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Abstract

Blood platelets are essential in maintaining hemostasis. Various materials can activate platelets

and cause them to aggregate. Platelet aggregation in vitro is often used as a marker for materials’

thrombogenic properties and studying nanomaterial interaction with platelets is an important step

toward understanding their hematocompatibility. Here we report evaluation of 12 formulations of

PAMAM dendrimers varying in size and surface charge. Using a cell counter based method, light

transmission aggregometry and scanning electron microscopy, we show that only large cationic

dendrimers, but not anionic, neutral or small cationic dendrimers, induce aggregation of human

platelets in plasma in vitro. The aggregation caused by large cationic dendrimers was proportional

to the number of surface amines. The observed aggregation was not associated with membrane

microparticle release, and was insensitive to a variety of chemical and biological inhibitors known

to interfere with various pathways of platelet activation. Taken in context with previously reported

studies, our data suggest that large cationic PAMAM dendrimers induce platelet aggregation

through disruption of membrane integrity.
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Nanoparticles are finding growing applications in medicine because they may reduce

toxicity and improve the solubility, pharmacokinetics and biodistribution profiles1 of

traditional pharmaceuticals. In the bloodstream, nanoparticles encounter a very complex

environment of plasma proteins and immune cells 2-4. Some nanoparticles intended for drug

delivery applications are intentionally engineered so as to reduce their clearance from the

bloodstream to extend systemic circulation times and to increase drug delivery to a target

site. When blood clearance is fast, nanoparticle interaction with blood components is

minimized, however an increase in the circulation time respectively increases the duration of

contact with blood components, including those of the coagulation system. Such extended

exposure to coagulation factors and thrombocytes may amplify adverse effects such as

activation of the blood clotting and occlusion of blood vessels by thrombi. This is why the
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initial characterization of nanomaterials often includes evaluation of nanoparticle

hematocompatibility.

Platelets represent cellular components of the blood coagulation system. They are small

anucleated cells derived from bone marrow megakaryocytes. Under physiological

conditions, 150-450 × 109 platelets per liter circulate in the peripheral blood in 10 days 5.

There is also a reservoir of platelets in the spleen which can be rapidly distributed into

circulation when needed to maintain hemostasis. Platelets are very sensitive to changes in

the blood microenvironment; they can be activated by different physiological agonists such

as thrombin, collagen, adenosine-diphosphate (ADP), but also by various microorganisms,

immunoglobulins, drugs and some nanomaterials 5. Although several studies have shown

that certain nanoparticles, such as, iron-oxide nanoparticles 6, and silver nanoparticles 7, can

activate platelets and induce platelet aggregation, no comprehensive structure activity

relationship study evaluating the effects of nanoparticle size and surface properties on

thrombogenic properties has been conducted.

Some trends in particle thrombogenic properties have been described. Interestingly, the

reported trends were different for different type of nanoparticles. For example, Koziara et al.

have shown anionic cetyl alcohol/polysorbate-based nanoparticles inhibit platelet activation

and aggregation, and that this property is decreased when particle surface is modified with

polyethylene glycol (PEG), however, the same strongly anionic particles (zeta potential of

-40.2mV) neither activated platelets nor induced their aggregation 8. In contrast, Zbiden et al

reported that only anionic liposomes activated platelets and induced platelet aggregation 9.

In agreement with this, another study reported that platelet activation and aggregation by

latex nanoparticles was stronger for most anionic particles and weaker for particles with less

negative zeta potentials 10, 11. Both anionic and cationic polystyrene particles activated

platelets and induced platelet aggregation, and these effects were stronger with the smaller

particles12. These limited and contradictory data do not allow for a clear determination of

whether nanoparticle size, surface charge, or composition determines thrombogenic

properties. The mechanisms through which nanoparticles induce platelet activation and

aggregation are also largely unknown, and the mechanisms may be different for different

classes of particles. For example, when various carbon-based particles (fullerene derivatives

and nanotubes) and polystyrene nanobeads were studied, only single- walled carbon

nanotubes (SWCNT), and multi-walled carbon nanotubes (MWCNT) activated platelets, and

this activation could be prevented by inhibitors known to block extracellular calcium

influx 13. Another study comparing five different types of carbon-based materials (water

soluble fullerene derivative, nanotubes and mixed carbon nanoparticles) reported that all of

these particles required activation of glycoprotein integrin receptor GPIIb/IIIa in order to

cause platelet aggregation. However, pathways leading to this receptor depended on the size

of the particles, with micron-sized particles, but not nanoparticles, requiring protein kinase C

(PKC) for the activation of the integrin pathway14. The same study suggested that unlike

classical platelet aggregation, carbon-based nanoparticle-induced platelet aggregation did

not require thromboxane A2 and ADP release. These data suggest that: 1) nanosized

particles may induce platelet aggregation via untraditional pathways, which could render

common anti-thrombotic drugs less efficient at reducing aggregation; and 2) platelet

activating/aggregating activity and its underlying mechanisms may vary significantly, even

within the same class of nanomaterials.

One attractive feature of nanotechnology is that nanoparticles can be engineered to either

promote platelet aggregation15-17 or inhibit it 18, 19, which can aid in treatment of various

blood coagulation disorders.
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Dendrimers are nanomaterials which have been tested in clinical studies for various

applications20. These materials became attractive to drug delivery scientists because they are

monodisperse, uniform, and hyperbranched materials with a well-defined and reproducible

synthesis and modifiable protein-like structures21. In addition to these properties

polyamidoamine (PAMAM) dendrimers are also available through several commercial

sources to any laboratory without synthetic capabilities, and can be synthesized and

purchased in large quantities. We used 12 formulations of PAMAM dendrimers, varying in

size and surface charge, and studied their effects on human platelets in vitro. We verified our

findings using several different methods including traditional light transmission

aggregometry, and scanning electron microscopy (SEM). The results demonstrated that only

large (G4-G6) cationic dendrimers, but not their small (G3) cationic couterparts or anionic

or neutral dendrimers, were capable of inducing platelet aggregation. We also showed that

platelet aggregation caused by large cationic PAMAM dendrimers is not associated with the

release of membrane microparticles, and is not sensitive to a variety of inhibitors known to

interrupt different pathways established as triggering platelet activation by physiological

agonists. Collectively with published studies reporting dendrimer interaction with and

disruption of supported lipid bilayers22-26, and computer simulation 27, our data suggest that

large cationic PAMAM dendrimers induce platelet aggregation by disturbing the integrity of

cell membranes.

Experimental

Reagents

Commercially available—Ca2+/Mg2+ free DPBS, poly-L-lysine hydrobromide,

polymyxin B, 2MeSAMP, and 1,10-phenantroline were from Sigma-Aldrich (St.Louis,

MO). G3, G4, G5 and G6 PAMAM dendrimers with amine, carboxy and hydroxyl surface

were from Dendritic Nanotechnologies Inc. (Mount Pleasant, MI). Collagen was purchased

from Helena Laboratories (Beaumont, TX). Endotoxin standard, LAL-grade water and

lysate were from Associates of Cape Code Inc. (East Falmouth, MA). NF449, MRS2500

were from Tocris Bioscience (Ellisvilli, MO). DM-BAPTA-AM was from Invitrogen

(Carlsbad, CA). TBHQ, and SKF96365 were from Alexis Biochemicals (Plymouth Meeting,

PA). 2-APB and Go6976 were EMD/Calbiochem (Gibbstown, NJ). ReoPro was obtained

through NIH pharmacy, manufactured by Centocor B.V. (Leiden, Netherland) and

distributed by EliLilly and Co (Indianapolis, IN). Aspirin was bought at CVS drug store as

over-the-counter medication. Axon 1275 was from Axon Medchem (Groningen,

Netherland).

Synthesis of G5-NH2 control dendrimers—The Generation 5 PAMAM dendrimers

with various degrees (0, 20, 40, 60, 80, 100%) of surface capping were synthesized using

acetic anhydride/triethylamine with previously published procedure28 to render completely

neutral (100% acetylation with excess acetic anhydride) dendrimer or leave residual terminal

amines based on stoichiometry of acetic anhydride used in the reaction. Careful addition of

acetic anhydride in several aliquots at a higher dilution would render a more homogeneous

capping. The conjugates were isolated and extensively purified with stirred cell

ultrafiltration, lyophilized, and characterized using 1H NMR and Mass spectrometry. The

variable degree of capping is confirmed by comparing the integration of terminal acetamido-

CH3 protons of the dendrimer at δ 1.85 to the internal methylene proton signals. The

electrophoretic mobility (zeta potential) of the functionalized dendrimers gradually became

neutral with increased degree of capping
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Particle characterization

LAL assay to estimate levels of bacterial endotoxin—Analysis was performed

using PyrosKinetix instrument of Associates of Cape Code Inc. (East Falmouth, MA). Assay

range for kinetic turbidity LAL was from 0.001 to 1.0 EU/mL. Standard curves (calibration

curves) were prepared by spiking known amounts of USP-certified endotoxin standard into

endotoxin-free (LAL-grade) water. In addition to the standard curve, each individual run of

each LAL assay included a set of quality controls: positive quality controls (QC) for each

assay were prepared by spiking endotoxin standard, at the standard curve midpoint

concentration, into LAL-grade water. Inhibition/enhancement controls (IEC) were prepared

by spiking the same amount of endotoxin standard used in QC into the nanoparticle

formulation. Results from each individual assay run were not considered valid unless the

precision and accuracy of the standard curve and quality control were within 25% and the

inhibition/enhancement control exhibited 50-200% spike recovery. These acceptance criteria

are in accordance with those mandated by the FDA guideline and USP standard for the LAL

test29, 30. Each nanoparticle sample and IEC was tested in duplicate and repeated three

times. For each formulation at least three dilutions of the test sample were tested.

Dynamic Light Scattering (DLS)—A Malvern Zetasizer Nano ZS instrument

(Southborough, MA) with back scattering detector (173 °, 633 nm laser wavelength) was

used for measuring the hydrodynamic size (diameter) in batch mode at 25° C in a low

volume quartz cuvette (pathlength 10 mm). Dendrimer samples were prepared at a

concentration of 1 mg/mL in PBS and filtered through a 0.02 μm filter. A minimum of

twelve measurements per sample were made. Hydrodynamic size is reported as the

intensity-weighted average (Int-Peak).

Zeta Potential—Zeta potential provides a measure of the electrostatic potential at the

surface of the electrical double layer and the bulk medium, which is related to the

nanoparticle surface charge. A Malvern Zetasizer Nano ZS instrument was used to measure

zeta potential at 25° C. PAMAM dendrimer samples were prepared at a concentration of 10,

2, and 1 mg/mL, respectively, in 10 mM NaCl. An applied voltage of 100 V was used.

Samples were loaded into pre-rinsed folded capillary cells and a minimum of three

measurements were made per sample.

Platelet aggregation and activation tests

Research Donor Blood—If not specified otherwise, healthy volunteer blood specimens

were drawn under NCI-Frederick Protocol OH99-C-N046. Blood was collected in BD

vacutainer tubes containing sodium citrate as anticoagulant. To avoid individual variability

plasma from at least three donors were pooled.

Cell counter based screening method—To study particles effects on platelet

aggregation whole blood was centrifuged 8 minutes at 200xg in order to obtain Platelet Rich

Plasma (PRP). PRP was treated with nanoparticles, PBS (negative control) or collagen

(Positive control) for 15 minutes at 37 °C. After that single platelet count was conducted

using Z2 counter and size analyzer (Beckman Coulter). Difference in single platelet count

between negative control and test samples was used to calculate percent platelet aggregation.

Additional control included incubation of platelet poor plasma and PBS with particles and

analyzing these samples on the instrument. These controls were used to monitor potential

particle aggregation in the presence of plasma proteins to avoid false-negative results.

Detailed protocol is available at http://ncl.cancer.gov/NCL_Method_ITA-2.pdf.

Light transmission aggregometry—To further study platelet aggregation activity of

PAMAM dendrimers, we employed light transmission aggregometry (PAP-8E
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aggregometer, Bio/Data Corp., Horsham, PA) as described previously (Ref 15). Platelet rich

plasma (PRP) was prepared from blood of healthy donors (ACD anticoagulated, Department

of Transfusion Medicine, Clinical Center, NIH, Bethesda, MD). Fifty mL of whole blood

was centrifuged at 150 g for 10 minutes at room temperature and platelet rich plasma (PRP)

was collected. The sediment was then centrifuged at 1000 g for 15 minutes at room

temperature to obtain platelet poor plasma (PPP), used as a blank. The PRP platelet count

was assayed (ABX Pentra 60, Horiba ABX, Inc., Irvine, CA) and diluted with PPP to 250 ×

103 platelets/μL. Aggregation experiments were completed within 4 hours after blood

collection to ensure normal platelet responsiveness. Thrombin Receptor Activator Peptide

(TRAP-6) or Collagen were used as positive controls. All platelet samples were

preincubated for 2 min before the adding the tested nanomaterials or controls in stirring

wells of the aggregometer, then a 20 minutes reading was obtained for every sample set.

Each experiment was performed using at least 3 blood samples from different donors.

Means of maximum aggregation responses ± SEM are presented.

Flow Cytometry—Analysis of platelet surface activation markers and platelet membrane

microparticles (MPs) by flow cytometry as described previously (Ref 15). Platelet rich

plasma was prepared as described above and then diluted to 250 × 103 platelets/μL with

platelet poor plasma for microparticle experiments and to 30 ×103 platelets/μL with

Tyrode’s-HEPES buffer (THB: 130 mM NaCl, 2.6 mM KCl, 0.42 mM NaH2PO4, 5.5 mM

glucose, 10 mM HEPES, 0.3% bovine serum albumin) for assessing platelet surface

activation markers. Platelets we equilibrated for 30 minutes after dilution. Then they were

incubated with tested nanomaterials (100 μg/mL) or a positive/negative control (20 μM

TRAP-6 and platelets only, respectively) for 15 minutes on rocking platform at 37°C.

Platelet surface markers and MP assays were run in parallel, using the same blood specimen.

For analysis of platelet surface markers, platelet samples were spun briefly for 1 minute, at

150 g at room temperature to avoid presence of large nanomaterial aggregates. 50μL of

supernatant was stained with saturating concentration of monoclonal antibodies against

CD41a (FITC labeled) and CD62P (PE labeled). Matching isotype controls and nonlabeled

samples were used as controls. After 15 minutes incubation in the dark, at room temperature,

samples were diluted 10 fold with THB and immediately acquired using a FACSCalibur

flow cytometer (Becton Dickinson, San Diego, CA, USA) equipped with CELLQuest

software, with forward scatter (FSC) and side scatter (SSC) in logarithmic mode and

subsequently analyzed using FlowJo (Tree Star, Inc. Ashland, OR). Representative

histograms and FSC/SSC plots of 3 independent experiments are presented.

Microparticle samples, after incubation with nanomaterials, were spun for 10 minutes at

10°C at 10000g to obtain platelet free plasma (PFP) for the MP assay. Samples were then

processed and analyzed as described previously 31, 32. Aliquots of 50 μL PFP were

incubated for 20 min at room temperature in the dark with saturating concentrations of

FITC- and PE-conjugated antibodies. In parallel, nonlabeled samples and samples labeled

with relevant isotype controls were analyzed. After incubation and washing with 1 mL

HBSS/ Ca2+/BSA, samples were resuspended in 500 μL HBSS/Ca2+/BSA (Hank’s balanced

salt solution, Gibco, Grand Island, NY, was supplemented with CaCl2 to 2.5 mM Ca2+ and

with 0.3% BSA) and analyzed by flow cytometry. Data were acquired using the flow

cytometer and software as described above. MPs were analyzed using both forward scatter

(FSC) and side scatter (SSC) in logarithmic mode. The flow rate was evaluated using

TruCount beads from Becton Dickinson (San Diego, CA) analyzed as separate samples in

parallel. MPs were defined as particles ≤ 1μm based on size comparison on forward scatter

with the size standard polystyrene beads of 1μm in diameter. Counts of

CD41a+CD62P+MPs and in the platelet supernatant was evaluated using double

fluorescence plots acquired for 60 seconds at the standard flow rate. Relative increase in MP
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count in platelet supernatant after different treatments is presented as mean ±SEM of 3

independent experiments. Representative double fluorescence plots of MPs are shown.

Scanning Electron Microscopy—PRP was untreated or treated with dendrimers at final

concentration of 100 μg/mL for 7 minutes, as described in cell counter based screening

method section above. At the end of incubation, platelets were fixed with 2%

paraformaldehyde for 15 minutes, centrifuged at 1000g for 10 minutes and ressupended in

500 μL of PBS; 100 μL of the platelet solution was deposited on poly-L-lysine coated cover

slip and incubated for 20 minutes. The cover slips were rinsed with PBS three times and

incubated for 30 min in 2 % glutaraldehyde solution in 0.1M PBS buffer (pH 7.4). The cover

slips were then washed three times with 0.1 M cacodylate buffer. The samples were

immersed in a series of graded ethanol solution (20%, 50%, 70%, 90% in water and 100%)

for 10 minutes and two changes were performed for 100% ethanol. At the last step of

dehydration, tetramethylsilane (TMS) was added and kept for ten minutes. Three changes

were done to remove any residue of ethanol. The TMS was removed and the samples were

dried in a desiccator under vacuum. The cover slips were attached to SEM aluminum stub

and a carbon and a thin layer of Au was evaporated on the cover-slips. The SEM imaging

was performed using Hitachi S4700 FESEM.

Results

Particle characterization

To understand the relationship between particle physicochemical properties and their

interaction with human platelets, we studied 12 formulations of PAMAM dendrimers

(Figure 1).

Particles were chosen to facilitate comparison of particles with different surface charges but

same size, and particles of the same surface charge but different sizes. The same batches of

particles were also used in our previous study investigating the role of particle size and

surface charge in induction of leukocyte procoagulant activity33. The study included four

generations (G3, G4, G5 and G6), and three surface functionalities (succinamic acid, amine,

and ethanolamine terminations for negative, positive, and neutral surface charges,

respectively). DLS provided information about the hydrodynamic size (diameter) of the

nanoparticles in solution; this parameter is relevant to biological systems and is the only

broadly accessible method to estimate the size of “soft” particles such as dendrimers 1. The

zeta potential is the electrical potential at the surface, which separates the molecules that

tumble with the nanoparticle in solution and the molecules of the bulk solvent. Surface

charge has been shown to play a role in nanoparticle uptake and plasma-protein binding and

may also be important for the interaction between nanoparticle surface and bacterial

endotoxins 1, 34, 35. Therefore physicochemical characterization of nanoparticles used in this

study included measurement of particle size by DLS (hydrodynamic diameter) and

measurement of the zeta potential. Since endotoxin contamination of nanomaterials has been

linked to false-positive results in immunological tests 34, 36, we also assessed the amounts of

endotoxin in the studied formulations. The results are summarized in Table 1.

Cationic but not anionic and neutral dendrimers induce platelet aggregation in vitro

Each formulation was tested at several concentrations ranging from 1.563 to 100.0 μg/mL.

Hydroxyl-terminated and carboxy-terminated dendrimers did not result in aggregation of

human platelets in vitro, irrespective of their size (Figure 2 A and B). No aggregation was

detected in platelet rich plasma treated with small, generation 3, cationic (amine-terminated)

PAMAM dendrimers (Figure 2C). However, G4, G5 and G6 cationic dendrimers resulted in

platelet aggregation in a concentration-dependent manner (Figure 2C).

Dobrovolskaia et al. Page 6

Mol Pharm. Author manuscript; available in PMC 2013 April 12.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Surface charge and density of terminal amines is important in dendrimer induced platelet
aggregation

To explore the role of surface charge in platelet aggregation induced by cationic PAMAM

dendrimers of equivalent size, we studied several formulations of G5 cationic PAMAM

dendrimers, in which 100, 80, 60, 40, 20 or 0 percent of the surface amines were neutralized

by capping with acetic anhydride. We observed that platelet aggregation induced by these

formulations was proportional to the amount of surface amines (Figure 3).

To determine if surface charge alone is sufficient to cause platelets aggregation, we tested

two other cationic molecules, a linear polymer (poly-L-lysine) and a small polycationic

peptide (polymyxin B). While poly-L-lysine induced platelet aggregation regardless of

molecular weight, no platelet aggregation was observed in polymyxin B treated platelets

(Figure 4).

Cationic dendrimers induce platelet aggregation through the disruption of membrance
integrity

To verify that decrease in a single platelet count used to estimate platelet aggregation in

these experiments is not due to the cytotoxicity of the dendrimers, we analyzed an aliquot of

platelet rich plasma from aggregation experiments by scanning electron microscopy (SEM)

(Figure 5) and confirmed this using traditional light transmission aggregometry (LTA)

(Figure 6). Traditional LTA is a low throughput method; and was used only for cationic G3

dendrimers (non-reactive in high throughput cell-count method) and cationic G6 dendrimers

(reactive in cell-count method).

Platelet aggregation is preceded by activation of several signaling pathways which lead to an

increase in intracellular concentration of calcium ions, release of intermediate signaling

molecules (e.g. ATP, thrombospondin and PDGF) from intracellular storage granulas,

changes in platelet shape, development of pseudopodia, expression of activation markers on

the cellular membrane, and release of procoagulant microparticles from the plasma

membrane 5, 13, 14, 37. In literature reports, expression of activation markers was used to

demonstrate activation of human platelets by various types of carbon-based

nanomaterials 13, 38 and silver nanoparticles 7. We therefore analyzed whether dendrimer-

induced platelet aggregation is accompanied by expression of activation marker CD62P on

platelet surface and release of intermediate signaling molecules (thrombospondin, PDGF

and ATP). Although the amine-terminated G3 dendrimer did not induce platelet aggregation,

an increase in fluorescence intensity corresponding to surface exposure of CD62P was

observed in both amine-terminated G3 and G6 dendrimer-treated platelets (Figure 7A).

However, the analysis of FSC and SSC profiles revealed also changes in platelet

morphology in dendrimer-treated samples (Figure 7B). In addition, amine-terminated G3

dendrimer treated platelets showed significantly increased binding of the isotype control

antibody (the antibody of the same type as antiCD62P and labeled with the same fluorescent

label, but not specific to CD62P) (Figure 7).

We also tested the release of ATP, thrombospondin and PDGF in platelets treated with large

cationic dendrimers (G6), small cationic dendrimers (G3) and controls. Large but not small

cationic dendrimers resulted in rapid (within first 15 min) release of ATP, thrombospondin

and PDGF from cells (Supplementary Figures 1 and 2). We next checked for the presence of

CD62P+CD41a+ membrane microparticles (MP) in platelet supernatants. While a clear

positive response was observed in positive control treated cells, no increase in CD62P

+CD41a+MP release was detected in either G3 or G6 amine-terminated dendrimer treated

samples (Figure 8).
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To further probe the mechanism of dendrimer induced platelet aggregation, we used a

number of chemical and biological inhibitors known to interfere with various pathways of

platelet activation. The inhibitors included in our study were selected so that we targeted

“classical” pathways of platelet activation, such as various calcium-, αII/βIII integrin-,

PAR1-, P2Y-, and COX2- activated pathways, and also non-traditional pathways such as

MMP-dependent, which were suggested to be unique to nanomaterials 14. The complete list

of inhibitors and pathways they interfere with is presented in Supplementary Table 1. We

observed complete blocking or moderate inhibition of collagen-induced platelet aggregation

with several inhibitors, while none of the inhibitors blocked or inhibited dendrimer-induced

platelet aggregation (Figure 9).

Discussion

In the present study we have demonstrated that neutral (hydroxy-terminated) and anionic

(carboxy-terminated) PAMAM dendrimers did not result in aggregation of human platelets

in vitro, irrespective of their size. This data is similar to other reports showing that anionic

polystyrene and cetyl alcohol/polysorbate-based nanoparticles do not induce platelet

aggregation, but in contrast to studies using some anionic liposome and latex nanoparticles

and demonstrating their interaction with platelets 8-12. We did not observe platelet

aggregation in platelet rich plasma treated with small, generation 3 (G3), cationic (amine-

terminated) PAMAM dendrimers, however their larger cationic counterparts (G4, G5 and

G6) resulted in platelet aggregation in a concentration-dependent manner. This data are in

contrast with the findings of an earlier study which reported that platelet aggregation by

cationic polystyrene particles depended inversely on particle size, with stronger effects of

particles with smaller sizes 12. However, these results are in agreement with an earlier

PAMAM dendrimer study which showed that cationic, but not anionic or neutral PAMAM

dendrimers, were cytotoxic and caused lysis of red blood cells 39. Our finding highlighting

the role of particle size in inducing platelet aggregation complements earlier studies by

Kobayashi et al who demonstrated that blood clearance of PAMAM dendrimers and routes

of excretion from body are determined by dendrimer size40. When dendrimers of various

generations are analyzed at equal weight-per-volume concentrations, each sample has an

equal numbers of total amines in solution allowing for the analysis of nanoparticle size on

platelet aggregation41. When the dendrimers were compared thusly, there was clear

difference between small (G3) and large (G4, G5 and G6) dendrimers, and no significant

difference in platelet aggregation between G4, G5 and G6 dendrimers. To explore the role of

surface charge in platelet aggregation induced by cationic PAMAM dendrimers of

equivalent size, we studied several formulations of G5 cationic PAMAM dendrimers, in

which 100, 80, 60, 40, 20 or 0 percent of the surface amines were neutralized by capping

with acetic anhydride. We observed that platelet aggregation induced by these formulations

was proportional to the amount of surface amines. Collectively, data shown in Figures 2 and

3, demonstrate that both particle size and surface charge are important physicochemical

properties which determine dendrimer interaction with human platelets. To verify that

decrease in a single platelet count used to estimate platelet aggregation in these experiments

is not due to the cytotoxicity of the dendrimers, we analyzed an aliquot of platelet rich

plasma from aggregation experiments by scanning electron microscopy (SEM) and further

verified these finding by using traditional light transmission aggregometry (LTA).

Traditional LTA is a low throughput method; and was used only for cationic G3 dendrimers

(non-reactive in high throughput cell-count method) and cationic G6 dendrimers (reactive in

cell-count method). In agreement with the data presented in Figure 2 C, platelet aggregation

was not observed by LTA in G3 cationic PAMAM dendrimer treated PRP, but was

comparable to that caused by the positive control in G6 treated PRP. Also in agreement with

previous data, platelet aggregation induced by cationic G6 PAMAM dendrimers were

concentration dependent.
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Because platelet aggregation is preceded by activation of several signaling pathways which

lead to an increase in intracellular concentration of calcium ions, release of intermediate

signaling molecules (e.g. ATP, thrombospondin and PDGF) from intracellular storage

granulas, changes in platelet shape, development of pseudopodia, expression of activation

markers on the cellular membrane, and release of procoagulant microparticles from the

plasma membrane 5, 13, 14, 37, we analyzed whether dendrimer-induced platelet aggregation

is accompanied by expression of activation marker CD62P on platelet surface and release of

intermediate signaling molecules (thrombospondin, PDGF and ATP). Although the amine-

terminated G3 dendrimer did not induce platelet aggregation, an increase in fluorescence

intensity corresponding to surface exposure of CD62P was observed in both amine-

terminated G3 and G6 dendrimer-treated platelets.

Several light beams are used in flow cytometry when cells are passing through the detector:

one beam when light is directed along the cell and called forward scatter (FSC), and several

lights perpendicular to the cell, and called side scatter (SSC). The analysis FSC and SSC

profiles gives useful information about the cell, in that it identifies the inner complexity of

the cell such as membrane roughness, nucleus shape, type and amount of cytoplasmic

granules. The analysis of FSC and SSC profiles revealed changes in platelet morphology in

dendrimer-treated samples. Since platelets are anuclear cells, change in SSC is indicative of

change in the state of cytoplasmic granules (degranulation) and the change in membrane

roughness. In addition, amine-terminated G3 dendrimer treated platelets showed

significantly increased binding of the isotype control antibody (the antibody of the same

type as antiCD62P and labeled with the same fluorescent label, but not specific to CD62P).

Based on these observations, we postulate that the observed CD62P positive staining of

dendrimer treated platelets is caused by plasma membrane permeabilization and non-

specific binding of the antibody to the disrupted plasma membrane. Release of ATP,

thrombospondin and PDGF correlated with platelet aggregation described above, in that the

release was observed only in platelets treated with large dendrimers (which cause platelet

aggregation), and was not detected in samples treated with small dendrimers, which did not

cause platelet aggregation. The release of thrombospondin and PDGF in G6 dendrimer

treated samples occurred very rapidly, further suggesting mechanical damage rather than a

signaling-mediated event. CD62P+CD41a+ membrane microparticles (MP) represent

another marker of platelet aggregation and activation. While a clear positive response was

observed in positive control treated cells, we were unable to detect an increase in CD62P

+CD41a+MP release in either G3 or G6 amine-terminated dendrimer treated samples. These

data further suggest that the platelet plasma membrane is likely damaged by the dendrimer

treatment, preventing a highly controlled vesiculation process such as MP release. To further

verify that cationic dendrimers cause platelet plasma membrane damage rather than a

specific signaling to induce platelet aggregation, we used a number of chemical and

biological inhibitors known to interfere with various pathways of platelet activation. While

complete blocking to moderate inhibition of collagen-induced platelet aggregation was

observed with several inhibitors, in agreement with published studies 13, 14, none of the

inhibitors blocked or inhibited dendrimer-induced platelet aggregation.

Several earlier studies with dimyristoyl-sn-glycero-3-phosphocholine (DMPC) supported

lipid bilayers and computer simulation 22-24, 26, 27 have shown that all PAMAM dendrimers

intersperse into lipid bilayers, but only cationic PAMAM dendrimers result in changes in

membrane layers, and larger dendrimers lead to hole formation. Such hole formation allows

for molecular transport across membranes. This property of cationic PAMAM dendrimers,

also called “dendroporation” was stronger with increasing generation 22-24, 26. Another

modeling study suggested that cationic PAMAM dendirmers can be used to pull together

two anionic lipid layers 42. This leads us to propose that in contrast to carbon-based

nanomatrials 13, 14 and silver nanoparticles 7 platelet aggregation by cationic PAMAM
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dendrimers is not due to induction of classical pathways leading to platelet activation, but is

rather due to the alterations in lipid bilayers.

In summary, we demonstrated that cationic, but not anionic or neutral PAMAM dendrimers,

induced aggregation of human platelets in vitro, that this aggregation was determined by the

particle size and surface charge, was not associated with membrane microparticle release,

and was insensitive to various chemical and biological inhibitors of platelet activation. The

results of our in vitro study are in agreement with recent study by Greish et al who reported

coagulation toxicity in vivo in mice treated with cationic but not anionic PAMAM

dendrimers43. The results of our study provide information about structure activity

relationship of PAMAM dendrimers in terms of their interaction with human platelets in

vitro. These data may contribute to and further expand the framework of nanoperiodic

property recently proposed by Tomalia44. Based on our data and previously published

membrane modeling studies, we propose a model for cationic PAMAM dendrimer-induced

platelet aggregation in which aggregation is caused by alterations in the integrity of the

platelet plasma membrane and is not triggered by conventional platelet activation signaling

pathways. Interestingly, a recent study suggests that cationic polystyrene latex particles

induce platelet aggregation through disruption of membrane integrity 45. Thus a disruption

of membrane integrity may become a common platelet aggregation mechanism for different

classes of cationic nanomaterials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic representation of dendrimers used in the current study
Four generations (G3, G4, G5 and G6) of PAMAM dendrimers with etylenediamine core,

functionalized with succinamic acid, amine and amidoethanol groups were used in this

study. PAMAM – polyamidoamine.
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Figure 2. Effects of PAMAM dendrimers on platelet aggregation
PAMAM dendrimers hydroxyterminated (A), carboxy-termnated (B) and amine terminated

(C and D) were tested for a potential to induce platelet aggregation. All particles were tested

at 7 concentrations: 100, 50, 25, 12.5, 6.25, 3.13, and 1.56 μg/mL. Collagen and PBS were

used as positive and negative controls, respectively. Each point on the curve represents the

mean of duplicate results ± standard deviation (N=3) (%CV between individual replicates <

20). (A-C) platelet aggregation results were plotted against particle concentration w/v.
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Figure 3. Role of surface charge in dendrimer-induced platelet aggregation
Generation 5 amine terminated PAMAM dendrimers were modified to reduce number of

amine groups on the particle surface. Platelet aggregation was estimated in a number of

derivatives which differ by the percentage of surface amine groups ranging from 100 to 0%.

All particles were studies at concentration of 100μg/mL. Shown is test results from three

independent experiments. Each bar is mean response plus standard deviation (N=6). NC-

negative control (saline); PC – positive control (collagen). PAMAM – polyamidoamine.
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Figure 4. Effects of other cationic molecules on human platelets
Platelet aggregation was studied with two cationic molecules (A) polycationic peptide,

polymixine B, and (B) 100μg/mL of linear polymer, poly-L-lysine hydrobromide of various

molecular weight (30K-70K, 70-150K and >300K) were tested. PBS and collagen were used

as negative and positive controls, respectively. Shown is mean plus standard deviation

(N=3).
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Figure 5. Analysis of platelet morphology and aggregation state by scanning electron microscopy
Human platelets from healthy donors were left untreated (CTRL), treated with positive

control (TRAP; 20uM) or amine terminated PAMAM dendrimers generation 3 (G3; 100 μg/

mL), and generation 6 (G6;100 μg/mL). After 7 minutes incubation, platelets were fixed

with paraformaldehyde 2%, washed with PBS, deposited on polylysine coated cover slips,

fixed with glutaraldehyde 2%, washed in cacodylate buffer, dehydrated in ethanol series

followed by tetramethylsilane washing. Dried samples were spur-coated with Au before

experiment.
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Figure 6. Analysis of dendrimer-induced platelet aggregation by light transmission
aggregometry
(A) G3 and G6 amine terminated PAMAM dendrimers with cationic surface were tested at

concentration 100 μg/mL. (B) G6 amine terminated PAMAM dendrimers were tested at

four concentrations 12.5-100 μg/mL. Each bar represents mean value plus standard

deviation (N=6). TRAP and PBS were used as positive and negative controls, respectively.

(C) Representative image of platelet aggregation graph showing kinetic of platelet response

to various concentrations of G6 amine terminated PAMAM denrimer and controls.

PAMAM- polyamidoamine.
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Figure 7. Analysis of expression of platelet activation markers CD62P by flow cytometry
Flow cytometric analysis of platelets treated with G3 and G6 amine-terminated dendrimers.

Platelets were incubated with dendrimers at concentration 25μg/mL for 20 min at 37C.

20mM TRAP treated plasma and PRP only were used as positive (TRAP) and negative

(CTRL) control, respectively. Three independent experiments with platelets from different

donors were performed. (A) Expression of PLT activation marker CD62P on dendrimer

treated platelets. Representative histograms shown: Solid black line - nontreated PLTs;

dotted black line - nontreated PLTs with isotype CTRL Mab; solid red line - dendrimer

treated PLTs with CD62P Mab, Red Dotted - dendrimer treated PLTs with isotype CTRL

Mab. (B) Representative FSC/SSC plots demonstrate significant desintegration of platelets

(PLT gate) in G6 treated sample.TRAP – thrombine receptor activating protein (positive

control); G3 – generation 3 amine terminated PAMAM dendrimer; G6 – generation 6 amine

terminated PAMAM dendrimer; gray line – untreated cells isotype control; dotted black line

– untreated cells CD62P; red line – treated cells CD62P; dotted red line – treated cells

isotype control. PLT – platelet acquisition gate.
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Figure 8. Analysis of platelet membrane microparticles by flow cytometry
Flow cytometry analysis of the release of platelet membrane microparticles (MP) from

dendrimer treated platelets. Platelets were incubated with dendrimers at concentration 25μg/

mL for 20 min. at 37C; 20mM TRAP treated plasma and PRP only were used as positive

(TRAP) and negative (CTRL) control, respectively. Three independent experiments with

platelets from different donors were performed. (A) Relative increase in

CD41a+CD62P+MP release, shown is mean ± SEM. (B) Representative double fluorescence

plots of platelet CD41a+CD62P+MP.TRAP – thrombine receptor activating protein (positive

control); G3 – generation 3 amine terminated PAMAM dendrimer; G6 – generation 6 amine

terminated PAMAM dendrimers.
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Figure 9. Effect of inhibitors on dendrimer-induced platelet aggregation
Human platelet rich plasma was left untreated, treated with collagen(positive control) or G6-

amine terminated PAMAM dendrimer alone or in combination with several inhibitors.

Shown is mean value plus standard deviation (N=6). G6 – generation 6 amine terminated

PAMAM dendrimer; BAPTA-AM – 1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic

acid tetrakis(acetoxymethyl ester), membrane permeant intracellular Ca2+ chelator; TBHQ –

2,5-di-(tert-butyl)-1,4-hydroquinone, sarco-endoplasmic reticulum Ca2+ ATP-ase type 3

(SERCA3) blocker; 2-APB – 2-aminoethoxydiphenylborate, store operated calcium entry

(SOCE) Ca2+ channel blocker; ReoPro – monoclonal antibody neutralizing aIIb/bIIIa

integrin.
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