Induction and enhancement of platelet aggregation in vitro and in vivo by model latex nanoparticles
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Abstract
Nanoparticles (NPs) may come into contact with blood elements including platelets following inhalation and translocation from the airways to the bloodstream or during proposed medical applications. Studies with model polystyrene latex nanoparticles (PLNPs) have shown that NPs are able to induce platelet aggregation in vitro suggesting a potential mechanism of increased cardiovascular risk upon NP exposure. The impact of relatively low concentrations of NPs on platelet activation, the signalling events driving NP-induced aggregation and the relevance of in vitro NP studies to platelet aggregation in vivo remain unclear. The signalling mechanisms by which 50 and 100 nm model PLNPs of varying surface chemistry (unmodified (uPLNP), amine-modified (aPLNP) and carboxyl-modified (cPLNP)) induced human platelet aggregation were therefore examined using in vitro aggregometry. The ability of PLNPs to enhance aggregation in vivo was explored using an established mouse model of platelet thromboembolism. Most NPs tested induced GPIIb/IIIa-mediated platelet aggregation associated with signalling events indicative of conventional agonist-mediated aggregation and physical interaction with platelets. The roles of secondary agonists in mediating aggregation varied with nano-size and surface chemistry. 50 nm aPLNPs did not induce aggregation per se but physically interacted with non-activated platelets and enhanced agonist-induced aggregation in vitro and in vivo. Our study suggests that should they translocate the pulmonary epithelium, or be introduced into the blood, NPs may increase the risk of platelet-driven events either by directly inducing aggregation or by enhancing the activity of conventional agonists. The signalling events and mechanisms which drive platelet activation vary with both nano-size and surface chemistry.
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Introduction
Engineered NPs have a wide range of applications and are manufactured for industrial use in electronics, paints, lubricants and batteries as well as in medical diagnostics and drug delivery systems Godin et al., 2010()
. NPs include a wide range of inorganic (eg metals, metal oxides) and organic (eg polymer-drug conjugates and non-viral vectors for gene therapy) materials with widely varying physicochemical properties. The properties of NPs which are being exploited in the medical and industrial fields such as high surface reactivity could also lead to unwanted, and potentially harmful, biological effects. The importance of relating NP physicochemistry to biological impact has been highlighted 
 ADDIN EN.CITE 
(Oberdorster, 2010, Oberdorster et al., 2005, Shatkin et al., 2010)
 and studies using model PLNPs with defined and varying physicochemistry have shown that the effects of engineered NPs on cells and tissues are critically dependent on their nano-size, chemical composition and the surface functionality/reactivity of the particle 
 ADDIN EN.CITE 
(Ruenraroengsak et al., 2012, McGuinnes et al., 2011)
.
When inhaled, NPs travel deep into the respiratory region where they reportedly induce inflammation and oxidative stress 
 ADDIN EN.CITE 
(BeruBe et al., 2007, Donaldson et al., 2005, Oberdorster et al., 1992)
. There is also evidence of translocation of NPs across the pulmonary epithelial barrier to the blood and internal organs Kreyling et al., 2009()
. NPs could also potentially be deliberately introduced to circulating blood during proposed medical applications. Circulating blood elements, including platelets, may therefore be exposed to engineered NPs. Platelets are central mediators of thrombotic events such as myocardial infarction. Exposure of platelets to engineered carbon NPs 
 ADDIN EN.CITE 
(Radomski et al., 2005)
 and diesel exhaust particles Solomon et al., 2013()
 has been shown to induce platelet aggregation in vitro, and delivery of combustion-derived NPs to the lungs of experimental animals enhanced thrombosis, which  was associated with both airways inflammation 
 ADDIN EN.CITE 
(Nemmar et al., 2004)
 and direct translocation of nano-sized particles to the bloodstream 
 ADDIN EN.CITE 
(Nemmar et al., 2001)
. 
Model PLNPs have been shown to induce platelet aggregation, enhance ADP- induced aggregation in vitro and modulate thrombus formation in vivo with potencies that vary with physicochemistry 
 ADDIN EN.CITE 
(McGuinnes et al., 2011, Nemmar et al., 2002)
. Depending upon physicochemistry, platelet activation may be mediated either via expression of classical mediators of activation on the platelet surface or disruption of the platelet membrane McGuinnes et al., 2011()
. In the current study we have explored the ability of concentrations of model PLNPs lower than those previously reported to induce platelet aggregation and enhance aggregation induced by conventional agonists. The signalling events and secondary agonists driving NP-induced aggregation were defined and the relevance of in vitro studies to the whole organism explored using a mouse model of platelet thromboembolism. 

Materials and methods 
Materials

Materials used: collagen (equine tendon, Nycomed Pharma, Sinsheim, Germany); 111indium oxine (GE Healthcare, Amersham, UK); amine-modified polystyrene nanoparticles (Sigma-Aldrich (Poole, UK); carboxyl-modified and unmodified polystyrene latex nanoparticles (Bangs laboratories, IN, USA); gold nanoparticles (cytodiagnostics, Ontario, Canada); eptifibatide (Integrilin™, GSK, Middlesex, UK); LDH cytotoxicity kit+ (Roche, West Sussex, UK);  3H- 5HT (Perkin Èlmer UK, Cambridge, UK), bisindolylmaleimide I (BIM-I; Cambridge Biosciences, Cambridge, UK). Flow cytometry antibodies: PE Mouse Anti-Human CD62P (555524), FITC Mouse Anti-Human CD41a (555466), FITC Mouse IgG Isotype Control (555573) and PE Mouse IgG Isotype Control (555749) (BD Bioscience, Oxford, UK). All other reagents were purchased from Sigma-Aldrich (Poole, UK) and were of analytical grade. Tyrodes–Hepes buffer (THB) contained 134 mM NaCl, 2.9 mM KCl, 12 mM NaHCO3, 0.34 mM Na2HPO4, 20 mM Hepes, 5 mM glucose and 1 mM MgCl (pH 7.4).

Nanoparticle preparation 

PLNPs at (100 nm diameter) and below (50 nm diameter) the upper limits of nanoscale with a range of surface chemistries including cationic (amine-modifed, aPLNP), anionic (carboxyl-modified, cPLNP) and unmodified (uPLNP) were used; gold NPs were used as a relatively inert nanoparticulate control of similar aerodynamic diameter to test NPs (50 nm). NPs were diluted in THB (in vitro assays) or sterile saline (0.9% w/v NaCl; in vivo experiments). To reduce agglomeration, particles were sonicated for 1 min (Clifton Ultrasonic Bath, Clifton, NJ, USA) and then vortexed for 1 min prior to dilution and just before use. 

Preparation of washed human platelets

Washed platelet suspensions were prepared from citrated blood from consenting healthy aspirin-free human donors as previously described Jones et al., 2010()
.  Informed consent was obtained from all donors and the procedures were approved by the NHS National Research Ethics Service.  

Transmission electron microscopy of nanoparticles
Formvar-coated nickel grids were placed on a drop of NPs suspended in experimental buffer for 10 mins. Excess fluid was removed with a filter paper and the grid was further air dried for 10 mins. Samples were visualised after heavy metal staining with 2% Uranyl acetate.  A JEOL 1200 EX electron microscope operated at 100 kV was used to examine the grids. Images were recorded with a Tietz Fastscan CCD digital camera and Tietz EMMenu 4.0 software was used to capture and display images.

Light transmission aggregometry

Platelets were stimulated with either NPs, platelet agonists or THB and aggregation was measured for 3 mins at 37°C under stirring conditions (1200 rpm) in an optical aggregometer (Chrono-log Corporation, Haventown, PA, USA) Born, 1962()
. In some experiments, NPs were added to platelet suspensions prior to stimulation with thrombin (0.06 U mL-1). Aggregation studies were conducted in THB containing 1 mM CaCl2. NPs themselves did not affect baseline light transmission so that resetting of baselines was not required following their addition.
LDH assay

Membrane disruption was assessed by measuring lactate dehydrogenase (LDH) release from washed platelets. Supernatant from platelets exposed to NPs, thrombin or THB for 3 mins or 2 h (to assess cytotoxicity associated with platelet aggregation assays and more prolonged exposure respectively) was incubated with a commercial reaction mixture for 30 mins at 20°C in a 96 multi-well plate. LDH activity was assessed through formazan dye formation where absorbance was read at 490 nm. Data was expressed as a % of lysed controls. Appropriate NP controls were run to establish interference with the assay, none was detected. 
Dense granule secretion

Platelet rich plasma (PRP) was incubated with 1 µCi ml-1 [3H]-5HT and platelets isolated as previously described Jones et al., 2010()
 before re-suspension in THB containing 1 µM imipramine to a density of approximately 4×108 cells ml-1. Platelets were stimulated with NPs and/or thrombin for 3 minutes under stirring conditions. [3H]-5HT release was measured using a WALLUC® scintillation analyser. [3H]-5HT release was expressed as decays per minute.

Flow cytometry  

Isolated platelets were incubated with NPs (0.2-25 µg ml-1), thrombin (1 U ml-1) or vehicle control for 10 mins and read on an Epics XL flow cytometer (Beckman Coulter High Wycombe, UK). Platelets were positively identified via the CD41-FITC antigen and the surface expression of P-selectin was quantified using an antibody against CD62P-PE. NP interference with the assay was assessed by measuring light scattering in the absence of cells. No interference or autofluorescence was detected.  
Transmission electron microscopy of platelets

Washed platelets were exposed to NPs or THB for 10 minutes then fixed in 3% glutaraldehyde (1 hr), followed by incubation with 1% osmium tetroxide (1 hr) and further serial dehydration using acetone/distilled water. Samples were infiltrated with acetone/araldite overnight and then placed into araldite-containing capsules and left to harden over 2 days.  Thin ~100 nm sections were cut, stained with 2% uranyl acetate followed by Reynolds lead citrate and visualised as described above.

Animals

Male balb/c mice (Harlan, Bicester, UK) between 20-25 g were used. Food and water were available ab libitum. Animal procedures were performed in accordance with our Home Office licence and with authorisation from the Imperial College London Ethical Review Panel. Protocols were refined in association with the National Centre for Replacement, Refinement and Reduction of Animals in Research (NC3Rs) Tymvios et al., 2008()
 and are reported in accordance with the ARRIVE guidelines for reporting experiments involving animals Kilkenny et al., 2010()
. 

In vivo platelet aggregation 

Citrated blood was collected via cardiac puncture from mice anesthetised with urethane (2g kg-1 i.p.). Platelets were isolated as previously described Tymvios et al., 2008()
 and incubated with 1.8 MBq 111indium oxine for 10 mins. A previously established mouse model of in vivo platelet aggregation was employed Tymvios et al., 2008()
. Anesthetised mice (1.5 g kg-1 urethane i.p.) were intravenously (i.v.) infused with radiolabelled platelets prior to i.v. administration of NPs or vehicle control, which was followed by infusion of collagen. Entrapment of platelet aggregates in the pulmonary vasculature following aggregation in the systemic circulation was quantified by recording changes in indium counts with a Single Point Extended Area Ratio (SPEAR) probe (eV products, Saxonburg, PA) positioned over the pulmonary vasculature and custom software (Mumed systems, London, UK) as previously described Tymvios et al., 2008()
.  

Data and statistical analysis 

Unless otherwise stated, data are presented as mean ± S.E.M. Certain data sets are represented as normalised responses to aid in interpretation however all statistical analyses were performed on raw data using Prism 5 Graphpad software. Comparisons between two data sets were made using a Wilcoxon signed rank test or Mann Whitney test. Multiple comparisons were conducted using a Kruskal-Wallis one way analysis of variance test with Dunn’s comparison or Friedman test with Dunn’s comparison. A P value < 0.05 was indicative of statistical significance.
Results

Visualisation of nanoparticle formations
Transmission electron microscopy revealed NPs to be present in experimental buffers as a mixture of individual particles, chains of particles and agglomerates (Fig 1). Particle diameters were confirmed as 50 and 100 nm. Surface modification led to changes in the extent and nature of agglomeration so that aPLNPs and cPLNPs were more likely to occur as individual particles as well as simple chains of 2 to 3 particles and simple agglomerates of 3-5 particles (Fig 1 A-B, D-E). In contrast, uPLNPs were predominantly present as more complex, overlapping (indicated by increased density) agglomerates although individual particles and simple chains were also detected (Fig 1C, 1F). Fig 1 shows typical electron micrographs for 100 (A-C) and 50 nm (D-F) PLNPs with arrows to indicate the different particle formations (individual particles, chains and agglomerates). We have previously reported the surface charge densities (zeta potentials) of the PNLPS used in this study Ruenraroengsak et al., 2012()
.
Nanoparticles induce platelet aggregation

All PLNPs induced apparent concentration-dependent (15-60 g/ml) platelet aggregation indicated by increases in light transmission in isolated platelet suspensions (Fig 2A-B). Gold NPs of similar aerodynamic size (50 nm) did not induce aggregation (data not shown). The potencies of the various PLNPs, defined by their EC50 values, varied according to their physicochemical properties (Fig 2A-B). Of the 50 nm PLNPs tested, cPLNPs were the most potent, and uPLNPs the least (Fig 2A). In contrast, comparison of 100 nm PLNPs showed uPLNPs to be the most potent whereas cPLNPs were the least (Fig 2B).
A subthreshold concentration (2 g ml-1) of 50 nm aPLNPs significantly (P<0.05) increased the response to an EC50 concentration of thrombin (0.06 U ml-1) and this effect was abolished by the GPIIb/IIIa antagonist eptifibatide (Fig 2C). None of the other PLNPs had a significant (P>0.05) effect on thrombin-induced platelet aggregation (Fig 2C). Similar data was obtained in the presence of plasma proteins where the aggregation response to ADP in platelet rich plasma (PRP) was uniquely enhanced by 50 nm aPLNPs and this effect abolished by eptifibatide (Fig 2D).
Nanoparticle-induced aggregation is not associated with loss of membrane integrity

Very low, but significant (P<0.05 compared to THB control) and concentration-dependent LDH release was detected in supernatants following 3 mins of PLNP-induced platelet aggregation. However, the levels detected following exposure to excess concentrations (125 g ml-1) of all 50 nm (Fig 3A) and 100 nm (Fig 3B) PLNPs were not significantly different (P>0.05) from those occurring following exposure to 1 U ml-1 thrombin.
We also measured LDH release following a longer exposure (2 h) and found a concentration-dependent release in the presence of 50 nm (Fig 3C) and 100 nm (Fig 3D) aPLNPs that was significantly greater than a 2 h exposure to thrombin. cPLNPs and uPLNPs had no significant effect under these conditions irrespective of particle size (Fig 3C-D).

Nanoparticle-induced aggregation is driven by varying signalling events depending upon particle physicochemistry
The ability of NPs to induce concentration-dependent, PKC-mediated dense granule secretion, measured as 3H-5HT secretion, corresponded with their ability to induce aggregation so that greatest secretion was observed with 50 nm cPLNPs and 100 nm uPLNPs (Fig 4A-B). Dense granule secretion was inhibited by the PKC antagonist BIM-I and was not detected in the presence of 50 nm aPLNPs, even as supramaximal concentrations (Fig 4A-B).

Surface P-selectin expression mirrored dense granule secretion and aggregometry data in terms of % platelets expressing P-selectin (Fig 4C-D) and mean fluorescence intensity (data not shown). Once again, 50 nm aPLNPs and gold NPs had no effect.
With the exception of 50 nm aPLNPs, the GPIIb/IIIa antagonist eptifibatide significantly inhibited PLNP-induced aggregation indicating a GPIIb/IIIa-mediated aggregation response similar to that occurring with a conventional platelet agonist such as thrombin (Fig 5A). In the case of 50 nm aPLNPs, the lack of an effect of eptifibatide indicated a fall in light transmission independent of GPIIb/IIIa (Fig 5A). Similarly, all PLNP-mediated aggregation was driven by extracellular Ca2+ (Fig 2D) and PKC (Fig 2E) with the exception of 50 nm aPLNPs which induced apparent platelet aggregation independent of these signalling events.
Major differences were observed with regards to the role of secondary agonists. 50 nm cPLNP and 100 nm aPLNP-induced aggregation was impaired following inhibition of ADP activity by apyrase (Fig 5.B) and inhibition of thromboxane A2 generation from cyclooxygenase by indomethacin (Fig 5C). In contrast, 100 nm cPLNP-induced platelet aggregation was not significantly affected by these reagents. Similar signalling events drove aggregation induced by 50 nm and 100 nm uPLNPs since both involved ADP but not thromboxane A2 (Fig B and C). It was notable that 50 nm aPLNP-induced aggregation was not dependent upon any of the signalling processes tested but that removal of extracellular Ca2+  led to a significant increase in light transmission, in contrast to all other PLNPs where light transmission was reduced to varying extents (Fig 5D).

Mechanism of physical interaction of nanoparticles with platelets

Transmission electron microscopy revealed 50 nm cPLNPs (Fig 6B) and uPLNPs (Fig 6C) in close proximity to or in physical contact with the extracellular surface of the platelet membrane. NPs were present as individual particles or short chains. The more complex formations present in isolated uPLNP suspensions (Fig 1C and 1F) were not observed in contact with platelets. Platelets in proximity or in physical contact with 50 nm cPLNPs and uPLNPs appeared to be more degranulated and activated, shown by the loss of intracellular granules and loss of the discoid shape of non-activated platelets (Fig 6A shows control resting platelet with intact intracellular organelles; Figs 6B-C show activated, degranulated platelets in physical contact with cPLNPs and uPLNPs respectively). In contrast, platelets in contact with 50 nm aPLNPs contained intact intracellular organelles and appeared in a resting conformation (Fig 6D). Discoid platelets were frequently adhered to adjacent platelets by chains of 50 nm aPLNPs (Fig 6E). In addition, 50 nm aPLNPs were found both in physical contact with the extracellular surface of platelet membranes (arrows, Fig 6D-E) and internalised within tightly fitting intracellular vacuoles (arrowheads, Fig 6D). Such internalisation was not apparent with 50 nm cPLNPs and 100 nm uPLNPs (Fig 6B-C).

Investigations with 100 nm PLNPs showed similar associations with the platelet membrane (arrows, Fig 2G-H) as well as internalisation within platelet vacuoles (arrowheads, Fig 2F-G). Linkage of non-activated platelets by chains of 100 nm PLNPs was not observed and therefore occurred uniquely with 50 nm aPLNPs
In vivo platelet aggregation

Infusion of relatively low concentrations (1.2 g/mouse) of 50 nm aPLNPs or uPLNPs into mice did not induce measurable platelet aggregation per se (Fig 7A). However, subsequent administration of collagen (50 g kg-1) induced platelet aggregation that was significantly greater in terms of amplitude of response (Fig 7B) in the presence of aPLNPs compared with saline pre-treated collagen controls. In contrast, the same dose of uPLNPs had no effect on subsequent collagen-induced platelet aggregation in vivo (Fig 7B).

Discussion
The ability to construct nanostructures has dramatically increased the use of engineered NPs in the fields of medicine, cosmetics, materials science, energy production and electronics. Increased use of NPs inevitably leads to increased human exposure so that evaluation of their functional and toxicological impact becomes essential. NPs readily agglomerate in ambient air and are therefore inhaled as a mixture of agglomerated and individual particles Park et al., 2003()
. We found NPs in our study to be present in the form of individual particles as well as agglomerates which, to some extent, resembles previously reported mixed effective densities of NPs in ambient air Park et al., 2003()
 and correlates with their  reported zeta potentials predicting the presence of repulsive forces to encourage the presence of individual particles Ruenraroengsak et al., 2012()
.
Relatively high concentrations (260 g ml-1 McGuinnes et al., 2011()
 and 50-100 g ml-1 Nemmar et al., 2002


( ADDIN EN.CITE )
 of 50 nm surface-modified PLNPs have previously been shown to induce platelet activation and aggregation associated with upregulation of surface activation receptors and membrane perturbation McGuinnes et al., 2011()
. In contrast, equivalent concentration of uPLNPs did not induce platelet aggregation 
 ADDIN EN.CITE 
(McGuinnes et al., 2011, Nemmar et al., 2002)
. By conducting concentration-responses (15-60 g ml-1) to PLNPs and examining the role of nano-size, we now show that all of the 50 nm PLNPs tested, as well as larger 100 nm PLNPs, are able to induce platelet aggregation if applied in appropriate amounts. There are, however, differences in potencies that relate to both the size and surface properties of the test particles. This can be highlighted by cPLNPs, which were the most potent of the 50 nm particles but the least reactive of the 100 nm particles. In contrast, uPLNPs were more potent at 100 nm than 50 nm diameter. Thus, NP reactivity is not determined by size or surface modification alone but by a combination of these factors. It was also noted that the state of agglomeration of particles does not appear to be an over-riding factor in determining reactivity since both predominantly agglomerated (e.g.  100 nm uPLNPs) and predominantly individualised (50 nm cPLNPs) particles had relatively high potencies.
Membrane disruption by engineered NPs could potentially provide a triggering mechanism in platelets by eliciting release of granules and other internal stimuli 
 ADDIN EN.CITE 
(McGuinnes et al., 2011, Ruenraroengsak et al., 2012)
. We used LDH release as an index of membrane disruption and found that in the time frame of aggregation assays, LDH release was not greater than that occurring following an equivalent exposure to thrombin. Therefore, NP-induced aggregation occurs concurrently with cell signalling events associated with conventional aggregation (degranulation and P-selectin expression) rather than a causative cytotoxic response. Since inhalation of NPs by humans could involve longer exposure periods, we also measured LDH release following a more prolonged exposure. aPLNPs caused significantly more LDH release than that observed following a 2 hour exposure to thrombin, indicating membrane damage and potential release of intracellular stimuli. Erythrocyte membrane disruption upon exposure to high concentrations of 50 nm aPLNPs has previously been described McGuinnes et al., 2011()
 and is now shown to occur in platelets upon a two hour exposure to  the lower concentrations used in the current study.
Changes in parameters indicative of platelet aggregation, such as light transmission, upon exposure to NPs cannot be assumed to be driven by conventional GPIIb/IIIa-mediated platelet aggregation since passive or non-specific processes such as agglomeration of particles with cells could also affect functional assays. Studies with the GPIIb/IIIa antagonist eptifibatide showed that all the NPs tested excluding 50 nm aPLNPs, induced GPIIb/IIIa-mediated aggregation which was also dependent on PKC signalling and Ca2+ entry. These are considered to be final common pathways of platelet activation. Further mechanistic analyses demonstrated the differential involvement of the secondary agonists ADP and thromboxane A2, indicating variable activation processes according to particle physicochemistry. The signalling events driving NP-induced activation therefore vary between NPs of differing physicochemistry and from those induced by conventional platelet stimuli but merge at common final activation pathways. Since anti-thrombotics target secondary signalling events, this suggests that strategies for reducing the impact of NPs on platelets will vary with physicochemistry and may differ from those used to combat conventional platelet-driven disorders.
In the case of 50 nm aPLNPs, the recorded fall in light transmission occurred independently of GPIIb/IIIa, cyclooxygenase, ADP and PKC suggesting a process other than conventional aggregation such as non-specific platelet agglomeration. 50 nm aPLNP-induced light transmission was also shown to be enhanced in the absence of extracellular Ca2+, this supports our proposal of an agglomeration rather than a signalling process since high ionic content of solutes has been shown to promote agglomeration of NPs by screening the repulsive forces between them Pavlin and Bregar, 2012()
. Reduced ionic content in the presence of EGTA may reduce agglomeration of NPs and increase surface area leading to the enhanced response observed. 

 Electron microscopy provided further details of the process by which aPLNPs increase light transmission in the absence of signalling events and suggested that these particles can cause agglomeration of platelets by physically bridging platelets to form “aggregates” of non-activated platelets. This contrasts with images of other NPs used in our study which show a more conventional activation process involving degranulation associated with GPIIb/IIIa activation, surface P-selectin expression and other signalling events as shown by the various biochemical assays in our study. 

Recent evidence from other cell types shows that NPs can activate a range of molecular targets including various protein kinases and redox-sensitive transcription factors Marano et al., 2011()
. NPs are also reported to cause aggregation of membrane receptors and subsequent modulation of signalling Huang et al., 2009()
. Similar processes leading to the induction of signalling events may occur in platelets and this may result from the observed physical association of all PLNPs used in our study with the external surface of the platelet membrane. Additional processes may arise from the internalisation of 50 nm aPLNPs within platelet vacuoles which could be associated with activation of intracellular signalling events as well as the observed tethering phenomenon occurring with these particles. Further study of these mechanisms is warranted.
aPLNPs of 50 nm diameter enhanced agonist-mediated, GPIIb/IIIa-driven platelet aggregation at a concentration of 2 g ml-1 in our study, which is in accordance with their previously reported ability to enhance ADP-induced aggregation at higher concentrations (12.5-100 g ml-1 Nemmar et al., 2002


( ADDIN EN.CITE )
). This effect was also evident, not only in isolated platelet preparations but also in the presence of plasma proteins (Fig 1G and Nemmar et al., 2002


( ADDIN EN.CITE )
. Our images indicating linkage of platelets by chains of aPLNPs may provide a partial explanation for this effect since presumably physical tethering of platelets in close physical proximity to one another will facilitate their subsequent aggregation via well described contact activation processes. Additionally, the internalisation of these particles or NP-induced membrane peturbation may be associated with the induction of signalling processes to prime platelets for subsequent activation. Although NPs were not visible in degranulated platelets, this does not preclude their internalisation prior to activation and subsequent release from the degranulating platelet or obscurity of internalised NPs in images of activated platelets. Our data suggest that exposure to NPs with the same or similar physicochemistry to 50 nm aPNLPs could propagate conventional pathophysiological triggers of platelet activation at relatively low concentrations. 

Data acquired with isolated platelets cannot be assumed to reflect a physiological setting. It has been reported previously that PLNPs can both enhance and inhibit experimental thrombosis in vivo Nemmar et al., 2002


( ADDIN EN.CITE )
. These effects may involve direct platelet activation but this is difficult to delineate in multi-factorial models involving vascular injury. We therefore conducted in vivo experiments using a mouse model which directly measures platelet aggregation Tymvios et al., 2008()
 and introduced 50 nm aPLNPs, which were able to enhance platelet aggregation in vitro, to circulating blood by intravenous infusion. We showed enhanced platelet aggregation within the vasculature in vivo in the presence of sub-threshold concentrations of NPs (i.e doses which did not in themselves induce measurable platelet aggregation) suggesting that exposure to engineered NPs with a defined physicochemical composition could elicit an increased thrombotic risk in vivo that is platelet-driven. NPs which were unable to enhance aggregation in vitro (e.g. 50 nm uPLNPs) were similarly unable to enhance aggregation in vivo, strengthening the validity of both the present, and previously published 
 ADDIN EN.CITE 
(McGuinnes et al., 2011, Nemmar et al., 2002)
, in vitro data. There remains uncertainty over the quantities of NPs which translocate from the lung to the circulation, however insight into the potential levels of exposure to nanomedicines during medical procedures means that we can place the concentrations used in our study into a relevant context. For example, pharmacokinetic data on the nanoparticulate cancer therapy DOXIL®, which is liposome-encapsulated doxorubicin (~80 – 100 nm), demonstrates plasma concentrations > 10 µg ml-1 Gabizon et al., 1994()
 considerably higher than that used in the current in vivo study (approximately 1 g ml-1 assuming a circulating mouse blood volume of 1-1.5 ml). 
Conclusion

In summary, the potencies and mechanisms by which NPs initiate platelet activation and aggregation are dependent upon a combination of their aerodynamic size, surface chemistry and the concentrations at which they are applied. When assessing the impact of engineered NPs upon human health, careful consideration should be given to their distinct physicochemical properties. NPs of similar size, surface chemistry and states of agglomeration should not be assumed to behave in a similar manner to NPs which differ in one or more of these characteristics. Furthermore, NPs that do not induce platelet aggregation per se may still act in other ways and at relatively low concentrations to enhance agonist-mediated platelet aggregation in vivo and so may be expected to increase the risk of platelet-driven thrombotic events, should they translocate the respiratory epithelium or otherwise be introduced to the blood environment. 
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Figure Legends

Figure 1: Transmission electron microscopy of nanoparticles of varying physicochemistry showing particle formations
100 nm and 50 nm diameter PLNPs were suspended in experimental buffer and stained with uranyl acetate. They were adsorbed onto formvar-coated nickel grids and visualised at x25000 magnification. Images reveal aPLNPs (A and D) and cPLNPs (B and E) to be present as individual particles (grey arrows), simple chains (black arrows) and simple agglomerates (white arrows). In contrast, uPLNPs (C and F) were present as more complex agglomerates (white arrows) although individual NPs (grey arrows) and simple chains (black arrows) were also present.
Figure 2: Effect of nanoparticles of varying physicochemistry on platelet aggregation in vitro
(A-B) Isolated human platelets were stimulated with PLNPs of (A) 50 nm (15 - 60 μg ml-1) or (B) 100 nm (8 - 60 μg ml-1) diameter. Data are presented as maximal aggregation, detected as changes in optical density over 3 mins and EC50 values were calculated for each NP. (C-D) Platelets were stimulated with an approximate EC50 value of (C) Thr (0.06 U ml-1) or  (D) ADP (1 M in PRP)  in the presence of PLNPs (2 μg ml-1) or gold NPs (2 μg ml-1), the effect of eptifibatide (EPI, 0.06 g ml-1) upon thrombin and ADP plus 50 nm aPLNP-induced aggregation was determined. Data are represented as mean±S.E.M, n = 6 for all experiments.  ns = non-significant, *P < 0.05. 

Figure 3: Effect of nanoparticles on lactate dehydrogenase release by isolated platelets

Isolated human platelets were stimulated for 3 mins with (A) 50 nm or (B) 100 nm PLNPs (125 mg ml-1) or for 2 h with (C) 50 nm and (D) 100 nm PLNPs (60 – 15 µg ml-1). Gold NP (125 μg ml-1,), or thrombin (Thr, 1 U ml-1) controls were included. Membrane integrity was assessed by measuring lactate dehydrogenase (LDH) release from cell free supernatant. LDH release is expressed as a percentage of lysed controls. Data are represented as mean±S.E.M, n = 4 for all experiments. *P < 0.05, **P < 0.01 compared to vehicle control.   
Figure 4: Effect of nanoparticles on dense granule release and P-selectin expression in isolated platelets

Dense granule secretion was assessed as [3H]-5HT release by isolated platelets following exposure to (A) 50 nm or (B) 100 nm PLNPs (15 -125 μg ml-1), gold or thrombin (Thr, 1 U ml-1) for 3 mins . No significant (P>0.05) 5-HT release was detected for maximal concentrations of NPs and thrombin following incubation with the PKC antagonist BIM-I (10 M). . Flow cytometry was used to measure the percentage of platelets expressing P-selectin following exposure to 50 nm (C) and 100 nm (D) PLNPs (15 - 60 μg ml-1), thrombin (1 U ml-1), or gold.  Data are represented as mean±S.E.M, n = 4 for all experiments. *P < 0.05, **P < 0.01 compared to vehicle control.

Figure 5: Role of signalling events in mediating nanoparticle-induced platelet aggregation

Mean normalised maximal platelet aggregation responses of PLNPs (60 g ml-1) or thrombin in the presence of (A) the GPIIb/IIIa antagonist eptifibatide (EPI, 0.06 g ml-1), (B) the ADP scavenger apyrase (8 U ml-1), (C) the cycloxygenase antagonist indomethacin (10 nM), (D) Ca2+ free media and EGTA (2 mM) or (E) the protein kinase C antagonist BIM-I (10 M). Data are represented as mean±S.E.M, n = 6 for all experiments.*P < 0.05 compared to time matched controls, ns = nonsignificant (P>0.05). Statistical comparisons were conducted on raw non-normalised values. 
Figure 6: Electron micrographs of isolated human platelets following exposure to nanoparticles

Stained sections displaying varying magnifications of platelets exposed to 50 µg ml-1 of PLNPs. (A) shows a control platelet in resting conformation. 50 nm cPLNPs (B) and uPLNPs (C) are seen in close proximity and in contact with (blue arrows) the extracellular surface of activated, degranulated platelets. Non-activated, discoid platelets with 50 nm aPLNPs in contact with the platelet surface (blue arrows, D) and enclosed within intracellular vacuoles (green arrowheads, D). Platelets are also shown tethered to each other by chains of aPLNPs (E). 100 nm aPLNPs and cPLNPs enclosed within intracellular vacuoles (green arrowheads, F-G) and in association with the extracellular surface of the platelet membrane (blue arrows, G-H).

Figure 7: Effect of nanoparticles on collagen-induced platelet aggregation in vivo
Mouse platelets radiolabelled with 111indium oxine were infused into an anaesthetised recipient mouse prior to injection with 50 nm aPLNPs, 50 nm uPLNPs (1.2 μg/mouse i.v.) or saline (0.9% NaCl) followed by collagen (50 μg kg-1 i.v.). Platelet aggregation was measured by changes in platelet-associated radioactivity. Data are presented as (A) representative traces of percentage change in 111indium counts over time and (B) mean±S.E.M of maximum percentage increase in 111indium counts in response to collagen (50 μg kg-1 i.v.). n = 4, *P < 0.05. 
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