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Particulate air pollution is associated with cardiovascular morbidity systems, such as coagulation. The rationale of these studies
and mortality. To investigate this association, we studied the effect is that cytokines and other mediators produced in the lungs
of ultrafine (60 nm) polystyrene particles on thrombus formation are also released in the circulation and exert extrapulmonary
in a hamster model after intravenous and intratracheal administra- effects (6). Thus, in response to particle exposure, heart rate
tion of unmodified, carboxylate-polystyrene, or amine-polystyrene or rhythm abnormalities without hypoxia or respiratory dis-
particles. Unmodified particles had no effect on thrombosis up to tress, as well as an increase in neutrophils and platelets in
5 mg/kg. Carboxylate-polystyrene particles significantly inhibited peripheral blood have been observed (7–9).
thrombus formation at 500 and 100 �g/kg body weight but not at Another line of research, that has not been pursued much
50 �g/kg body weight. In contrast, amine-polystyrene particles sig- so far, consists of studying the possible “direct” effects of
nificantly enhanced thrombosis at 500 and 50 �g/kg body weight but particles that may pass from the lung into the circulation.
not at 5 �g/kg body weight. Similarly, the intratracheal instillation The rationale for this approach is based on the observationof 5,000 �g of amine-polystyrene particles significantly increased

that the ultrafine fraction of the particles is probably mostthrombus formation. The unmodified particles and carboxylate-
hazardous to health (10). Ultrafine particles (UFPs), i.e.,polystyrene particles had no effect. During platelet aggregation in
particles with a diameter less than 100 nm, deposit in greaterhuman platelet-rich plasma, induced with 1.25 �M ADP, unmodified
numbers and deeper into the lungs than do larger-sized parti-particles had no effect up to 100 �g/ml, and carboxylate-polysty-
cles (11). Their small size allows them to translocate fromrene particles weakly enhanced platelet aggregation at 25 to 100
the lung into the blood, as we recently demonstrated (12, 13).�g/ml. However, amine-polystyrene particles (50 and 100 �g/ml)

Thromboembolic disease is a major cause of morbidityinduced platelet aggregation themselves and strongly increased
and mortality in the elderly, i.e., the fraction of the populationthe ADP-induced aggregation. We conclude that the presence of

(ultrafine) particles in the circulation may affect hemostasis. The that is most susceptible to the adverse effects of air pollution
observed in vivo prothrombotic tendency results, at least in part, (14). Recently, it has been shown that exposure to particulate
from platelet activation by positively charged amine-polystyrene air pollution for as little as 2 hours increased the occurrence
particles. of myocardial infarction in people at risk of developing car-

diovascular disease (15). The heterogeneous composition of
Keywords: air pollution; cardiovascular effects; hemostasis; platelets; particle pollutants has complicated identification of the par-
ultrafine particles ticulate components underlying the observed health effects.

The latter have been related either to soluble metal compo-A major issue in modern environmental toxicology relates
nents (e.g., iron, vanadium, and nickel) that cause the forma-to finding scientific possibility for the epidemiologic effects
tion of oxygen-derived free radicals (16, 17) or to biologicof air pollution. Recently, Ware (1) pointed out in an editorial
components (e.g., endotoxins) that cause activation of macro-that we still have no explanation for the consistent association
phages (18). Moreover, a substantial proportion of ambientbetween particulate air pollution and increases in morbidity
particles is charged (19), and the acidic nature seems to playand mortality. A particularly puzzling point is that fine partic-
an important role in particle toxicity (20, 21).ulate matter affects not only respiratory morbidity and mor-

To study the effects of UFPs on cardiovascular endpointstality but also, and perhaps even more, cardiovascular mor-
such as thrombus formation, we have used commerciallybidity and mortality (2–5). Several research groups have
available polystyrene particles with a uniform diameter ofbegun to investigate cardiovascular endpoints to try to under-
60 nm. The particles used in this study are not typical of airstand the mechanisms whereby inhaled particles may impact
pollutants. However, these model particles offer the advantageon extrapulmonary organs. Various hypotheses are currently
of avoiding the occurrence of complex chemical reactionsbeing verified in humans and laboratory animals. Most re-
arising from the solubilization of the particles themselves,search is centered around the possible consequences of parti-
from agents adsorbed on their surface, or from leaching out.cle-induced pulmonary inflammation on the heart and other
We have thus used noncytotoxic polystyrene particles (Xu
and coworkers, unpublished data) and have evaluated sur-
face chemistry modifications (i.e., positively charged amine-
modified particles, negatively charged carboxylate-modified
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investigations, we have used a well established, small, animal
This article has an online data supplement, which is accessible from this issue’s model of vascular thrombosis (22).
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Our findings indicate that particles, which we purposefully
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METHODS

We used unmodified, amine-modified, or carboxylate-modified polysty-
rene particles (60 nm) (Bangs Laboratories, Inc., Fishers, IN). Fluores-
cently labeled particles were made according to the manufacturer’s (Tech-
Note 205) instructions. To minimize particle aggregation, particles were
sonicated for 15 minutes and vortexed immediately before suspension
in saline, as well as before intravascular or intratracheal administration.

Particle suspensions were examined by electron microscopy (Jeol
100 CXII, Peabody, MA). Their zeta potential was measured by Dr.
B.R. Paulke (Fraunhofer-IAP, Germany). We investigated the presence
of accessible charges on the surface by incubating (and then eluting)
the particles with the anion exchanger Q-sepharose or the cation ex-
changer S-sepharose (Pharmacia, Uppsala, Sweden). The eluted frac-
tions were measured by spectrophotometery.

The experiments were performed in accordance with protocols ap-
proved by the Institutional Animal Care and Research Advisory Com-
mittee of the K.U. Leuven. Figure 1. Electron micrographs of

The technique used to induce and to monitor mural thrombosis has negatively stained unmodified (A ),
been described by Kawasaki and coworkers (22). Hamsters (100–150 g) carboxylate-modified (B ), or amine-
were anesthetized (sodium pentobarbital) and placed supine on a heat- modified (C ) particles. Bar : 250 nm.
ing pad (37�C). A venous catheter was inserted in the right jugular vein.
The right femoral vein was exposed and mounted on a transilluminator.
After the intravenous administration of Rose Bengal (20 mg/kg), the
segment of the femoral vein was irradiated with green light (540 nm)
for 2 minutes, using an optic fiber mounted on a micromanipulator
located 5 mm above the vein. The thrombus was monitored under a
microscope at �40 magnification. The change over time in light trans-
mission through the blood vessel at the site of the trauma was recorded
using a microscope-attached camera. Images were recorded at intervals
of 10 seconds over a period of 40 minutes. Image analysis was used to
quantitate thrombus intensity, which is expressed in arbitrary units
as the total area under the curve, with light intensity plotted against
time (23).

Ten minutes before Rose Bengal administration, 250 �l of saline
(for control hamsters) or particle suspension in saline was administered
in the jugular vein or into the trachea. In separate experiments, histo-
logic specimens were prepared for light microscopy after the administra-
tion of amine-polystyrene particles (500 �g/kg) and induction of throm-
bosis as described previously. Positive control animals were obtained by
increasing the duration of the irradiation with green light to 5 minutes,

ure 1). In all samples, both large aggregates and discrete particlesresulting in the production of major thrombosis. Histologic sections
were observed. It was not possible to discern whether the aggre-were stained with hematoxylin and eosin and by immunohistochemical
gation was present in the original suspension or, more probably,staining for the detection of von Willebrand factor and fibrinogen.
was an artifact of the drying down process during negativePlatelet-rich plasma was prepared by centrifugation of citrated hu-
staining.man blood from normal volunteers (150 g for 10 minutes). Platelet

The zeta potential values (n � 3, mean � SD), measured ataggregation by ADP (0.625–5 �M) was investigated in the presence of
pH 7.4 in phosphate buffer, were �44 � 6, �41 � 6, and �51 �particles (12.5–100 �g/ml). Particles were added to platelet-rich plasma

5 minutes before induction of stirring and administration of ADP. After 6 mV for the amine-polystyrene particles, carboxylate-polysty-
platelet aggregation in the presence of fluorescent particles, platelet rene particles, and unmodified particles, respectively. However,
aggregates were fixed and analyzed by confocal microscopy. The pro- contrary to the � potential that indicated only minor differences
thrombin time and the activated partial thromboplastin time were deter- between the amino-polystyrene and carboxylate-polystyrene par-
mined in normal human plasma using standard techniques. ticles, sepharose chromatography yielded substantial differences

between these particles. Amine-polystyrene particles attached to
Statistics S-sepharose (cation exchanger) but not to Q-sepharose (anion
Three to four laboratory animals (undergoing different types of treat- exchanger), in agreement with the presence of positive charges
ment), including at least one internal control animal (in random se- on these particles. Conversely, the carboxylate-polystyrene par-
quence), were studied each day. Data from control animals were pooled ticles attached to Q-sepharose but not to S-sepharose, whereas
and used as the reference group for all treatments investigated. the unmodified particles did not interact with any resin. More-

Data are expressed as mean � SEM. Comparisons between groups over, the elution of amine-polystyrene and carboxylate-polysty-
were performed by one-way analysis of variance, followed by Dunnett’s rene particles with phosphate buffered (1M NaCl) from resins
multiple range test. p Values � 0.05 are considered significant. showed that the particles and resins interact in an entirely revers-

ible way (Table 1).
RESULTS

Effect of Particles on Experimental Thrombosis
Particle Characterization Intravascular administration. Figure 2A shows that the adminis-
Transmission electron microscopy of all three types of particles tration of unmodified particles at doses of 50, 500, and 5,000 �g/
studied revealed a homogeneous particle size for unmodified, kg in hamsters had no effect on the amount of thrombus formed

compared with the thrombus observed in control hamsters. Inamine-polystyrene, and carboxylate-polystyrene particles (Fig-
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TABLE 1. INTERACTIONS OF UNMODIFIED, AMINE-POLYSTYRENE AND CARBOXYLATE-
POLYSTYRENE PARTICLES WITH S- AND Q-SEPHAROSE*

Absorbance (245 nm)

Q-sepharose S-sepharose
Initial Particle

Particles (50 lg) Suspension Unbound Eluted Unbound Eluted

Amine-modified 0.59 � 0.03 0.51 � 0.08 0.013 � 0.008 0.04 � 0.03 0.44 � 0.09
Carboxylate-modified 0.87 � 0.02 0.006 � 0.007 0.74 � 0.18 0.77 � 0.10 0.01 � 0.01
Unmodified 0.82 � 0.03 0.65 � 0.13 0.004 � 0.003 0.73 � 0.07 0.03 � 0.02

* The data are expressed as mean � SD (n � 3). Particles were incubated with cationic (Q) or anionic (S) sepharose. The data
represent values of absorbance in the supernatant after addition to the sepharose (unbound fraction) and after elution (eluted)
with phosphate buffered (1M NaCl).

contrast, pretreatment of hamsters with carboxylate-polystyrene compared with control hamsters. No effect was observed after
pretreatment of hamsters with a dose of 5 �g/kg (Figure 2C).particles induced a significant decrease in thrombus formation

Intratracheal instillation. Figure 3 illustrates that the instilla-at doses of 100 (�52%) and 500 �g/kg (�55%) compared with
tion of 5 mg/kg of unmodified and carboxylate-polystyrene parti-the thrombus in control hamsters (Figure 2B). At a dose of
cles did not significantly modify the intensity (	153 and 	185%,50 �g/kg, the thrombus formation was not affected. Amine-
respectively) of thrombus formed. In contrast, the administrationpolystyrene particles significantly enhanced thrombus genera-
of 5 mg/kg of amine-polystyrene particles induced a significanttion in hamsters at doses of 50 (	219%) and 500 �g/kg (	307%)
increase in thrombus formation (	368%).

Histology of Femoral Vein Segments

Similar to the positive control thrombus, i.e., a major thrombus
obtained by a more prolonged (5 minutes) irradiation (Figure
4A), light microscopy of femoral vein cross-sections after intra-
vascular administration of amine-polystyrene particles con-
firmed partial de-endothelialization at the site of trauma, accom-
panied by diffuse platelet-rich thrombosis (Figure 4B). The
immunohistochemical staining for the von Willebrand factor
confirmed the presence of residual, intact endothelium, both in
the positive control hamster (Figure 4C) and in the vein of a
hamster after the administration of amine-polystyrene particles
(Figure 4D). The staining for fibrinogen also confirmed the pres-
ence of substantial amounts of fibrin in the positive control
thrombus (Figure 4E) as well as in the thrombus formed after
the administration of amine-polystyrene particles (Figure 4F).
These findings substantiate that the particle-induced thrombus
morphology matches that of the positive control thrombus.

Platelet Aggregation Studies

The capacity of particles to induce platelet aggregation was inves-
tigated in the presence and absence of ADP, an agonist of plate-

Figure 2. Effect of unmodified (A ), carboxylate-modified (B ), or amine-
modified (C ) particles on thrombus formation. Cumulative thrombus
generation, expressed as total light intensity over 40 minutes, after
photochemical injury (2 minutes) to the femoral vein in control hamsters
and in hamsters pretreated with an intravenous bolus of UFPs, adminis-
tered 10 minutes before photochemical injury. Data are mean � SEM Figure 3. Effect of intratracheal instillation of 5 mg/kg of unmodified,

carboxylate-modified, or amine-modified UFPs on thrombus formation.for the number of hamsters indicated in parentheses. Control animals
are the same in all three panels. *p � 0.05, **p � 0.01 by Dunnett’s Procedure as described in Figure 2. Data are mean � SEM for the

number of hamsters indicated in parentheses. *p � 0.05 by Dunnett’smultiple comparison test. AU: arbitrary units. Note: y-axis is different
in (C ). multiple comparison test. AU: arbitrary units.
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Figure 5. Effect of carboxylate-polystyrene particles on platelet aggre-
gation. (A ) Platelet aggregation tracings induced by stirring in the ab-
sence of ADP without (1) or with addition of carboxylate-polystyrene
particles: 50 �g/ml (2) or 100 �g/ml (3). (B ) Platelet aggregation trac-
ings induced by stirring and 1.25 �M of ADP, without (1) and with
preincubation with carboxylate-polystyrene particles: 12.5 �g/ml (2),
25 �g/ml (3), 50 �g/ml (4), or 100 �g/ml (5).

Figure 4. Morphology of thrombus formation in the femoral vein (a,
c, e ): control thrombus (5 minutes irradiation with green light); (b, d,
f ): particle-induced thrombus (2 minutes irradiation 	 500 �g/kg
of amine-modified particles). Hematoxylin and eosin staining (a, b );
von Willebrand factor (vWf ) staining (c, d ) identifies the remaining
endothelium in the irradiated vessels, and fibrin(ogen) (fg) immunohis-
tochemistry (e, f ) identifies the presence of thrombus. 1: thrombus; 2:
endothelium. The inset in f shows another view of fibrin(ogen) im-
munohistochemistry.

Figure 6. Effectof amine-
polystyrene particles on
platelet aggregation. (A)
Platelet aggregation trac-

let activation. In preliminary experiments, the capacity to en- ings induced by stirring
hance platelet activation was investigated after preincubating in the absence of ADP
platelets with particles for 5 minutes, followed by induction of without (1) or with addi-
aggregation by different concentrations of ADP (0.625–5 �M) tion of amine-polysty-
(not shown). On this basis, 1.25 �M of ADP was selected, this rene particles: 50 �g/ml

(2) or 100 �g/ml (3). (B )concentration inducing mild platelet aggregation by itself.
Platelet aggregation trac-Unmodified particles neither triggered platelet aggregation
ing induced by stirringon stirring nor altered the ADP-induced aggregation (not
and 1.25 �M of ADP,shown). Carboxylate-polystyrene particles themselves (12.5, 25,
without (1) and with50, or 100 �g/ml) did not induce platelet aggregation on stirring
preincubation of amine-(Figure 5A). However, preincubation of platelets (5 minutes)
polystyrene particles:with different doses of carboxylate-polystyrene particles led to
12.5 �g/ml (2), 25 �g/a moderate increase in the ADP-triggered platelet aggregation
ml (3), 50 �g/ml (4), or(Figure 5B). Figure 6 illustrates the effect of amine-polystyrene
100 �g/ml (5).

particles on platelet aggregation. Preincubation of platelets (5
minutes) with 50 or 100 �g/ml of amine-polystyrene particles
produced moderate and dose-dependent platelet aggregation
when stirring was initiated (Figure 6A). Moreover, after preincu-
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Choice of Route of Administration, Types of Particles,
and Thrombosis Model

The effects of UFPs have been usually studied in animals ex-
posed to particles, either by inhalation or by intratracheal instilla-
tion (24–26). Here, we mainly used an admittedly less physiologic
mode of administration, namely, the intravascular route, because
we wanted to investigate the potential of particles to directly
impact on hemostasis. The rationale for this approach is that
UFPs may be found in substantial amounts within the blood
circulation (10). We have, indeed, demonstrated that intratra-
cheally instilled ultrafine albumin colloid particles rapidly diffuse
from the lungs into the systemic circulation in the hamster (12)
and that ultrafine carbon particles do so in humans too (13).
Thus, we adopted a pharmacodynamic approach consisting of
injecting precise amounts of well-characterized particles. How-
ever, we also verified these observations by administering parti-
cles intratracheally, and these experiments, which we intend to
expand in the future, corroborate our observations.

Until now, the majority of studies have been performed with
particles of various surface chemistries, such as cobalt, nickel,
titanium dioxide (27), or diesel exhaust particles (28). These
agents cause epithelial and endothelial damage, possibly as a
result of free-radical activity at their surfaces (29).

We have used noncytotoxic (Xu and coworkers, unpublished
data) polystyrene particles and have evaluated surface chemistry
modifications on such particles as a parameter possibly involved
in vascular toxicity. The Zeta potential of particles at physiologic
pH revealed a negative absolute charge in all particles, even in
the amine-modified particles, and this probably relates to the
presence of sulfate in the polystyrene matrix (30). However,
studies of the interactions with S- and Q-sepharose clearly
showed that the amine modifications of the particles were accom-
panied by positive charges on the surface, whereas carboxylate

Figure 7. Confocal microscopy of fixed platelet aggregates obtained modification of the particles introduced negative charges.
after incubation with fluorescently labeled, carboxylate-modified parti- Although most ambient particles are charged (19), the role
cles (A ) or amine-modified particles (B ) (50 �g/ml) and ADP (1.25 �M). of charge has hitherto not received much attention in relation

to particle toxicity, except regarding particle deposition (19).
Even though our particles are not true pollutant particles, they
offer a convenient and, we believe, adequate model to study the

bation for 5 minutes, the amine-polystyrene particles enhanced mechanistic effects of particles and some aspects of their surface
the ADP-induced platelet aggregation substantially and in a properties on hemostatic parameters.
dose-dependent manner (Figure 6B).

We made use of a recently established and validated model
of acute thrombosis in the hamster (22). In this photochemicalConfocal Microscopy
injury model, it is possible to cause mild damage to endothelial

Fluorescent labeling of particles did not interfere with their cells; developing thrombi are platelet rich, and they resemble
capacity to induce or enhance platelet aggregation (not shown). clinical thrombi, as shown by electron microscopic analysis (31).
Confocal microscopy of fixed fluorescent platelet aggregates

By combining transillumination and photochemical vessel walldemonstrated larger aggregates after incubation with amine-
injury, it has become possible to link the degree of vessel wallpolystyrene particles (Figure 7B) than with carboxylate-polysty-
injury with the intensity of thrombosis that develops as a conse-rene particles (Figure 7A). Individual platelets were strongly
quence of endothelial cell destruction.stained by the amine-polystyrene particles but not by the carbox-

ylate-polystyrene particles. Effects of Particles on Thrombosis

Our results demonstrate that unmodified particles do not inter-Coagulation Assays
fere with thrombus formation, even at a dose as high as 5,000Neither the unmodified particles nor the amine-polystyrene or
�g/kg. Thus, there is no simple “particle effect” on thrombuscarboxylate-polystyrene particles had any effect on the activated
formation. In contrast, negatively charged carboxylate-poly-partial thromboplastin time or the prothrombin time (Table 2).
styrene particles significantly inhibited thrombus generation at
100 �g/kg, whereas thrombosis was enhanced by the positivelyDISCUSSION
charged amine-polystyrene particles at 50 �g/kg, i.e., by as little
as 5 �g for a hamster of about 100 g. Light microscopy analysisWe found that hemostasis may be affected by the presence of

(ultrafine) particles in the circulation and that this phenomenon confirmed de-endothelialization of the vein at the site of trauma
and confirmed that thrombi were platelet rich, as expected (23).is dependent on the surface properties of the particles. Thus,

positively charged amine-polystyrene particles led to an in- Moreover, after intratracheal instillation, a prothrombotic effect
was only recorded for positively charged amine-polystyrene par-creased prothrombotic tendency, which results, at least in part,

from platelet activation. ticles, corroborating the results obtained after intravascular ad-
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TABLE 2. EFFECT OF UNMODIFIED, AMINE-POLYSTYRENE AND CARBOXYLATE-POLYSTYRENE
PARTICLES ON PROTHROMBIN TIME AND ACTIVATED PARTIAL THROMBOPLASTIN TIME IN
HUMAN PLASMA

PTs aPTTs

Dose (lg/ml) Unmodified Carboxylate Amine Unmodified Carboxylate Amine

0 11.2 11.2 11.2 32.5 31.9 29.1
0.31 11.2 11.4 11.2 32.8 32.9 32.7
0.62 11.4 11.2 11.2 32.9 32.6 33.1
1.25 11.0 11.4 11.2 32.9 32.6 32.1
2.5 11.2 11.4 11.4 33.0 31.7 32.8
5 11.2 11.4 11.2 33.0 32.2 32.8

10 11.2 11.4 11.4 32.4 32.5 32.7

Definition of abbreviations: aPTT � activated partial thromboplastin time; PT � prothrombin time.

ministration of particles. This effect, which occurred very rapidly tion. The latter findings are not in complete agreement with the
(within 1 hour of instillation), may be the result of direct passage observed inhibitory effect of carboxylate-polystyrene particles
of particles into the circulation (12) or pulmonary inflammation in vivo. Nevertheless, confocal microscopy demonstrated larger
and the systemic release of mediators (6), or a combination of platelet aggregates after incubation with amine-polystyrene par-
both. Both particle injection and intratracheal instillation show ticles than with carboxylate-polystyrene particles, and individual
a prothrombotic effect of the positively charged amine-polysty- platelets were strongly stained by the amine-polystyrene parti-
rene particles. Before administration, to minimize aggregation, cles but not by the carboxylate-polystyrene particles.
the particles were sonicated and vortexed, but we do not know Platelets carry a net negative charge on their surface, mainly
whether they induce their effects individually or as aggregates. due to ionizable sialic acid groups (38). It is likely that positively
We do not know the exact mechanism whereby the positive charged amine-polystyrene particles attach to these sialic acid
surface charge particles exert their effects on biologic surfaces groups. Indeed, it has been demonstrated that the cationic poly-
(on platelets, endothelial cells, or elsewhere). The complexity peptide polylysine can induce platelet aggregation, probably by
of this mechanism comes mainly from the fact that electrostatic reducing their surface charge and by forming bridges between
interactions and chemical structure are intimately linked. How- platelets (39). More recently, it has been demonstrated that
ever, we believe that it is reasonable to consider that the most polylysine can activate human platelets through a specific recep-
likely mechanism is via electrostatic interactions rather than via tor, possibly consisting of negatively charged proteoglycans pres-
active chemical reactions such as condensation of amine with ent on their surfaces (40). Thus, positively charged particles
carboxyl groups (to yield peptide bonds) or aldehydes or other would facilitate platelet–platelet interactions via negative charge
functional groups. Indeed, the particles used have rather low neutralization and crossbridges. In this interpretation, negatively
chemical reactivity. The main argument in favor of this is that charged carboxylate-polystyrene particles would compete with
the particles were shown to interact in an entirely reversible way platelet–ligand or platelet–platelet interactions. The possibility
with ion exchange resins (Table 1). Moreover, the particles are that particles are taken up by phagocytosis or the open canalicu-
unlikely to be good substrates for enzymes. lar system of platelets cannot be ruled out at present (41).

Some endogenous and exogenous polycations are known to Further experiments showed that the effect of particles could
affect cellular viability and cell function, both in vivo and in not be attributed to activation of intravascular coagulation be-
vitro. Thus, polycations, such as poly-l-arginine or poly-l-lysine, cause neither the activated partial thromboplastin time nor the
alter the blood–brain barrier in rat in vivo after intracarotid prothrombin time was affected by any type of particle. Gardner
infusion (32), and they increase the permeability of both epithe- and coworkers (42) demonstrated that intratracheal instillation
lial and endothelial cells in vitro (33, 34). We have shown that of oil fly ash particles to rats did not induce changes in activated
polycationic components of air-sprayed paints exhibit cytotoxic- partial thromboplastin time and prothrombin time indices.
ity in various cells, including human type II pneumocytes and We conclude that the presence of (ultrafine) particles in the
alveolar macrophages (35). These effects could be inhibited by circulation affects hemostasis. The increased prothrombotic ten-
polyanionic molecules such as heparin (36). Moreover, it has dency results, at least in part, from platelet activation by the
been shown that the partially quaternized poly[thio-1-(N,N-di- positively charged amine-polystyrene particles. Thus, the pres-
ethyl-aminomethyl)ethylene] can induce both hemagglutination ence of pollutant particles in blood may lead to an enhanced
and hemolysis by the disruption of the lipid bilayer of red blood risk for thromboembolic disease. Our finding thus adds a much
cells through electrostatic interactions (37). needed experimental support to an increasing body of epidemio-

logic evidences (5, 15, 43, 44) showing that pollution impacts onMechanism of Enhanced Thrombosis
cardiovascular diseases.

To investigate whether particles acted in primary hemostasis,
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