibition of aggregation (n=3).

The treatment of platelets with MCN led to the transloca-
tion of P-selectin to the platelet surface membranes and
decreased levels of GPIb (Figure 6e and f). These effects were
not detected with other types of particles (P>0.05, n=23).

British Journal of Pharmacology vol 146 (6)
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Figure 6 Effects of particles on platelet receptors. (a—d) Activation of GPIIb/I11a by PM. (a) SRM1648; (b) MCN; (c) MWNT and
(d) SWNT each at 200 ugml™". (e and f) The effects of MCN on P-selectin and GPIb, respectively. Data are mean+s.e.m., n=4.

*P<0.05, treatments versus resting platelets (RP) by z-test.

Role of mediators and signalling pathways The activation
of GPIIb/IlIa is controlled by dynamic interplay of pathways
that stimulate or inhibit aggregation. Since nitric oxide (NO)
and prostacyclin (PGI,) mediate major inhibitor pathways
and regulate GPIIb/Illa function (Jurasz et al., 2000), we
investigated the effects of PGI, and GSNO, an endogenous
NO donor (Radomski et al., 1992; Stamler et al., 1992), on
PM-induced aggregation. Both inhibitors, concentration-
dependently, reduced particle-induced aggregation; however,
PGI, was more efficacious than GSNO (Figure 7). We also
studied the effects of acetylsalicylic acid (aspirin), a cyclooxy-
genase blocker that inhibits thromboxane A, (TXA,) genera-
tion in platelets, and the most commonly used antiplatelet drug
(Needleman et al., 1976; Vane et al., 1998; Awtry & Loscalzo,
2000), on aggregation stimulated by particles. Aspirin failed to
affect particle-induced aggregation (Figure 7). In contrast, the
same concentration of aspirin reduced collagen (5ugml™")-
induced aggregation by 65+8% (n=75).

Since the release of ADP-containing dense granules was
detectable during aggregation induced by MCN, we investi-
gated the effects of 2-methylthio-AMP (2-MeSAMP), an
antagonist of P2Y12 receptors, on this aggregation. The

2-MeSAMP (Alonso-Escolano et al., 2004), at the maximally
effective concentration of 25 uM, reduced MCN (200 ug ml~')-
induced aggregation (from 62+3 to 50+4%, P=0.0296,
n=3).

The ADP- and TXA,-signalling pathways of aggregation
converge to protein kinase C (PKC), a common integrin
regulator (Lévy-Toledano, 1999); therefore, we studied the
actions of G66976 (10-1000nM), a classical PKC isoform
inhibitor (Murugappan et al., 2004) on PM-induced aggrega-
tion. G66976 inhibited collagen (5ugml~")-induced aggrega-
tion in a concentration-dependent manner with ICs, of
245429 nM, n=4. The submaximally effective concentration
of G66976 (300nM) reduced aggregation stimulated with
200 ugml™' SRM1648 (from 20+1 to 12+1%, P=0.045,
n=4), but not with MCN, SWNT and MWNT (0-3%
inhibition, P>0.05, n=4), indicating that only SRM1648
aggregates platelets in a PKC-dependent manner.

Finally, we found that phenanthroline (100 uM), which
inhibits the MMP-dependent pathway of aggregation (Sawicki
et al., 1997; Martinez-Cuesta et al., 2001; Radomski et al.,
2001; Jurasz et al., 2002), reduced aggregation induced by
SRM1648, MCN, MWNT and SWNT from 2042, 63+3,

British Journal of Pharmacology vol 146 (6)
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25+2 and 48+4% to 741, 3349, 1543 and 194+4%
(P<0.05, n=6), respectively, strongly implicating platelet
MMPs in the effects of PM on platelets.

Gelatinases act as stimulators (MMP-2) (Sawicki et al.,
1997, Radomski et al., 2001; Alonso-Escolano et al., 2004)
or inhibitors (MMP-9) (Fernandez-Patron et al., 1999; Sheu
et al., 2004) of aggregation and their sequential release
correlates with stimulation/inhibition of aggregation (Fernan-
dez-Patron et al., 1999). Therefore, we studied the immunor-
eactivity and gelatinolytic activity of gelatinases during
aggregation induced by different concentrations of PM. Figure
8a and b shows the expression of MMP-9-related immuno-
reactivity in platelets aggregated with SRM1648. Zymography
was used to detect and quantify platelet gelatinases (Sawicki
et al., 1997; Fernandez-Patron et al., 1999; Chung et al., 2002).
Resting (nonstimulated) platelets released small amounts of
these gelatinises, that is, 0.20+0.05 and 0.3+0.1ng per 10°
platelets (n=4) for proMMP-2 and proMMP-9, respectively.
Platelet aggregation induced by PM led to a concentration-
dependent release of proMMP-2 and proMMP-9 to a
maximum of 2.04+0.4 and 1.44+0.2ng per 10° platelets
(n=4), respectively. Interestingly, particle concentrations as
low as 0.2ugml™' (MCN) and 2ugml~' (SRM1648 and
C60CS), which did not cause any aggregatory response,
resulted in increased proMMP-9 release (P<0.05, n=3).
Figure 8c shows concentration-dependent changes in the
activity of these MMPs in platelets activated by PM. The
highest proMMP-9/MMP-2 ratios correlated with no (C60CS)
or little (lower concentrations of SRM1648, MCN, MWNT
and SWNT) aggregation. Stronger aggregatory responses
correlated with the increased release of MMP-2 and decreased
proMMP-9/MMP-2 ratio. Table 1 summarizes the effects of
nanoparticles on platelet function.

Discussion

Mechanisms of platelet activation induced by carbon
nanoparticles

We found that MCN, engineered carbon nanoparticles and
SRM1648 caused activation and aggregation of human
platelets in vitro; however; there were both quantitative and
qualitative differences in platelet reactivity to various types of
PM. Indeed, purified C60CS did not activate platelets,
SRM 1648 and carbon nanotubes caused a partial aggregation
with little or no granular release, while MCN resulted in
platelet degranulation and the maximal aggregatory response.
In this respect, the effects of MCN were similar to those of
potent agonists such as large concentrations of collagen
(Spugml™") or thrombin (0.1 Uml™"). Interestingly, the rank-
order of platelet-aggregatory efficacy of nanoparticles found
in the experiments using human platelets was confirmed in
a model of rat vascular thrombosis. This suggests that blood
platelets are easily targeted and activated by carbon nano-
particles in vivo.

What mechanisms underlie interactions between nanoparti-
cles and platelets? Nanoparticle-induced platelet aggregation
is likely to result from activation of GPIIb/IIla, as shown by
flow cytometry experiments and the sensitivity of this
aggregation to inhibition with EDTA, but the pathways
involved in this process differ with types of particles. Platelet
aggregation induced by urban-type PM (SRM1648) was
inhibited by G66976, indicating its partial PKC dependence.
In contrast, aggregation stimulated with nanoparticles appears
to be PKC independent. Nanoparticle-induced aggregation
was aspirin insensitive indicating that TXA, (if generated) did
not exert significant effects on this aggregation. MCN-induced
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aggregation led to ADP release. In keeping with this
observation, this aggregation was reduced by antagonizing
P2Y12 receptors with 2-MeSAMP. Interestingly, all types of

—a— C60CS

c —i— SRM1648

3 —%— MCN
& —e— MWNT
B —e— SWNT
o 2
o
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=
d')
o
g1
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e
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Figure 8 The immunoreactivity and activity of MMP-9 and
MMP-2 during PM-induced aggregation. (a) The immunodetection
of MMP-9 using anti-MMP-9 antibodies during SRM1648
(200 ugml~")-induced aggregation; (b) control IgG; (c) changes in
proMMP-9/MMP-2 ratio stimulated by PM. Data points are means
derived from five independent experiments. Scale bar: 20 um.

PM tested (including nonaggregating C60CS) released gelati-
nases from platelets. In platelets, gelatinases are not stored in
granules (Sawicki et al., 1998) and therefore, platelet degra-
nulation is not the necessary prerequisite for MMP release.
The activity of released MMP-2 and MMP-9 correlated with
the changes in aggregation and its inhibition with phenanthro-
line dramatically reduced aggregation. Thus, the balance
between proaggregatory MMP-2 and antiaggregatory MMP-
9 (Fernandez-Patron et al., 1999; Sheu et al., 2004) plays
a crucial role in PM-induced aggregation. Interestingly, the
release of MMP-9 appears to be a sensitive index of cell
exposure to nanoparticles of various types. Chellat et al. (2005)
have recently demonstrated that THP-1 macrophages exposed
to chitosan-DNA nanoparticles release increased amounts of
MMP-9.

PM-induced aggregation was inhibited by PGI, and GSNO
demonstrating that platelets exposed to particles retain the
ability to be regulated by endogenous inhibitors of vascular
hemostasis.

What properties of SRM1648 and nanoparticles confer
their differential potential for platelet aggregation? Although
we compared the aggregatory effects of various particles in
equal mass concentrations, the size of particles, their shape
and surface characteristic (electrochemical charge and redox
properties) are obvious considerations. Nanoparticles have
a very high surface area in relation to their mass and as such
are believed to be unusually reactive in their environment. In
aggregation studies, some carbon nanoparticles (MCN and
nanotubes) were more effective in inducing aggregation than
particles of average size of 1.4 um (SRM1648); however, this
was not the case with C60CS, which lacked the ability to
aggregate platelets. Furthermore, all these particles tend to
form larger (up to 10 um) agglomerates and we observed the
formation of such structures in platelet samples. This is
consistent with well-known characteristics of nanoparticles
such as nanotubes and C60CS that self assemble in water-
based solutions (O’Connell et al., 2002; Richard et al., 2003;
Burger et al., 2004). This process depends upon concentration
of particles, it is ion dependent and may be inhibited by
various surfactants and polymers (Moore et al., 2003). Under
conditions of our experiments, all types of nanoparticles
formed agglomerates; however, differential platelet reactivity
to nanotubes and nanospheres does not point to a clearcut
relationship between the size of agglomerates and the ability of
particles to cause platelet aggregation. The second considera-
tion is particle shape. We observed that both preparations of
nanotubes (SWNT and MWNT) activated platelets, while

MCN MWNT SWNT C60CS
+++ ++ ++ -
+++ ++ ++ —
+ + - - -
+ + - - -
+++ ++ ++ —
- - - +++
+ + ++ ++ N/T
+ ++ + N/T

Table 1 Summary of carbon particle effects on platelet function
SRM 1648

Aggregation in vitro +
Aggregation in vivo +
ATP release —
Degranulation —
GPIIb/I1a +
PKC dependence +
Increased MMP-9/MMP-2 ratio -
Aspirin sensitivity —
Prostacyclin sensitivity ++
GSNO sensitivity +

+/—: denotes the presence or absence of pharmacological effects; N/T: not tested.
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nanospheres (C60CS) did not exert significant effects on
platelet aggregation. Recently, Rustom et al. (2004) identified
actin-tunneling nanotubes mediating cell-to-cell communica-
tion. Thus, it is possible that carbon nanotubes mimic
molecular bridges involved in platelet—platelet interactions,
thus stimulating aggregation, while nanospheres may not
support cell-cell communication. The third consideration is
particle surface. Studies showed that C60CS and nanotubes
have different electrical properties and thus, surface charge
(Dai, 2002). Interestingly, the binding of GPIIb/II1a integrin to
its protein ligand may depend on the multiple electrostatic
interactions (Kauf er al., 2001). Therefore, the nanotube
surface charge could play a role in direct interactions between
these particles and GPIIb/IIla. The other factor is that
transition metals on the surface of particles can cause increased
generation of reactive oxygen species (ROS) through the
Fenton reaction (Donaldson et al., 2001), leading to platelet
activation. Finally, the physicochemical nature of the particles
(Diociaiuti et al., 2001) resulting from contamination with
elements such as Ni and I (present in SWNT only) and
multiple transition metals (in SRM1648), or the structure of
the manufactured carbon nanomaterials (mostly amorphous
in the case of MCN or crystal-like in the case of SWNT and
MWNT) may underlie their ability to aggregate platelets.
However, soluble contaminants are unlikely to be responsible
for platelet activation since in our experiments the aggregating
ability of particles were greatly reduced following filtration
through 100 nm filters.

Significance of platelet aggregation induced by carbon
nanoparticles

Our experiments using SRM 1648 cast new light on the effects
of urban PM on human platelet function and confirm
thrombotic effects of airborne PM in animals. Indeed,
Nemmar et al. (2003) instilled into the trachea of hamsters
5-500 ug doses of diesel exhaust particles. This dose range
correlates with exposures to moderate or heavy urban
pollution in megacities. The administration of diesel exhaust
particles led to increased peripheral thrombosis in hamsters
and correlated with the in vitro stimulation of platelet
aggregation by these particles (Nemmar et al., 2003). Thus,
our experiments with SRM 1648 represent comparable platelet
exposure to that with diesel exhaust particles. Interestingly, the
personal exposure to PM,s and carbon black of Danish
students living in central Copenhagen led to a significant
increase in platelet count and fibrinogen levels in blood
(Sorensen et al., 2003). Taken together with observations of
aggregatory effects of SRM1648 and diesel particles, these
data indicate that people exposed to heightened airborne
urban pollution may be at risk of developing not only
atherosclerosis (Suwa et al., 2002) and the coronary artery
disease (Peters et al., 2001) but also thrombotic complications
of these diseases. However, prospective studies are needed
to establish a clearcut link between human exposure to urban
PM and the propensity for thrombosis.

Here, we report that MCN, as well as engineered purified
carbon nanoparticles, share with urban-type PM the platelet-
aggregatory ability. A recent survey of 27 toxicology studies
have shown that, in contrast to micron-sized particles,
nanomaterials can enter the body through the skin, in addition
to the inhalation and oral routes (Stuart, 2003). Interestingly,

studies with technetium-labelled carbon particles showed that
the systemic translocation of nanosize (<100nm) particles
from the lung to peripheral blood occurs very rapidly
(Nemmar et al., 2002). Therefore, the potential for increased
systemic intake of carbon nanoparticles due to environmental
exposure to nanomaterials is greater than that to the typical
inhalable-size tropospheric aerosol. Furthermore, with the ever
growing use of engineered nanomaterials in targeted drug
delivery, biosensor or imaging systems (Buxton et al., 2003;
Martin & Kohli, 2003), the levels of nanoparticles in blood are
bound to be increased. For example, catheter-based intra-
arterial local delivery of drug loaded nanoparticle agents offers
a potential therapeutic approach to reducing restenosis. Local
concentrations of nanoparticles required to achieve effective
delivery of drug to the atherosclerotic rabbit vessel could
be as high as 1 mgml~' when injected in the volume of 5ml
(Westedt et al., 2004) or as the S5mgkg' dose (Kolodgie
et al., 2002). These infusions yield calculated systemic nano-
particle levels 100 ygml~'. In our rat experiments, infusions
of engineered carbon nanoparticles such as MWNT and
SWNT yield calculated systemic levels 5ugml™" leading to
potentiation of vascular thrombosis. In experiments using
human platelets, we studied the effects of nanoparticles on
platelet aggregation measured by light aggregometry, which
detected maximal aggregatory responses with concentrations
of nanomaterials> 100 ug ml~'. Using more sensitive methods
such as flow cytometry (measuring activated GPIIb/I11a)
and zymography (MMP-9), we detected indices of platelet
activation at concentrations of nanomaterials 4-100-fold
lower than those measured by light aggregometry. For
all these reasons, we believe that human platelets maybe as
susceptible as rat platelets to the aggregating effects of
nanoparticles.

Interestingly, some nanomaterials are clearly different than
others when it comes to their platelet reactivity. Indeed,
platelets are aggregated by nanotubes, but not by C60CS.
Since nanotubes appear to promote cell-cell contact such as
platelet aggregation, while nanospheres do not, apparently
‘nonadhesive’ nanomaterials such as spherical fullerenes may
be preferable when designing nanopharmacological devices for
targeted drug delivery or imaging systems.

Recent reports by the Royal Society and Royal Society of
Engineering, as well as by the National Heart, Lung and Blood
Institute Working Group on Nanotechnology have concluded
that nanotechnology offers a wealth of opportunities for
diagnosis and therapy of cardiovascular, pulmonary and
haematological disorders (Buxton et al., 2003). Beyond
reasonable doubt, the promise of nanotechnology and
nanopharmacology cannot be overestimated. However, like
with all nascent medicines and medical devices, a careful
evaluation of benefits and side effects needs to be incorporated
in the portfolio of applications of nanotechnology to ensure
public safety and approval (The Royal Society and Royal
Society of Engineering, 2004). ‘“The platelet compatibility’ of
nanomaterials may be one of such considerations.
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