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6.1 Introduction
The blood coagulation system, which comprises cells and plasma coagulation factors that mediate

hemostasis at the injury sites, is considered to be critical to the human body (Ilinskaya &

Dobrovolskaia, 2013; Martin et al., 2018). Upon injury, damaged endothelial cells expose suben-

dothelial collagens for the initiation of primary hemostasis where platelets aggregate and form a

temporary platelet plug. It is followed by secondary hemostasis where a coagulation cascade with

the involvement of clotting factors occurs. This results in a fibrin mesh that entraps the platelet

plug and red blood cells (RBCs) to form a blood clot and stops the bleeding (Gaston et al., 2018;

Rumbaut & Thiagarajan, 2010). Interaction between the normal coagulation system and the fibrino-

lytic system maintains the delicate thrombohemorrhagic balance in the body. Any interruption in

the blood coagulation system might lead to the consequences of either abnormal thrombosis or

hemorrhage (de la Harpe et al., 2019; Hante et al., 2019).

The pivotal role of nanoparticles in biomedicine has been affirmed with the continuously

increasing number of their applications (Arndt et al., 2020; Bao et al., 2018; Do et al., 2020; Gu

et al., 2018; Le, Bach, et al., 2019; Le, Pham, et al., 2019; Nguyen, Nguyen-Tran, et al., 2019;

Reimhult, 2019). Nanoparticles can potentially be employed for diagnosis, prevention, and treat-

ment of various diseases (e.g., cancer, cardiovascular disease, degenerative disease, infectious dis-

eases) or for regenerative medicine (de la Harpe et al., 2019; Gu et al., 2018; Hoang Thi et al.,

2019; Matus et al., 2018; Nguyen, Bach, et al., 2019; Nguyen, Nguyen-Tran, et al., 2019; Thi

et al., 2020; Tran et al., 2019; Tran et al., 2020). Despite the extensive modification and develop-

ment of nanoparticles with versatile designs, very few can be translated into the clinic due to the

lack of the full assessment of their health risks as there are always cell�nanoparticle or blood�
nanoparticle interactions in the blood (de la Harpe et al., 2019; Setyawati et al., 2015). Regardless

of the administration route and the intended target, nanoparticles can reach the circulatory system

due to the ability to permeate epithelium after dermal penetration, oral ingestion, or inhalation
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(de la Harpe et al., 2019; Fröhlich, 2016). Once inside the bloodstream, they encounter components

of the complex physiological environments, including the coagulation system (Hante et al., 2019;

Ilinskaya & Dobrovolskaia, 2016; Sobot et al., 2014) (Fig. 6.1). Interaction between nanoparticles

and the coagulation system components can potentially interfere with the hemostatic balance in

unintended ways, causing lethal coagulation disorders such as disseminated intravascular coagula-

tion and deep vein thrombosis, and thus raise concerns about the clinical safety of these nanoparti-

cles (Fröhlich, 2016; Ilinskaya & Dobrovolskaia, 2016). Therefore making efforts to understand the

effect of nanoparticles on the blood coagulation system is highly essential.

The purpose of this chapter is to give a complete depiction of the interface between nanoparti-

cles and the blood coagulation system, which is beneficial for the engineering of nanoparticles and

their successful translation to the clinic and market. We present how the nanoparticles interact and

affect each component of the coagulation system, and then discuss common in vitro methods to

FIGURE 6.1

Nanoparticles encounter the blood coagulation system. Owing to their ability to permeate epithelium,

nanoparticles can reach the circulatory system regardless of the administration routes. Once inside the

bloodstream, nanoparticles encounter and interact with one or more components of the coagulation system,

namely platelets, red blood cells (RBCs), endothelial cells, and plasma coagulation factors. RBCs tend to

move to the center of vessels and push platelets toward the periphery, facilitating the collision of platelets and

nanoparticles with the vascular endothelium for hemostatic events.
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evaluate their effects. Various nanoparticles’ parameters that influence the nanoparticle�coagula-

tion system interface will also be discussed. The final section of this chapter addresses two-side

effects of engineered nanoparticles for the desirable alteration of hemostasis.

6.2 Interaction of nanoparticles with the blood coagulation system—the
underlying mechanisms

Being inside the bloodstream, nanoparticles encounter many blood components and biological sys-

tems, including the blood coagulation system. Unintended interactions of nanoparticles with the

coagulation system can result in a dysregulation of the hemostatic balance (de la Harpe et al.,

2019; Hante et al., 2019). The roles of each component in the coagulation system and possible

influences of nanoparticles on them along with the underlying molecular mechanisms will be dis-

cussed in the following subsections.

6.2.1 Nanoparticles and vascular endothelium

The studies of nanoparticles associated with the coagulation system usually focus on blood cells

and coagulant factors. However, vascular endothelial cells play an important role in the regulation

of platelet adhesion, thrombosis, and fibrinolysis (Fröhlich, 2016). Healthy endothelial cells are

protected by a glycocalyx layer consisting of heparan sulfate that has the affinity for plasma inhibi-

tory proteins such as antithrombin III and tissue factor pathway inhibitor (TFPI). These proteins,

anticoagulant mediators (heparin cofactor II, endothelial protein C receptor (EPCR), and thrombo-

modulin) expressed on the endothelium surface together with platelet adhesion and aggregation

inhibitors [nitric oxide (NO), prostacyclin (PGI2), and CD39/NTPDase1] secreted by endothelium,

help to maintain the thrombo-resistant nature of intact vascular endothelial cells (Ekdahl et al.,

2019; Hangge et al., 2017; Reitsma et al., 2007; Yau et al., 2015).

Damage to endothelial cells not only leads to the exposure of tissue factor (TF) (CD142 or

FIII), which activates the extrinsic pathway of hemostasis, but also exposes subendothelial col-

lagens that bind FXII to initiate the intrinsic pathway. Moreover, von Willebrand factor (vWF),

thromboxane A2 (TXA2), P-selectin (CD62P/GMP-140/PADGEM), and platelet-activating factor

(PAF) released by injured endothelial cells along with the exposed collagens are associated with

platelets recruitment, adhesion, and activation (Fröhlich, 2016; Ilinskaya & Dobrovolskaia, 2013).

Gelderman et al. reported that fullerenol C60(OH)24 nanoparticles at 100 μg/mL significantly trig-

gered the expression of TF (CD142) on human umbilical vein endothlial cells (HUVECs) after

24 hours of in vitro culture (4%6 2% CD1421 cells in control versus 54%6 20% CD1421 cells in

treatment group) (Gelderman et al., 2008). As also reported, silica nanoparticles (58 nm), especially

at high concentration of 50 and 100 μg/mL, interrupted the NO balance, leading to HUVECs dys-

function (Guo et al., 2015). The interactions between silver nanoparticles (AgNPs) and endothelial

cells’ membrane, the induction of vWF release, and the reduction of tissue plasminogen activator

(tPA) expression at high nanoparticles concentration are the reasons behind endothelium dys-

function caused by Ag NPs and are probably associated with thromboembolic complications

(Ragaseema et al., 2012; Sun et al., 2016). After 24 hours of incubation with HUVECs, Ag NPs
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(,20 nm) induced cytotoxicity at the concentration of 64 μg/mL (Danielsen et al., 2015), while the

toxicity threshold for ZnO NPs (70 nm) toward human aortic endothelial cells (HAECs) was

$ 15 μg/mL (Liang et al., 2016). Similar to Ag NPs, cationic dendrimer nanoparticles interacted

with HUVECs’ membrane, and poly(amidoamine) (PAMAM) dendrimer generation 4 and 7 (G4

and G7) (administration doses .10 mg/kg) caused disseminated intravascular coagulation in mice

(Greish et al., 2012). Silica nanoparticles, as demonstrated by Feng et al., caused hypercoagulation

through inducing vascular endothelial cells dysfunction (Feng et al., 2019). The increased expres-

sion of TF and platelet endothelial cell adhesion molecule-1 (PECAM-1 or CD31), as well as the

imbalance of the NO/NOS (nitric oxide synthase) system, were detected after the exposure to silica

nanoparticles (starting from 1.8 mg/kg of rat).

Organic nanoparticles, by contrast, have little toxicity to vascular endothelial cells. For instance,

Liu et al. demonstrated that exposure of HUVECs to mPEG-PLA nanoparticles (around 20 nm)

showed no significant effect on the cell viability at the concentration up to 200 μg/mL (Liu et al.,

2017). Liposomes (109 and 139 nm) and lipid NPs (50�120 nm) had no cytotoxicity to HUVECs

at the concentration up to 100 μg/mL (Matuszak et al., 2016).

6.2.2 Nanoparticles and platelets

Platelet (thrombocyte) is a crucial cellular component in the coagulation system. It is originated

from megakaryocytes, anucleate, discoid in shape, and around 2�4 μm in diameter. Around 33% of

all platelets is stored in the spleen while the rest circulates in the circulatory system

(B150,000�450,000 platelets/mm3) without adhering to the intact vascular endothelium (Matus

et al., 2018; Nabeshi et al., 2012). Upon injury, the damaged endothelium exposes TF, collagen,

and other thrombogenic factors, such as vWF, TXA2, and PAF, for the initiation of primary hemo-

stasis. Once platelets come in contact with vWF and subendothelial collagens for the adhesion to

the injured endothelium and vessel wall, they become activated (Broos et al., 2011; Demir et al.,

2013; Palta et al., 2014; Rumbaut & Thiagarajan, 2010). The platelet activation process is portrayed

by a drastic increase in cytosolic Ca21, which elicits the reorganization of platelet cytoskeleton,

resulting in the shape change (from disk to sphere shape), pseudopodia formation, aggregation, and

exocytosis of contents stored inside platelet’s granules (De La Cruz et al., 2018) (Table 6.1).

Adhesive glycoproteins (vWF, fibrinogen, P-selectin, thrombospondin, and vitronectin), coagulation

factors (plasminogen, kininogen, factor V, XI, XIII), plasminogen activator inhibitor-1 (PAI-1),

TXA2, PAF, adenosine diphosphate (ADP), and serotonin secreted by activated platelets mediate

vasoconstriction and platelet aggregation, activate more platelets and attract them to come to form

a weak platelet plug that temporarily seals the injured area (De La Cruz et al., 2018; Hangge et al.,

2017; Nabeshi et al., 2012; Rumbaut & Thiagarajan, 2010). There are a certain number of glyco-

protein IIb/IIIa (GpIIb/IIIa) receptors presented on the surface of resting platelets (approximately

50,000/platelet) (Sims et al., 1991). Upon activation, GpIIb/IIIa stored in the internal pool of plate-

lets will move to their surface, increasing the number of expressed GpIIb/IIIa. These receptors,

both the newly expressed and the already presented ones, undergo a conformation change process,

which is related to extracellular ionized calcium and the expression of ligand-induced binding sites

to become high-affinity for fibrinogen (Kleiman et al., 1995; Matzdorff & Voss, 2006; Sims et al.,

1991). Fibrin forms the bridge between platelets and entraps the platelet plug and other surrounding
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blood cells to form a stable clot (De La Cruz et al., 2018; Hangge et al., 2017; Nabeshi et al.,

2012; Rumbaut & Thiagarajan, 2010).

Generally, the interactions of nanoparticles with platelets can affect platelet functions. Different

types of nanoparticles with varied size, charge, coating materials, and composition may lead to dif-

ferent outcomes, including activating effect, inhibitory effect, or no effect on platelets.

6.2.2.1 Inorganic nanoparticles
6.2.2.1.1 Carbon-based nanoparticles

The tendency to stimulate platelet aggregation of various types of carbon nanoparticles, including

mixed carbon nanoparticles (MCN), single-wall carbon nanotubes (SWCNT), and multiwall carbon

nanotubes (MWCNT) (0.2�300 μg/mL), was evaluated and compared with standard urban particu-

late matter (SRM1648, 1.4 μm) in a study by Radomski et al. Radomski et al. (2005). The results

showed that all tested materials induced the platelet aggregation and increased the vascular

thrombosis rate in rat carotid arteries model in the order from highest to lowest: MCN$
SWCNT.MWCNT. SRM1648. The platelet aggregation induced by these carbon nanoparticles

Table 6.1 Platelet storage granules and their contents.

Granules Content class Factors released

Alpha granules Adhesive glycoproteins vWF, thrombospondin, P-selectin, fibrinogen, fibronectin,

vitronectin

Coagulation factors Plasminogen, kininogens, protein S, factor V, factor XI,

factor XIII

Growth factors IGF, EGF, PDGF, TGF-β
Angiogenic factors PF4 inhibitor, VEGF

Protease inhibitors C1-inhibitor, PAI-1, TFPI, α2-antiplasmin, α2-antitripsin,
α2-macroglobulin

Immunoglobulins�chemokines IL8, IL1β, CD40, CXCL4 (platelet basic protein/NAP-2),

CXCL (PF4), CXCL1, CXCL5, CCL5 (RANTES), CCL

(MIP-1α)
Proteases MMP2, MMP9

Dense granules

(or delta

granules)

Amines Serotonin, histamine

Bivalent cations Ca21, Mg21

Polyphosphates ADP, ATP, GDP, GTP

Lysosome

granules

Enzymes Acid proteases, glycohydrolases

Other soluble

mediators

NO, TXA2, defensins, PAF

ADP, adenosine diphosphate; ATP, adenosine triphosphate; EGF, epidermal growth factor; GDP, guanosine diphosphate; GTP,

guanosine triphosphate; IGF, insulin-like growth factor; MMP, matrix metalloproteinase; NO, nitric oxide; PAF, platelet-

activating factor; PAI-1, plasminogen activator inhibitor-1; PDGF, platelet-derived growth factor; PF4, platelet factor 4; TFPI,

tissue factor pathway inhibitor; TGF-β, transforming growth factor β; TXA2, thromboxane A2; VEGF, vascular endothelial

growth factor; vWF, von Willebrand factor.

Reproduced with permission from de la Harpe, K. M., Kondiah P. P., Choonara Y. E., Marimuthu T., du Toit L. C., & Pillay V.

(2019). The hemocompatibility of nanoparticles: A review of cell�nanoparticle interactions and hemostasis. Cells, 8(10), 1209.
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corresponded to the activation of the GpIIb/IIIa receptors and correlated with platelet degranulation,

the translocation of P-selectin to the platelet surface, and the tendency to mimic molecular bridges

in platelet�platelet interaction. The prothrombotic effect of carbon nanotubes regarding platelet

activation and aggregation was further explored in studies by Simak group (Semberova et al.,

2009). The results were consistent with the previous study in which SWCNTs (outer diameter

,2 nm, 5�15 μm in length for S1 SWCNT and 1�2 nm of outer diameter, 5�30 μm in length for

S2 SWCNT) had higher platelet aggregation (34%6 5% for S1 and 32%6 6% for S2) than

MWCNTs (outer diameter was 60�100 nm, 1�2 μm in length for M60 and 306 15 nm of outer

diameter, 1�5 μm in length for M30) with platelet aggregation of 27%6 3% (M60) and 38%6 9%

(M30). Amorphous carbon nanopowder (outer diameter was B30 nm) showed a weak effect on

platelet aggregation (15%6 2%) while fullerenol C60 (B1.3 nm), fullerene C60 (B0.7 nm), and

polystyrene nanobeads (PBs) (20 and 200 nm) had no effect. They reported that the effects of

carbon nanotubes on platelet activation, degranulation, and aggregation were accompanied by ele-

vated intracellular [Ca21] in platelets which is the second key messenger mediating platelet activa-

tion. Platelets raised intracellular [Ca21] by either releasing it from intracellular stores or entering

of extracellular Ca21 through plasma membrane channels including SOCE, second messenger-

operated Ca21 entry (SMOC), and receptor-operated Ca21 entry (Semberova et al., 2009). As the

carbon nanotube-facilitated extracellular Ca21 influx was sensitive to calcium entry blockers

2-APB and SKF 96365, SOCE was proved to be involved in platelet activation induced by carbon

nanotubes (De Paoli Lacerda et al., 2011; Semberova et al., 2009). Corbalan et al. proposed that

MWCNTs ruptured the dense tubular system—a Ca21 pool—after penetrating the instantly resealed

platelet membrane, leading to intracellular Ca21 depletion and activating SOCE (Corbalan et al.,

2012).

Carbon nanodiamonds (CNDs) with the size range of 4�10 nm can evoke platelet activation at

low concentration (1 μg/mL). Kumari et al. demonstrated that CNDs elevated the intracellular Ca21

level in platelets and increased the expression of phosphatidylserine on the platelet membrane

(Kumari et al., 2014). CND-treated platelets showed reduced viability and altered morphology with

developed lamellipodia or filopodia. In vivo results evidenced extensive pulmonary thromboembo-

lism in mice after IV injection of CNDs (Kumari et al., 2014).

6.2.2.1.2 Silver nanoparticles

The accumulation of silver nanoparticles (AgNPs) within platelets can interfere with intraplatelet

activities (Jun et al., 2011; Krajewski et al., 2013; Ragaseema et al., 2012; Shrivastava et al.,

2009). It has been found that AgNPs, 10�100 nm in diameter, induced intracellular [Ca21]

(250 μg/mL of AgNPs), which upregulated GpIIb/IIIa (100 μg/mL of AgNPs) and P-selectin

expression (100 μg/mL of AgNPs), and serotonin secretion (250 μg/mL of AgNPs) (Jun et al.,

2011). Enhanced thrombin and phosphatidylserine generation (250 μg/mL of AgNPs) were

observed in fresh human platelets as evidence for platelet aggregation induced by AgNPs. Both

AgNPs-induced platelet activation and aggregation were concentration-dependent. Exposure to

AgNPs (0.05�0.1 mg/kg I.V. or 5�10 mg/kg intratracheal instillation) in vivo enhanced venous

thrombus formation, platelet aggregation, and PS externalization in rat. Accumulated AgNPs (stabi-

lized with sodium polyacrylate, 30 mg/L, 10�15 nm) triggered α-granule secretion and induced

kallikrein-like, FXIIa-like, and thrombin�antithrombin III complex (Krajewski et al., 2013).

Further exposure of AgNPs in rat (0.05�0.1 mg/kg intravenous or 5�10 mg/kg intratracheal
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instillation) induced platelet aggregation, phosphatidylserine externalization, and vascular thrombus

formation ex vivo (Jun et al., 2011; Krajewski et al., 2013). In another study, AgNPs (16 nm) only

promoted platelet adhesion but not platelet aggregation at the concentration of 50 μg/mL (Laloy

et al., 2014). At concentrations up to B40 μg/mL, neither AgNPs (20 nm) with polyvinyl pyrroli-

done coating nor with citrate coating exert any effect on platelet aggregation and coagulation

(Huang et al., 2016). However, some other studies reported the antiplatelet properties of AgNPs

(stabilized with either citrate or D-glucose) (Bandyopadhyay et al., 2012; Shrivastava et al., 2009).

Accumulative AgNPs within platelet granules impeded integrin-mediated platelet responses such

as adhesion to immobilized fibrinogen and platelet conformation change, namely retraction of a

fibrin clot, in a concentration-dependent manner in vitro and in vivo, regardless of agonists used

(Bandyopadhyay et al., 2012; Shrivastava et al., 2009). AgNPs also inhibited platelet aggregation

induced by either ADP, thrombin, or collagen in vitro and in mouse whole blood in a dose-

dependent manner (Bandyopadhyay et al., 2012). Different dispersing media/coatings/stabilizers

used for synthesized AgNPs may be one of the possible reasons for the variability between these

studies (Strojan et al., 2017).

6.2.2.1.3 Gold nanoparticles

The effect of gold nanoparticles (AuNPs) on platelets was first demonstrated in rat by Berry et al.

(1977). The presence of a high amount of AuNPs in platelets of alveolar capillaries affected platelet

aggregation, leading to microthombus and atheromatous plaques formation. Deb et al. presented

that the molecular mechanism of platelet aggregation induced by AuNPs (stabilized with citrate) is

linked to degranulation and the increased expression level of P-selectin and tyrosine phosphoryla-

tion (Deb et al., 2011). The study revealed that platelet response constantly decreased with the

increment in the size of AuNPs where AuNPs greater than 60 nm (. 40 μM) were inert to platelet

as compared to the maximal platelet activation effect of smaller ones (B20 nm) at 40 μM. This

might be attributed to the higher accumulation of small AuNPs in platelets (Deb et al., 2011). By

contrast, Love et al. found that either AuNPs, Au(1) nanoparticles, or Au(2) nanoparticles (respec-
tively stabilized with either citrate, 11-mercaptoundecanoic acid, or 11-mercaptoundecylamine) of

around 30 nm and up to 50 μg/mL did not induce platelet aggregation after short-term exposure

probably because of protein corona formation on the surface of examined AuNPs (Love et al.,

2012).

6.2.2.1.4 Iron oxide nanoparticles

The effect of iron oxide nanoparticles (IONPs) on platelets is somehow contradictory as they can

have either induced (Bircher et al., 2014), inhibitory (Deb et al., 2012; Villegas et al., 2019), or

neutral effect (Bircher et al., 2014; Deb et al., 2012; Easo & Mohanan, 2015) on platelet, highly

depending on the stabilizing agents coated on the nanoparticle surface. According to the report by

Bircher et al., iron carbide nanoparticles coated with carbon (B30 nm) increased the expression of

GpIIb/IIIa and P-selectin by platelets, which led to reduced blood clotting time by 25% at the con-

centration of 1 mg/mL (Bircher et al., 2014). By contrast, PEGylation of iron carbide nanoparticles

attenuated the influence of the nanomagnets on coagulation parameters. At the concentration of

0.5 mg/mL, there was no significant effect observed. In other comparable studies, starch-coated

IONPs (45 nm, 128�256 μM) (Deb et al., 2012) and dextran-stabilized IONPs (25.36 0.97 nm,

1 mg/mL) (Easo & Mohanan, 2015) did not show any effect on platelet function. However, Deb
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et al. indicated that citric acid-stabilized iron oxide nanoparticles (FeNP(C)) (35 nm, tested concen-

tration range was 64, 128, 192, and 256 μM) had an antiplatelet property, which was higher than

that citric acid has by itself, as reflected in various molecular events including ATP release of

dense granules, the level of tyrosine phosphorylation, and the expression of GpIIb/IIIa and CD62P

(P-selectin) (Deb et al., 2012). In addition, poly(acrylic acid)-coated IONPs (PAC-IONs) presented

the antagonistic effect on platelet aggregation and no effect on platelet activation even up to 62 μg/mL

of the nanoparticles (Villegas et al., 2019).

6.2.2.1.5 Silica nanoparticles

As explored in a study by Tavano et al., synthetic amorphous silica nanoparticles (SAS-NPs), bare,

and PEGylated organically modified silica nanoparticles (ORMOSIL) had no appreciable effect on

platelet activation and aggregation (Tavano et al., 2010). On the contrary, anionic amorphous silica

nanoparticles (SiNPs) (10�500 nm) with the concentration varied from 10 to 200 μg/mL were

reported to induce platelet activation and aggregation, accompanied by GpIIb/IIIa and CD62P upre-

gulation (Corbalan et al., 2012). Since the thrombotic activity of SiNPs was hindered by inhibitors

of ADP and the matrix metalloproteinase-2 (MMP2) pathway, the author discussed that the nano-

particles interact with the Ca21 ion channel and result in extracellular Ca21 influx into platelets

cytoplasm, leading to the activation of eNOS for NO generation. After the substrate (L-arginine) is

used up, eNOS is uncoupled, and superoxide is produced to interact with NO to form ONOO- (per-

oxynitrite anion). Low ratio of NO/ONOO- is a marker of oxidative stress and diminished NO-

availability, which promotes platelet activation. In other studies, silica nanoparticles (around 58 and

245 nm) were reported to enhance the expression of PECAM-1 (starting from1.8 mg/kg.bw of rat),

result in NO/NOS system imbalance (. 1.8 mg/kg � bw of rat), and an increase in platelet number

on endothelial cells (both 10 and 250 μg/mL), promoting platelet adhesion and prethrombotic

state (Feng et al., 2019; Saikia et al., 2018). Such a phenomenon is in contrast to another study

where silica nanoparticles at 20�200 μg/mL led to the decrease in adhered platelet number as

compared to the control and the treatment group at higher concentrations of the nanoparticles

(B1000 μg/mL) (Nishikawa et al., 2009). The differences between the two studies might be attrib-

uted to the porosity, the size (50 vs 250 nm), and the fabrication method (Stöber vs mesoporous

silica nanoparticles) of the particles.

6.2.2.1.6 Other inorganic nanoparticles

An in vivo study carried out by Singh et al. depicted an extremely thrombotic effect in mice after

intravenous (IV) injection of atomically thin graphene oxide sheets (GO) (Singh et al., 2011). As

explored in in vitro tests, GO sheets triggered platelet aggregation through the intracellular release

of Ca21 and the activation of Src kinases. At the concentration of 2 μg/mL, this effect of GO sheets

was higher than that induced by 1 U/mL of thrombin. Continuing this study, Singh et al. found that

amine-modified GO sheets (GO-NH2) (2 and 10 μg/mL) did not show any induced or inhibitory

effect on platelets, without noticeable change in the ROS level (Singh et al., 2012). There was no

in vivo pulmonary thromboembolism after GO-NH2 exposure.

Rutile titanium (TiO2) nanorods (0.4�10 μg/mL, 4�6 nm) were reported to cause significant

platelet aggregation in rat blood in a concentration-dependent manner (Nemmar et al., 2008). After

intratracheal instillation of TiO2 nanorods in rats, the platelet count was significantly decreased,

indicating the platelet aggregation in vivo. The molecular mechanism for platelet response to TiO2
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nanorods is still ambiguous but could be associated with the shape and/or surface feature of the

material. However, rutile TiO2 nanoparticles (67 nm in size) showed no effect on murine platelets

with the injection dose of 1 mg/kg in other studies (Bihari et al., 2010; Haberl et al., 2015). As

described in some studies, nickel nanoparticles (0.05 mg/mL) or zinc oxide nanoparticles (3:1 v/v

ratio of platelet-rich plasma) also cause changes in the platelet shape (Guildford et al., 2009) and

promote platelet activation (Šimundić et al., 2013).

6.2.2.2 Organic nanoparticles
6.2.2.2.1 Dendrimers

Several studies have demonstrated that large, cationic poly(amidoamine) (PAMAM) dendrimers

(above G4) induced platelet aggregation. By evaluating 12 PAMAM dendrimers of different gen-

erations (G3 to G6) functionalized with succinamic acid (anionic), amidoethanol (neutral), and

amine (cationic), Marrink et al. revealed that only large and cationic PAMAM dendrimers (amine-

G4, amine-G5, and amine-G6) induced platelet aggregation (Dobrovolskaia et al., 2012). Moreover,

the aggregation effect was proportional to the number of amine groups on the surface. Since the

observed platelet aggregation was neither accompanied with the release of membrane microparticle

nor sensitive to inhibitors interfering with platelet activation’s pathway, the proposed mechanism is

supposed to involve the capability of cationic PAMAM to disrupt platelet membrane integrity and

thus induce the aggregation. Computational simulations also supported this proposal (Marrink

et al., 2004). In study by Jones et al., large and cationic PAMAM G7 dendrimer nanoparticles

(100 μg/mL) showed their effect in altering platelet morphology, which substantially interfered

with platelet function, and induced platelet adhesion and aggregation (Jones et al., 2012). Greish

et al. also reported that G4 and G7 PAMAM dendrimer nanoparticles caused DIC-like manifesta-

tions in mice at a dose .10 mg/kg (Greish et al., 2012). As compared to PAMAM dendrimers, tri-

azine dendrimers (0.01�1 μM) evoked less aggressive platelet aggregation due to differences in the

assembly of supramolecular structure and/or cationic charge (Enciso et al., 2016).

6.2.2.2.2 Lipid-based nanoparticles

The effect of lipid-based nanoparticles on platelet is also correlated with surface charge. It has

been presented that anionic lipid-based (cetyl alcohol/polysorbate) nanoparticles (50�150 μg/mL)

(Koziara et al., 2005) and both anionic and cationic liposome prepared from a photopolymerizable

phosphatidylcholine derivative (100�360 μg/0.5 mL platelet) (Juliano et al., 1983) inhibited platelet

activation and aggregation in a concentration-dependent manner. However, Reinish et al. reported

the reduction in the platelet number after IV injection of anionic liposomes (dose level of 25 mg/

kg) in rats in the first 5 minutes (Reinish et al., 1988). The platelet count was recovered 60 minutes

postinjection. Similarly, anionic liposomes (phosphatidylcholine: phosphatidic acid5 8:1), not cat-

ionic and neutral liposomes, provoked platelet aggregation in vitro and in vivo after IV injection in

guinea pigs (Zbinden et al., 1989). The effect was probably due to the interaction between anionic

liposomes and FXIII/XI. Moreover, Constantinescu et al. suggested that the interaction of lipo-

somes with platelet was independent of opsonization but dependent on the liposome concentration

(Constantinescu et al., 2003). The discrepancies between studies might be attributed to not only the

surface charge but also the composition of the lipid-based nanoparticles.
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6.2.2.2.3 Other polymeric nanoparticles

Unmodified, carboxyl-modified, and amine-modified polystyrene latex nanoparticles from 50 to

100 nm caused aggregation of platelet in a dose-dependent manner (15�60 μg/mL) except the

50 nm amine-modified ones (Smyth et al., 2015). This aggregation was mediated by secondary ago-

nists released from platelet granules and induced GpIIb/IIIa expression depending on Ca21 influx

and protein kinase C signaling pathway. The author also described that these effects were associ-

ated with both size and surface modification. In another study, carboxyl-modified polystyrene nano-

particles (B80 nm, 260 μg/mL) induced platelet aggregation by disrupting platelet membrane

and upregulating platelet-activating markers P-selectin and PAC-1, respectively (McGuinnes et al.,

2011).

Ramtoola et al. (2011) and Li et al. (2009) found that chitosan (CS), poly(lactic-co-glycolic

acid) (PLGA), PLGA-macrogel, and PLGA-CS nanoparticles did not exert any effect on platelet

activation in the concentration range of 0.1�500 μg/mL. In Li ’s study, PLGA, CS, and PLGA-CS

nanoparticles (0.01�100 μg/mL) had slight inhibitory effect toward platelet aggregation induced by

collagen (Li et al., 2009). This could be due to the reduced platelet�platelet interaction and/or

reduced adsorption of platelets onto collagen fibers.

6.2.3 Nanoparticles and red blood cells

Another significant cellular component for blood coagulation is RBCs (erythrocytes), which has

been underestimated in the past. Detailed mechanisms of how RBCs play their roles in hemostasis

has been reviewed in-depth previously (Weisel & Litvinov, 2019). Briefly, RBCs attribute to hemo-

stasis through hemorheological properties owning to their abundance and large size (Du et al.,

2014). The influence of hemorheology—flow property of blood and its elements—on hemostasis

and thrombosis depends on the blood shear rates and viscosity, of which RBC is a main contributor

(Mehri et al., 2018; Sriram et al., 2014). The blood viscosity affects platelet distribution within ves-

sels based on the axial margination phenomenon in which RBCs tend to move to the center of ves-

sels and push platelets toward the periphery, facilitating their collision with the vasculature for

hemostatic events (Walton et al., 2017).

Interactions of nanoparticles with RBCs can cause RBC aggregation (Wu et al., 2018). For

instance, nanodiamonds (100 nm) were found to greatly increase attraction forces between RBCs’

membrane, leading to the formation of large and abnormal RBCs aggregates (Avsievich et al.,

2019). Meanwhile, no anomalous aggregate was depicted when RBCs were treated with polymeric

nanoparticles (600 nm) with platelet-free blood plasma. The concentration of tested nanoparticles

was kept at 0.01%. Also, Fe3O4 magnetic nanoparticles (B73 nm, 200 μg/mL) (Ran et al., 2015)

induced the aggregation of RBCs. Aggregation of RBCs, especially in small vessels, normally

increases the blood viscosity in the center of vessels and platelet margination, resulting in induced

endothelium activation and platelet aggregation (Mehri et al., 2018).

Furthermore, nanoparticle interactions with RBCs can also alter the deformability of RBCs,

which is the ability of RBCs to change their shape in response to applied stress without resulting in

hemolysis (Yedgar et al., 2002). Decrease in RBCs deformability is related to higher risk of throm-

bosis, since rigid RBCs can block small vessels easily, change the blood flow, and provoke platelet

activation (Kwaan & Samama, 2019). Pan et al. demonstrated that the absorption of polystyrene
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nanoparticles (PSNPs) on murine RBCs significantly reduced RBCs’ deformability as a function of

elongation index (EI) value at both sizes (200 and 300 nm) as well as both low and high nanoparti-

cles:RBCs ratio (200:1 and 1000:1) (Pan et al., 2018). In contrast, lysozyme-dextran nanogels

(LDNGs) did not affect deformability of RBCs even at the nanoparticles:RBCs ratio of 1000:1.

In addition to hemorheology, RBCs also contribute to blood coagulation via the exposure of

phosphatidylserine (PS) on the cell surface (Guo et al., 2018). PS is a key phospholipid localized

within the plasma membrane. Upon the high shear stress, oxidative stress, or complement attack,

damaged RBCs expose PS on the membrane surface, providing a procoagulant surface for the accu-

mulation of coagulation complexes such as prothrombinase and intrinsic tenase that facilitate

thrombus formation (Du et al., 2014). Ran et al. reported that IONPs (72.66 0.57 nm, 200 μg/mL)

dramatically altered RBCs’ rigidity by externalizing PS on the cell surface (the PS-expressed cells

reached 40% after 48 hours), which ultimately changed the thrombotic potential of blood (Ran

et al., 2015). Moreover, PSNPs exerted mechanical, oxidative, and osmotic stresses on murine

RBCs (Pan et al., 2018). As a result, the proportion of RBCs expressing PS increased up to 87%

and 92% respectively for low and high nanoparticles: RBCs loading ratios, in comparison to only

0.1% of RBCs only and 0.3% of LDNGs loading for the control.

6.2.4 Nanoparticles and plasma coagulation factors

The majority of circulating plasma coagulation factors are zymogens, precursors of enzymes, which

will be converted into the active form once the coagulation cascade is initiated. The other plasma

coagulation factors are nonenzymatic that act as either cofactor (e.g., TF (or FIII), FV and FVIII,

high-molecular-weight kininogen (HMWK or HK), and protein S) or substrate (e.g., fibrinogen).

These factors form a coagulation cascade in secondary hemostasis, which can be divided into

extrinsic and intrinsic pathways. Both pathways lead to thrombin generation and ultimately fibrin

formation to create a stable blood clot at the injury site. The extrinsic pathway is activated by TF

exposed on damaged endothelial cells, initializing the coagulation cascade. In a parallel manner,

the intrinsic pathway begins with FXII, prekallikrein (PK), and HMWK (Palta et al., 2014). FXII

can be activated via the contact with negatively charged molecules and nanoparticle surfaces

such as dextran sulfate, glass, kaolin, celite, and silica (Simak & De Paoli, 2017; Tankersley et al.,

1983; van der Graaf et al., 1982; Wiggins & Cochrane, 1979). It can also be autoactivated by

the membrane of activated platelets (Bendapudi et al., 2016), resulting in the activation of the

kallikrein�kinin system and FXI as well as other downstream zymogens in the intrinsic pathway

(Ilinskaya & Dobrovolskaia, 2016). It is important to note that apart from activated FXII (FXIIa), a

small amount of thrombin generated by the extrinsic pathway can in turn activate FXI and thus

facilitate the activation of the intrinsic pathway and amplification of thrombin generation.

Since nanoparticle surfaces can activate coagulation factor XII to initiate the intrinsic pathway

of coagulation, it is reasonable to anticipate that nanoparticles might unintendedly interfere with

the coagulation cascade and overall hemostasis. For example, Baker et al. reported that mesocellu-

lar foams (MCFs) with the window size .11 nm and the total pore volume at 0.0006 cm3 facili-

tated clotting in an FXII-dependent mechanism (Baker et al., 2008). The authors stated that FXII,

with a hydrodynamic size of 7.5 nm, can diffuse into and adhere to MCFs’ cells, thus they can be

activated and initiate a coagulation cascade. Silica nanoparticles (70�1000 nm) at 0.02 mg/mL

were reported to activate the intrinsic pathway via their interaction with FXII (Nabeshi et al., 2012).
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Decreasing the silica particle size from micrometer to nanometer (30 and 70 nm), that is, increasing

the particle surface, resulted in a higher degree of FXII activation after intranasal exposure in mice

for 7 days at 500 μg/mouse (Yoshida et al., 2013). Kushida et al. reported that silica nanoparticles

at varied concentrations of 0.01�100 nM with the size of 12�85 nm had significant coagulation

activity, while those with very small sizes (4�7 nm) did not (Kushida et al., 2014). The reason

may be that very small nanoparticles (4�7 nm) have a higher surface curvature, which does not

distort the configuration of FXII after its adsorption on the surface of the nanoparticles and affects

the activation of other factors such as kallikrein, leading to a coagulant “silent” surface. Besides,

coagulant factors such as FXa and vWF were induced whilst anticoagulant factors were reduced

after 30 days of exposure to silica nanoparticles (58.116 7.30 nm)in rats (Feng et al., 2019). The

tested concentration of the nanoparticles was 1.8�16.2 mg/kg. By evaluating activated partial

thromboplastin time (APTT) or partial thromboplastin time (PTT), Burke et al. concluded that

MWCNTs (range of diameter was 26�31 nm, median length was 490�580 nm) at the concentra-

tion of 100 μg/mL triggered the intrinsic pathway by preferentially interacting with FIXa and acting

as a platform to promote its enzyme activity (Burke et al., 2011). Oslakovic et al. reported that

amine-modified polystyrene nanoparticles (57.1 and 284 nm in size, 0.5 mg/mL) bound to FVII and

IX, which inhibited thrombin formation due to the depletion of these coagulation factors in solution

(Oslakovic et al., 2012). By contrast, carboxyl-modified polystyrene nanoparticles (27.8 or

223.9 nm in size, 0.5 mg/mL) act as an active surface to trigger the intrinsic pathway.

Fibrinogen can strongly bind to gold nanoparticles (stabilized with citrate) thanks to cysteine resi-

dues presented in alpha, beta, and gamma chains of fibrinogen for Au-S bond formation, which

induced the blood clot (Chen et al., 2011). However, another study reported that fibrinogen bound on

the gold nanoparticle surface, which was stabilized with citrate, only increased the nanoparticle size

but did not usually cause blood coagulation as in the previous study (Dobrovolskaia et al., 2009).

Several studies described that interactions between silver nanoparticles and fibrin caused conforma-

tion change of fibrin (Ragaseema et al., 2012; Shrivastava et al., 2009, 2011), leading to the inhibi-

tion of fibrin polymerization and thrombus formation in vitro (Shrivastava et al., 2011). Nevertheless,

it is worth noting that this effect is less pronounced in plasma than in a purified system due to non-

specific interactions of silver nanoparticles with other plasma proteins such as globulin and albumin.

6.3 Common in vitro methods to evaluate the effect of nanoparticles on
blood coagulation

There are several methods based on different working principles that can be employed to access the

effect of nanoparticles on components of the coagulation system and hemostatic process. A combi-

nation of more than one method is usually required to reach any solid conclusion about the nano-

particle effect. Methods that are commonly used are summarized below.

Standard laboratory coagulation tests or standard plasma coagulation tests (SLTs): (Activated)

partial thromboplastin time (aPTT, PTT), prothrombin time (PT), and thrombin time (TT) are mea-

sured using an automated analyzer to access coagulation. Respectively, PT and aPTT/PTT reflect the

activities of coagulation factors during blood coagulation. TT reflects the activity of fibrinogen

(Fröhlich, 2016; Simak & De Paoli, 2017; Sperling et al., 2018). Nanoparticles are incubated with
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citrate-anticoagulated plasma for the test. Interpretation of changes in obtained values is useful to

determine the procoagulant/coagulant or proanticoagulant/anticoagulant effects of tested nanoparticles

(Burke et al., 2011; Cenni et al., 2008; Dobrovolskaia et al., 2009; Martı́nez-Gutierrez et al., 2012).

Viscoelastic test: In comparison to standard plasma-based coagulation test, viscoelastic test is

performed in citrated whole blood to measure viscoelastic properties during thrombus formation

until fibrinolysis (Paniccia et al., 2015; Peng, 2010). Hence, this test provides a global assessment

of the entire hemostatic process (da Luz et al., 2013), and thus can be used to evaluate the effect of

nanoparticles on clot development, stabilization, and dissolution (Ajdari et al., 2017; Bircher et al.,

2014; He et al., 2020; Meng et al., 2012; Zhang et al., 2016). Currently, three commercial systems

for the viscoelastic test are available, namely thromboelastography, rotational thromboelastometry,

and Sonoclot analysis (da Luz et al., 2013).

Immunoassays: Nanoparticles’ effect on blood coagulation can be identified by immunoassay,

such as enzyme-linked immune assay (ELISA)—one of the most frequently used. Based on the spec-

ificity of the antigen�antibody interaction, ELISA can be used to detect and quantify platelet activa-

tion markers such as β-TG, PF4, serotonin, P-selectin (Ferraz et al., 2008; Jones et al., 2012; Mayer

et al., 2009; Stevens et al., 2009), prothrombin activation fragments D-dimer (Burke et al., 2011;

Feng et al., 2019; Mayer et al., 2009), TF, vWF exposed by damaged endothelial cells (Burke et al.,

2011; Feng et al., 2019; Yoshida et al., 2013), eNOS, FXa in serum (Feng et al., 2019), and plas-

matic markers indicating the activation of the coagulation cascade (Krajewski et al., 2013).

Synthetic substrate assay: A variety of commercial assay kits have been developed to detect the

activity of coagulation factors such as thrombin generation assay (Jones et al., 2012; Kushida et al.,

2014; Stevens et al., 2009), FXII activity assay (Yoshida et al., 2013), lactate dehydrogenase

(LDH) assay to detect platelet membrane integrity (Guo et al., 2015; Liang et al., 2016; Liu et al.,

2017; Mayer et al., 2009; Shrivastava et al., 2009; Singh et al., 2011; Smyth et al., 2015), and NO

measurement (Guo et al., 2015; Semberova et al., 2009). These assays are useful to investigate

the effect of nanoparticles�coagulation system interactions. The assay is normally based on the

detection of chromogenic or fluorogenic substrates, such as intracellular free Ca21 assay (De Paoli

Lacerda et al., 2011; Gelderman et al., 2008; Kumari et al., 2014; Shrivastava et al., 2009; Singh

et al., 2011, 2012), or intracellular ROS measurement (Guo et al., 2015; Kumari et al., 2014; Liang

et al., 2016; Liu et al., 2017; Ran et al., 2015; Singh et al., 2011, 2012; Sun et al., 2016).

Aggregometry: Light transmission aggregometry (LTA) and multiple electrode aggregometry

(MEA) are used to assess platelet reactivity and measure platelet aggregation in response to ago-

nists. LTA uses citrated platelet-rich plasma (PRP) and the change in light transmission to detect

aggregation while MEA uses whole blood and works by detecting electrical impedance between

electrodes (Sun et al., 2019). These tests have been used to study platelet�nanoparticles inter-

actions (Bihari et al., 2010; Corbalan et al., 2012; Deb et al., 2011, 2012; Dobrovolskaia et al.,

2012; Haberl et al., 2015; Jones et al., 2012; Jun et al., 2011; Koziara et al., 2005; Kumari et al.,

2014; Laloy et al., 2014; Li et al., 2009; Love et al., 2012; Ragaseema et al., 2012; Ramtoola

et al., 2011; Santos-Martinez et al., 2012, 2015; Shrivastava et al., 2009; Singh et al., 2011, 2012;

Smyth et al., 2015; Tavano et al., 2010; Villegas et al., 2019; Zbinden et al., 1989).

Quartz crystal microbalance with dissipation (QCM-D): QCM-D is a new potential method to

investigate the effect of nanoparticles on platelets by detecting platelet aggregation under flow con-

ditions (Santos-Martinez et al., 2012; Santos-Martinez et al., 2015). It has been demonstrated that

QCM-D is more sensitive than LTA (Santos-Martinez et al., 2012, 2015).
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Flow cytometry: Flow cytometry is a powerful method and provides statistical data related

to platelet activation by accessing physical interactions between platelet and nanoparticles

(Constantinescu et al., 2003; Singh et al., 2012), platelet surface activation markers such as P-selectin,

CD63, PS, GpIIIb/IIa, GpIbα, thrombin-mediated PAR-1 (Bihari et al., 2010; Bircher et al., 2014;

Corbalan et al., 2012; Deb et al., 2011, 2012; Dobrovolskaia et al., 2012; Jones et al., 2012; Koziara

et al., 2005; Kumari et al., 2014; Li et al., 2009; Radomski et al., 2005; Ragaseema et al., 2012;

Santos-Martinez et al., 2012; Shrivastava et al., 2009; Singh et al., 2011; Smyth et al., 2015; Tavano

et al., 2010; Villegas et al., 2019), change in intracellular Ca21 level (Jun et al., 2011; Shrivastava

et al., 2009), or the release of platelet microparticles (Ferraz et al., 2010). The exposure of markers,

such as TF, PS, and ICAM-1 (CD54), promotes adhesion and the coagulation cascade on the surface

of endothelial cells and RBCs after nanoparticle treatment can be measured as well (Gelderman et al.,

2008; Pan et al., 2018). Flow cytometry can also be employed to detect the binding of nanoparticles

to platelets and endothelial cells (Semberova et al., 2009; Tavano et al., 2010).

Western blot: This method can detect the presence of specific proteins. Several studies have used

western blot to quantify the expression of cellular factors (Guo et al., 2015), expression of VE-

cadherin on endothelial cells after exposure to nanoparticles (Sun et al., 2016), expression of other

types of marker indicating platelet activation (Ragaseema et al., 2012), or the activation of SOCE (De

Paoli Lacerda et al., 2011) induced by the interaction of the coagulation system with nanoparticles.

Real-time polymerase chain reaction (PCR): PCR is another quantitative method used to detect

activation markers and coagulation factors indicating the effect of nanoparticles on the coagulation

system. Real-time PCR can check mRNA expression of iNOS, eNOS (Guo et al., 2015), expression

of VE-cadherin on endothelial cells after exposure to nanoparticles (Sun et al., 2016), the presence

of coagulation factors such as TF, vWF, P-selectin (Feng et al., 2019; Semberova et al., 2009), and

adhesion markers, namely ICAM-1, PCAM-1 (Semberova et al., 2009).

Microscopy: Microscopy is usually utilized to visualize the effect of nanoparticles on cellular

components of the coagulation system (nanoparticle�cell interface). Direct visualization of platelet

or RBC aggregates caused by nanoparticles can be easily obtained by optical microscopy (Cenni

et al., 2008; Simak, 2016; Zbinden et al., 1989). However, transmission electron microscope

(TEM) (Corbalan et al., 2012; De Paoli Lacerda et al., 2011; Kumari et al., 2014; Liang et al.,

2016; Radomski et al., 2005; Shrivastava et al., 2009; Singh et al., 2011; Smyth et al., 2015) and

scanning electron microscope (SEM) can be also used to access subcellular localization of nanopar-

ticles and the ultrastructure of the nanoparticle surface, and the nanoparticle�blood cell interface

with high resolution (Avsievich et al., 2019; Deb et al., 2011; Dobrovolskaia et al., 2012; Ferraz

et al., 2008, 2010; Guildford et al., 2009; Jones et al., 2012; Laloy et al., 2014; Ragaseema et al.,

2012; Ran et al., 2015; Santos-Martinez et al., 2012, 2015; Šimundić et al., 2013; Singh et al.,

2011; Stevens et al., 2009; Sun et al., 2016).

6.4 Factors affecting nanoparticle�blood coagulation system
interactions

Different nanoparticles have different effects on blood coagulation components. Changes in any

nanoparticle parameters such as size, shape, surface charge, and coating materials might correlate

with other ways of interaction and lead to an alternative effect.
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6.4.1 Size

Silica nanoparticles of smaller size exert more profound impact on the coagulation system (Bauer

et al., 2011; Corbalan et al., 2012; Jun et al., 2011; Nabeshi et al., 2012; Nemmar et al., 2014).

Among silica nanoparticles with various size of 16, 41, 80, 212, and 304 nm, nanoparticles with

the largest size resulted in the release of Weibel�Palade bodies and vWF from endothelial cells

after 24 hours of incubation, while this effect only takes a few hours with nanoparticles of smaller

size (Bauer et al., 2011). It has been reported that silica nanoparticles with the diameter of 10 nm

triggered stronger platelet activation than those larger than 50 nm (Corbalan et al., 2012).

Similarly, silica nanoparticles of 30, 50, or 70 nm exhibited increased procoagulant activity as

compared to those of 100, 300, 500, or even 1000 nm, due to the increased specific surface area

exposed to the coagulation system (Jun et al., 2011; Nabeshi et al., 2012; Nemmar et al., 2014). It

is worthy of note that very small size silica nanoparticles (4�7 nm) did not have coagulation activ-

ity due to higher surface curvatures (Kushida et al., 2014). However, other studies reported that

smaller silica nanoparticles (10�15 nm) inhibited platelet activation in vitro (Shrivastava et al.,

2009), while larger nanoparticles (200 nm) caused more pronounced hemostasis in vivo (Kim

et al., 2008).

Similar to silica nanoparticles, gold nanoparticles (#50 nm) were easily internalized and accu-

mulated in platelets, inducing platelet activation. In contrast, gold nanoparticles larger than 60 nm

were basically inert (Deb et al., 2011; Hecold et al., 2017; Santos-Martinez et al., 2012). In con-

trast, other studies reported that small gold nanoparticles (5�30 nm) had no effect on platelets

while 60 nm-ones prevented platelet aggregation (Aseychev et al., 2013). All of these tested gold

nanoparticles were used at 5�40 μM in PRP which corresponded to 0.94�7.5 μg/mL blood.

The effect of particle size was also demonstrated for carbon-based nanoparticles (Meng et al.,

2012; Radomski et al., 2005) and silver nanoparticles (Guo et al., 2015). For example, shorter

MWCNTs had less effect on platelet activation than the longer ones (Meng et al., 2012). Silver

nanoparticles with the diameter of 110 nm exhibited the most effective toxicity to endothelial cells

in comparison to 10 and 75 nm ones (Guo et al., 2015). The discrepancies in the size-dependent

effect of nanoparticles on coagulation need to be carefully taken because the characterization of

nanoparticle size might not be carried out in similar media and technique (e.g., water vs buffer

solution or TEM/SEM vs dynamic light scattering). In addition, the impact of a specific nanoparti-

cle on the coagulation system may be also associated with other factors such as surface charge and

the concentration of nanoparticles.

6.4.2 Shape

The effect of nanoparticle shape on the interaction with the coagulation system has also been pre-

sented in some studies. Regarding carbon-based nanoparticles, carbon nanotubes (both multiwalled

and single-walled) promoted platelet activation and aggregation while spherical C60 fullerenes did

not (Radomski et al., 2005). Cuboidal γ-cyclodextrin nanoscale frameworks showed induced plate-

let aggregation in comparison to the spherical shape counterparts (He et al., 2019). On the contrary,

there were studies showing that carbon-based nanoparticles can cause thrombus formation regard-

less of their shape (Holzer et al., 2014). Gold nanoparticles with either spherical, hollow sphere, or

rod shape did not affect endothelial cells (Bartczak et al., 2012).

1276.4 Factors affecting nanoparticle�blood coagulation system interactions



6.4.3 Surface charge

Many studies indicated that the surface charge of the nanoparticles is also a key factor orientating

their interaction with coagulation system. Positively charged groups on nanoparticles’ surface can

neutralize and form cross-bridges with negatively charged ionizable sialic acid groups on the

platelets’ surface, facilitating platelet�platelet interaction and aggregation (Gobbo et al., 2015;

Hante et al., 2019). Besides, positively charged nanoparticles can alter platelet morphology (Jones

et al., 2012) and disrupt platelet membrane integrity (Dobrovolskaia et al., 2012), inducing the

changes in the size and number of platelet aggregates. Large and cationic PAMAM ($ G4) and tri-

azine dendrimer (G5 and G7) provoked platelet aggregation, in which the aggregation degree was

proportional to the number of amine groups on the nanoparticles’ surface (Dobrovolskaia et al.,

2012).

Other studies showed that the coagulation cascade can also be initiated through the contact

with negatively charge nanoparticles’ surfaces (Simak & De Paoli, 2017; Tankersley et al., 1983;

van der Graaf et al., 1982; Wiggins & Cochrane, 1979). For example, anionic polystyrene (car-

boxyl-modification) led to the upregulation of activation markers (P-selectin or PAC-1) of platelets

whilst cationic polystyrene (amine-modification) led to the interruption of the platelet membrane

(McGuinnes et al., 2011). Both positively and negatively charged polystyrene nanoparticles

(McGuinnes et al., 2011) can eventually lead to thrombotic events. This is in contradiction with

liposomes where both anionic and cationic nanoparticles inhibited platelet activation and aggrega-

tion (Juliano et al., 1983), and anionic liposomes reduced the platelet number in rats (Reinish et al.,

1988). Nevertheless, there are still contradictory studies that reported the platelet aggregation effect

of anionic liposomes (Zbinden et al., 1989), or the independence of the surface charge of polysty-

rene nanoparticles toward platelet activation (Smyth et al., 2015). Apparently, the charge-dependent

effect of nanoparticles on the coagulation system is unpredictable. In physiological conditions, the

influence of nanoparticle charge is even more difficult to clarify due to the absorption of plasma

proteins on the surface of nanoparticles.

6.4.4 Coating materials

A layer of coating material on the nanoparticle surface can alter its reactivity to the blood coagula-

tion system. Among all, polyethylene glycol (PEG) is the most commonly used polymeric material.

Several studies have demonstrated that the presence of PEG on the nanoparticle surface reduced

their interference with endothelial cells and platelets, probably due to the capability to prevent pro-

tein binding. As a result, unattended hemostasis is reduced and the compatibility of nanoparticles

is improved (Koziara et al., 2005; Ragaseema et al., 2012; Santos-Martinez et al., 2014; Su et al.,

2017; Tavano et al., 2010; Yu et al., 2012). However, PEGylation of nanoparticles is not successful

for all nanoparticles (Burke et al., 2011; Vakhrusheva et al., 2013). In addition to PEG, other poly-

mers, namely dextran (Chowdhury et al., 2013), albumin (Vakhrusheva et al., 2013), starch (Deb

et al., 2012), and poly(acrylic acid) (PAA) (Villegas et al., 2019) did not cause any effect on endo-

thelial cells and platelets, or reduce platelet aggregation. It was reported that PAA conjugated on

the surface of gold nanoparticles reduced platelet aggregation by binding to fibrinogen and promot-

ing the changes in its conformation (Deng et al., 2011). Gold nanoparticles coated with polye-

thylenimine and polyvinylpyrrolidone, however, induced platelet aggregation (Hecold et al., 2017).
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All the findings above have demonstrated that specific coating material is worth investigating for

these commonly used nanoparticles during their interactions with the coagulation system.

6.4.5 Other factors

The surface charges of the nanoparticle can be altered in the physiological fluids due to the binding

of plasma proteins or simply pH value, which could come along with the alteration of nanoparticle

hydrophobicity (Fröhlich, 2016; Setyawati et al., 2015). A study clarifying the influence of latex

polystyrene nanoparticles’ hydrophobicity on the blood coagulation carried out by Miyamoto et al.

(1990) revealed that hydrophobic latex nanoparticles provoked platelet aggregation to a higher

extent than the hydrophilic ones. This could be due to their ability to interact more closely with the

cell membrane and activate platelets (Kou et al., 2013). However, further investigation relating to

the relationship between hydrophobicity of nanoparticles and the blood coagulation system is rarely

found.

Interestingly, the concentration of nanoparticle metal cores (such as gold) had an impact on

coagulation. Hsu et al. incorporated polyurethane nanocomposites with gold and revealed that

incorporation of a lower gold concentration (43.5 ppm) resulted in less platelet adhesion and activa-

tion compared to a higher amount of gold (174 ppm) (Hsu et al., 2006).

6.5 Two-side effect of engineered nanoparticles on the blood
coagulation system

Nanoparticles can be purposely engineered for specific interactions with the blood coagulation sys-

tem to either facilitate or prevent coagulation in order to avoid bleeding or prevent thrombosis,

respectively. Usually, nanoparticles can be loaded with drugs and/or decorated with peptides,

recombinant factors, or markers on the surface to obtain the desirable effect. Some reviews have

discussed nanoparticles that are intended to promote coagulation (Gaston et al., 2018; Ilinskaya &

Dobrovolskaia, 2013). For instance, “synthetic platelets” comprising poly(lactic-co-glycolic acid)-

poly-L-lysine (PLGA-PLL) nanospheres decorated with PEG terminated RGD peptide were devel-

oped by Bertram et al. (2009). This system induced platelet aggregation to halt bleeding at the

injury site owning to the interaction between RGD peptide and GpIIb/IIIa on the surface of acti-

vated platelets for cross-linking. In the study by Shafir et al., maghemite nanoparticles with recom-

binant coagulant factor VII (rVII) physically bound on the surface showed comparable activity to

free rVII (Shafir et al., 2009). On the other hand, nanoparticles designed to prevent coagulation

have also been reviewed elsewhere (Ilinskaya & Dobrovolskaia, 2013). Regarding the target and

working mechanism, these nanoparticles can be engineered to have the antithrombotic, antiplatelet,

and fibrinolytic effects. To exert the antithrombotic effect, nanoparticles can incorporate anticoagu-

lant drugs inside (e.g., heparin, rutin, dipeptide IleTrp, and adenosine) (Argyo et al., 2012; Jiao

et al., 2001, 2002; Nguyen, Nguyen et al., 2019; Wu et al., 2020; Zhao et al., 2018) or are conju-

gated with a ligand (e.g., thrombin-specific aptamer) (Shiang et al., 2011) that inhibits or delays

thrombus formation. Nanoparticles with the antiplatelet effect prohibit platelet activation and aggre-

gation. Liposomes with CD39 incorporated inside (Haller et al., 2006), PAMAM dendrimers
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conjugated with P2Y1 receptor antagonist MSR2500 (de Castro et al., 2010) or A2A receptor ago-

nist CGS21680 (Kim et al., 2008; Kim et al., 2009), and cubosomes loaded with antiplatelet drug

clopidogrel bisulfate (El-Laithy et al., 2018) are representative examples of antiplatelet engineered

nanoparticles. Besides, some nanoparticles with PEG functionalization possess an antiplatelet prop-

erty as well (Koziara et al., 2005; Ragaseema et al., 2012; Santos-Martinez et al., 2014; Su et al.,

2017; Tavano et al., 2010; Yu et al., 2012).

Moreover, nanoparticles can also be designed as a carrier of fibrinolytic agents to dissolve exist-

ing thrombi (fibrinolytic/thrombolysis effect). Several nanoparticles (e.g., liposomes and polymeric

nanoparticles) have been successfully engineered to improve the efficacy of fibrinolytic agents such

as urokinase, streptokinase, and tissue plasminogen activator (t-PA) with reduced side effects

(Chapurina et al., 2016; Chung et al., 2008; Elbayoumi & Torchilin, 2008; Heeremans et al., 1995;

Leach et al., 2003; Nguyen et al., 1990; Su et al., 2020; Zamanlu et al., 2019).

6.6 Conclusion and prospects
Nanoparticles in the bloodstream come into contact and interact with one or more components of the

blood coagulation system. This chapter presents a thorough review of possible interactions and influ-

ences of various nanoparticles on coagulation system components such as platelets, RBCs, endothe-

lial cells, and plasma coagulation factors. However, there is still plenty of room for more studies in

the future as not all commonly examined nanoparticles are investigated and fully understood with

regard to the underlying mechanisms. Further research investigating the effects of common nanopar-

ticles on RBCs and specific coagulation factors is going to be of high interest as most of current

studies have focused more on the interaction of platelets and endothelial cells with nanoparticles.

Several in vitro methods that are often used to assess the effects of nanoparticles on hemostasis have

also been briefly mentioned. These methods are usually used in combination. Alterable interferences

in the blood coagulation correlating to changes in nanoparticle physiochemical parameters have been

examined in many studies but not in a systematic way. The discrepancies in results need to be trea-

ted with caution since the characterizations might not be carried out in the comparable methods, set-

ting, and media.. More importantly, the effects of a specific nanoparticle on the coagulation system

could be associated with more than one factor. As discussed, coating material is an important factor

that can alter nanoparticles’ reactivity to the blood coagulation system. However, there is a limited

variety of investigated polymeric materials. The effect of metal coating of core�shell nanoparticles,

regarding types of metal, thickness of metal coating, and coating method, on the coagulation system

has not been explored yet. Therefore more studies are needed to give future insight into the influ-

ences of coating materials in hemostasis. It is worth examining specific coating material for com-

monly used nanoparticles. Moreover, the interface between the blood coagulation system and other

factors of nanoparticles such as hydrophobicity, porosity, lipid composition of lipid-based nanoparti-

cles, surface topography may attract much interest in the future. Apparently, in vivo studies are

encouraged since the behavior of nanoparticles is not always predictable in physiological conditions

due to the absorption of plasma proteins on their surface. Taken together, our chapter is beneficial

for the establishment of nanoparticles that can avoid unintended interferences with the hemostatic

balance, or purposely increase the interaction with a specific blood coagulation component.
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