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Maintenance of a delicate haemostatic balance or a balance between clotting and bleeding is critical to

human health. Irrespective of administration route, nanoparticles can reach the bloodstream and might

interrupt the haemostatic balance by interfering with one or more components of the coagulation, antic-

oagulation, and fibrinolytic systems, which potentially lead to thrombosis or haemorrhage. However,

inadequate understanding of their effects on the haemostatic balance, along with the fact that most

studies mainly focus on the functionality of nanoparticles while forgetting or leaving behind their risk to

the body’s haemostatic balance, is a major concern. Hence, our review aims to provide a comprehensive

depiction of nanoparticle-haemostatic balance interactions, which has not yet been covered. The syner-

gistic roles of cells and plasma factors participating in haemostatic balance are presented. Possible inter-

actions and interference of each type of nanoparticle with the haemostatic balance are comprehensively

discussed, particularly focusing on the underlying mechanisms. Interactions of nanoparticles with innate

immunity potentially linked to haemostasis are mentioned. Various physicochemical characteristics that

influence the nanoparticle-haemostatic balance are detailed. Challenges and future directions are also

proposed. This insight would be valuable for the establishment of nanoparticles that can either avoid

unintended interference with the haemostatic balance or purposely downregulate/upregulate its key

components in a controlled manner.

1. Introduction

Nanoparticles are a fundamental building block of nano-
technology, referring to particles with three dimensions at the
nanoscale (approximately 1–1000 nm).1 Nanoparticles possess
unique physiochemical properties owing to the large surface
to volume ratio. They can be potentially employed in diverse
fields including biosensors, biotechnology, the food industry,
agriculture, waste management, energy, cosmetics, and
especially biomedicine.2–8 The pivotal role of nanoparticles in
biomedicine has been affirmed with the continuously increas-
ing number of their applications in molecular imaging, image-
guided therapy and therapeutic treatment of various
diseases.7,9–23 However, very few can successfully progress to
clinical translation and commercialization in spite of positive
preclinical data that has been reported. One of the remaining
challenges is the lack of a full assessment of their health risks

as there are always cell–nanoparticle or blood–nanoparticle
interactions when they enter the body via any route.2,24

Maintenance of the haemostatic balance is critical to
human body health.25 The term “haemostasis” is defined as a
natural response process of the body to stop bleeding from
damaged blood vessels.26 In 1958, the prevalent notion “hae-
mostatic balance” was first elaborated by Astrup, describing
the balance between the tendency of blood to clot and for such
clots to lyse.27 This is the delicate equilibrium between procoa-
gulant and anticoagulant factors that interact with each other
to ensure effective haemostasis at the sites of vascular injury.
The notion has now been broadened to the concept that blood
has a strong tendency to clot when tissue is injured, and the
intact vasculature requires major anticoagulant systems to
prevent clots adhering to and stabilising in the vasculature.28

As a result, the delicate thrombo-haemorrhagic balance, in
other words the balance between clotting and bleeding, is
always maintained under normal physiological conditions.
Any interruption in the haemostatic balance might lead to
either excess bleeding (haemorrhage) or abnormal clot for-
mation in the absence of bleeding (thrombosis).2,25,29,30

Regardless of the administration route and the intended
target, nanoparticles can reach the circulatory system due to
their ability to permeate epithelium after dermal penetration,
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oral ingestion, or inhalation.2,25,31 Once inside the blood
stream, they can potentially interfere with the haemostatic
balance in unintended ways29,32,33 (Fig. 1), causing haemor-
rhage or lethal coagulation disorders (i.e. disseminated intra-
vascular coagulation and deep vein thrombosis), and thus
raising concerns regarding the safety of these

nanoparticles.31,33 To date, thrombosis and related compli-
cations are the greatest hurdles involved in the clinical trans-
lation of many nanoparticles.30 Different types of nano-
particles will affect the haemostatic balance in a different
manner. Changes in one or more physicochemical character-
istics of a specific type of nanoparticle (i.e. size, shape, surface
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Fig. 1 Nanoparticles encounter the haemostatic balance. Owing to their ability to permeate through epithelium, nanoparticles can reach the circu-
latory system regardless of the administration routes. Once inside the blood stream, nanoparticles encounter and interact with one or more com-
ponents of the coagulation, anticoagulation, and fibrinolytic systems, and innate immune system, thus possibly interfering with the delicate haemo-
static balance in the body.
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charge, stabilizing/coating material) could significantly alter
its effect on haemostatic balance. However, inadequate under-
standing of nanoparticles’ effects on the haemostatic balance,
which is the root of their toxicity in the blood system, is a
major concern. Most studies usually focus on the functionality
of the nanoparticle systems while forgetting or leaving behind
their risks to the body’s haemostatic balance. Therefore, cau-
tious design of nanoparticles based on in-depth knowledge of
their behaviours toward the blood haemostasis would be ben-
eficial in tackling the complications accompanied with their
use, thereby improving their haemocompatibility and speeding
up their translation to the clinic and market.

All previous reviews with similar topics mainly focused on
the nanomaterials with coagulation effects and left out those
with anticoagulant or thrombolytic effects. Moreover, the
underlying mechanisms were often not discussed. With that
consideration in mind, this review aims to provide a complete
depiction of the interactions between nanoparticles and the
haemostatic balance (thrombosis/haemorrhage), which has yet
to be thoroughly discussed to date. The roles of cells and
plasma factors participating in coagulation and anticoagula-
tion systems along with fibrinolytic systems to maintain the
thrombo-haemorrhagic balance will be presented.
Importantly, nanoparticle interactions with each component
of the haemostatic balance are discussed comprehensively
with a focus on the underlying mechanisms. The interaction
of nanoparticles with innate immunity, which could poten-
tially interfere with the haemostatic balance concerning the
intrinsic link between the innate immune system and haemo-
stasis, will be discussed. Moreover, various physicochemical
characteristics of nanoparticles that influence the nano-
particle-haemostatic balance will be detailed. Challenges and
future directions will also be proposed.

In comparison with previous reviews with similar topics,
our paper (1) is the first review discussing the influence of
nanoparticles on the whole haemostatic balance through their
interaction with the haemostasis components and the innate
immune system, which is potentially linked to haemostasis,
(2) categorises and discusses all possible effects, along with
the underlying mechanisms of each type of nanoparticle on
each component of the haemostatic balance, (3) provides a
comprehensive conclusion for the effects of each type of nano-
particle (along with its specified physicochemical character-
istics) on the haemostatic balance, which would be beneficial
for the design of nanoparticles.

2. The role of blood coagulation,
anticoagulation, and fibrinolytic
systems in haemostatic balance

A haemostatic balance under normal physiological conditions
is achieved through the clotting and anticlotting effects, in
equilibrium with each other, controlled by blood coagulation,
anticoagulation, and fibrinolytic systems.34,35 The blood
coagulation system mediates haemostasis at the vascular
injury sites.36 Upon injury, damaged endothelial cells expose
sub-endothelial collagens for the initiation of primary haemo-
stasis, where platelets aggregate and form a temporary platelet
plug. Subsequently, secondary haemostasis is initiated with
the involvement of a coagulation cascade, which results in a
fibrin mesh that entraps the platelet plug and red blood cells
(RBCs) to form a blood clot and stops the bleeding.37,38 In con-
trast, the anticoagulation system prevents clots from forming
(prevents primary and/or secondary haemostasis) while the
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fibrinolytic system breaks down clots that have already been
formed.39 As a result, clot formation is restricted to the injury
site, thus preventing haemostasis at the wrong place, which
inadvertently results in thrombosis. Nevertheless, induced
anticoagulation and fibrinolysis could lead to prolonged bleed-
ing or haemorrhage.

Vascular endothelial cells, platelets, red blood cells, along
with plasma coagulation factors, anticoagulation factors, and
fibrinolytic enzymes and activators are components of blood
coagulation, anticoagulation, and fibrinolytic systems. The
roles of each component and their association with others in
order to maintain the haemostatic balance will be discussed in
the following subsections.

2.1 Vascular endothelium

Vascular endothelial cells play an important role in the regu-
lation of platelet adhesion, thrombosis, and fibrinolysis.31

Healthy endothelial cells are protected by a glycocalyx layer
consisting of heparan sulfate that has an affinity for anti-
coagulant proteins such as antithrombin III (AT III or AT) and
tissue factor pathway inhibitor (TFPI) (Fig. 2A). These proteins
(AT and TFPI) and anticoagulant mediators (heparin cofactor
II, endothelial protein C receptor (EPCR), and thrombomodu-
lin (TM)) expressed on the endothelium surface, together with
platelet adhesion and aggregation inhibitors (nitric oxide
(NO), prostacyclin (PGI2), and CD39/NTPDase1), are secreted
by the endothelium to maintain the thrombo-resistant or anti-
coagulant nature of intact vascular endothelial cells.40–43 In
addition, AT also further stimulates PGI2 production which
results in the inhibition of platelet aggregation and
vasodilation.39

Interaction with nanoparticles can cause endothelium dys-
function. Damage to endothelial cells not only leads to the
exposure of tissue factors (TFs) (CD142 or FIII), which activates
the extrinsic pathway of haemostasis, but also exposes suben-
dothelial collagens 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 factors (PAFs) released by injured endothelial cells
along with the exposed collagens are associated with platelet
recruitment, adhesion, and activation31,36 (Fig. 2B).

2.2 Platelets

Platelets (thrombocytes) are a crucial cellular component that
is involved in the regulation of haemostatic balance.3 They
originate from megakaryocytes and are anucleate, discoid in
shape, and around 2–4 µm in diameter. Around 33% of all
platelets are stored in the spleen, while the rest circulate in the
circulatory system (∼150 000–450 000 platelets per mm3)
without adhering to the intact vascular endothelium.31 Upon
injury, damaged endothelium exposes TF, collagen, and other
thrombogenic factors such as vWF, TXA2, and PAFs for the
initiation of primary haemostasis. Platelets become activated
once they come in contact with vWF and sub-endothelial col-
lagens and adhere to the injured endothelium and vessel
wall.37,44–46 The platelet activation process is characterised by a

drastic increase in cytosolic Ca2+, which elicits the reorganis-
ation of the platelet cytoskeleton, resulting in a change in
shape (from disc to sphere shape), pseudopodia formation,
aggregation, and exocytosis of contents stored inside the plate-
let’s granules47 (Table 1). Adhesive glycoproteins (vWF, fibrino-
gen, P-selectin, thrombospondin, and vitronectin), coagulation
factors (plasminogen, kininogen, factor V, XI, XIII), plasmino-
gen activator inhibitor-1 (PAI-1), TXA2, PAFs, adenosine dipho-
sphate (ADP), and serotonin secreted by activated platelets
mediate vasoconstriction and platelet aggregation, activate
more platelets and attract them to come to form a weak plate-
let plug that temporarily seals the injured area.37,41,47,48 There
is a certain number of glycoprotein IIb/IIIa (GpIIb/IIIa) recep-
tors presented on the surface of resting platelets (approxi-
mately 50 000 per platelet).49 Upon activation, GpIIb/IIIa stored
in the internal pool of platelets will move to their surface,
thereby increasing the number of expressed GpIIb/IIIa. These
receptors, both the newly expressed and the previously pre-
sented ones, undergo a conformation change process, which is
related to extracellular ionised calcium and the expression of
ligand-induced binding sites to develop a high-affinity for
fibrinogen.49–51 Fibrin forms the bridge between platelets and
entraps the platelet plug and other surrounding blood cells to
form a stable clot.37,41,47,48

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 different outcomes, including activating effect,
inhibitory effect, or no effect on platelets (Fig. 3). Excess acti-
vation effects on platelets without the presence of injury would
lead to a hypercoagulable state (thrombophilia) and increase
the risk of thrombosis. Meanwhile, excessive inhibitory effects
of platelets would lead to prolonged and uncontrolled bleed-
ing when the injury occurs.

2.3 Red blood cells (RBCs)

RBCs (erythrocytes) are a cellular component that also takes
part in haemostatic balance control and has been underesti-
mated in the past. Detailed mechanisms on how RBCs
perform their roles in haemostasis have been reviewed in-
depth previously.52 Briefly, RBCs attribute to haemostatic
balance through hemorheological properties owing to their
abundance and large size.53 The influence of hemorheology,
which can be defined as the flow property of blood, and its
elements on haemostasis and thrombosis are dependent on
the blood shear rates and viscosity where RBCs are a main
contributor.54,55 The blood viscosity affects platelet distri-
bution within vessels based on the axial margination phenom-
enon in which RBCs tend to move to the centre of vessels and
push platelets towards the periphery, facilitating their collision
with the vasculature for haemostatic events.56

Interactions of nanoparticles with RBCs can cause RBC
aggregation57 (Fig. 4A). Aggregation of RBCs, especially in
small vessels, normally increases the blood viscosity in the
centre of vessels and platelet margination, resulting in
induced endothelium activation and platelet aggregation.54
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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 haemolysis58 (Fig. 4B). A decrease in RBC deform-
ability is related to higher risk of thrombosis since rigid RBCs
can block small vessels easily, alter the blood flow, and
provoke platelet activation.59 In addition to hemorheology,
RBC–nanoparticle interactions can lead to the exposure of
phosphatidylserine (PS) on the RBCs surface, contributing to
blood coagulation60 (Fig. 4C). PS is a key phospholipid loca-
lised 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 accumulation of coagulation complexes such as
prothrombinase and intrinsic tenase that facilitate thrombus
formation.53

2.4 Plasma factors

Besides cellular components, the haemostatic balance is
mediated by plasma factors which function as components of
blood coagulation, anticoagulation, and fibrinolytic systems.
The majority of circulating plasma coagulation factors are

Fig. 2 Possible effects of nanoparticles on vascular endothelial cells. (A) Healthy endothelium is protected by an intact glycocalyx layer containing
inhibitory mediators, thus exhibiting anticoagulant properties and preventing thrombotic events. (B) Interaction with nanoparticles can cause endo-
thelium dysfunction, leading to the exposure of subendothelial collagen, imbalance of endothelial NO synthase (eNOS), and the release of procoa-
gulant factors. Subendothelial collagen comes in contact with FXII and converts it to the active form (FXII → FXIIa) to trigger the intrinsic pathway,
whereas TF activates FVII (FVII → FVIIa) to initiate the extrinsic pathway of the coagulation cascade. vWF and P-selectin stored inside Weibel-palade
bodies together with TXA2 and PAF are released from damaged endothelial cells, promoting platelet recruitment, adhesion, and activation.

Review Biomaterials Science

14 | Biomater. Sci., 2022, 10, 10–50 This journal is © The Royal Society of Chemistry 2022

Pu
bl

is
he

d 
on

 1
4 

O
ct

ob
er

 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
/6

/2
02

2 
8:

04
:5

5 
A

M
. 

View Article Online

https://doi.org/10.1039/d1bm01351c


zymogens, precursors of enzymes, which will be converted into
the active form once the coagulation cascade is initiated. The
other plasma coagulation factors are non-enzymatic and act as
either a cofactor (e.g., TF (or factor III or FIII), FV and FVIII,
high-molecular-weight kininogen (HMWK or HK)) or substrate
(e.g., fibrinogen). These factors form a coagulation cascade in
secondary haemostasis, which can be divided into extrinsic
and intrinsic pathways (Fig. 5). Both pathways lead to throm-
bin generation and ultimately fibrin formation to create a
stable blood clot at the injury site. The extrinsic pathway is
activated by TFs exposed on damaged endothelial cells or
tissues, initiating the coagulation cascade. TFs then form a
TF-FVIIa complex through the direct capture of TFs with free
FVIIa circulated in plasma and/or the binding of TFs with VII,
followed by the proteolytic conversion of FVII to FVIIa due to
the exposed TFs.61 In a parallel manner, the intrinsic
pathway begins with FXII, prekallikrein (PK), and HMWK.44

FXII can be activated via the contact with negatively
charged molecules and nanoparticle surfaces such as dextran
sulfate, glass, kaolin, Celite, and silica.62–65 It can also be auto-
activated by the membrane of activated platelets,66 resulting in
the activation of the kallikrein-kinin system and FXI, as well as
other downstream zymogens in the intrinsic pathway.33 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 acti-
vation of the intrinsic pathway and amplification of thrombin
generation.

In different circumstances, plasma factors of the anticoagu-
lation system and fibrinolytic system function in the opposite
manner to the coagulation system to downregulate and
balance the haemostasis. The anticoagulation system regulates
the haemostatic balance by preventing clot formation via four
pathways, including the AT glycosaminoglycan pathway,
protein C pathway, TFPI pathway, and protein Z dependent
inhibitor pathway.39 AT is a small protein in the bloodstream
that has anticoagulant activity. It binds to heparan sulfate

expressed on vascular endothelial cell surfaces and then exerts
inhibitory effects on thrombin, FXa, FIXa, FXIa, and FXIIa.39,67

In addition, it also inhibits platelet aggregation by triggering
the production of PGI2.

39 Protein C and protein S are the main
elements of the protein C pathway. Protein C is presented to a
TM-thrombin complex by EPCR on endothelial cells for the
conversion to its activated form, activated protein C (APC).
APC degrades two coagulation factors, FVa and FVIIIa, with
assistance from protein S as a cofactor. Moreover, protein S
can independently and reversibly inhibit prothrombinase
complex (FXa-FVa) in the intrinsic pathway of the coagulation
cascade. TFPI is another anticoagulant factor which targets the
extrinsic pathway. TFPI binds to FXa to form TFPI-FXa
complex and inactivates FXa. TFPI can also form a quaternary
complex of TFPI-FXa-TF-FVIIa to inhibit both FXa and FVIIa.
Lastly, another group of anticoagulant plasma factors are
protein Z-dependent protease inhibitor (ZPI) and protein Z
(PZ) as a cofactor of ZPI. ZPI not only independently inhibits
FXIa but also inactivates FXa in the presence of PZ.39

In addition to the anticoagulation system, the haemostatic
balance is also regulated by the fibrinolytic system to break
down clots that have been formed.39 Plasmin is a key enzyme
of the fibrinolytic system, which is converted from clot-bound
plasminogen by two distinct plasminogen activators named
t-PA (tissue-type plasminogen activator) and u-PA (urokinase-
type plasminogen activator) synthesised by endothelial cells.39

As a proteolytic enzyme, plasmin can cleave cross-linked fibrin
of the clot to soluble fibrin degradation products which will be
cleared away by flowing blood, thus dissolving blood clots.68

Furthermore, plasmin can also upregulate the production of
itself by making more active forms of u-PA and t-PA.39

Since nanoparticle surfaces can activate coagulation
factor XII to initiate the intrinsic pathway of coagulation or
possibly affect plasminogen activation, it is reasonable to
anticipate that nanoparticles might unintentionally interfere
with the coagulation cascade, fibrinolytic system, and overall
haemostasis.

Table 1 Platelet storage granules and their contents (reproduced with permission ref. 2)

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 Ca2+, Mg2+

Polyphosphates ADP, ATP, GDP, GTP
Lysosome granules Enzymes Acid proteases, glycohydrolases
Other soluble mediators NO, TXA2, defensins, PAF

vWF, von Willebrand factor; IGF, insulin-like growth factor; EGF, epidermal growth factor; PDGF, platelet-derived growth factor; TGF-β,
transforming growth factor β; PF4, platelet factor 4; VEGF, vascular endothelial growth factor; PAI-1, plasminogen activator inhibitor-1; TFPI,
tissue factor pathway inhibitor; MMP, matrix metalloproteinase; ADP, adenosine diphosphate; ATP, adenosine triphosphate; GDP, guanosine
diphosphate; GTP, guanosine triphosphate; NO, nitric oxide; TXA2, thromboxane A2; PAF, platelet-activating factor.
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3. Effects of nanoparticles on
haemostatic balance – the underlying
mechanisms

Upon reaching the bloodstream, nanoparticles encounter many
blood components and biological systems, including the blood
coagulation, anticoagulation, and fibrinolytic systems.
Unintended interactions of nanoparticles with these systems
can result in a dysregulation of the haemostatic balance.2,29 The

possible effects of various types of nanoparticles on haemostatic
balance, along with the underlying molecular mechanisms, will
be discussed in the following subsections (Fig. 2–5).

Nanoparticles can be purposefully engineered to interact
with these systems, thus intentionally affecting the haemostatic
balance by either inducing or preventing coagulation in order to
avoid bleeding or prevent thrombosis, respectively. They can be
synthesised from the haemostasis-induced naturally-derived
materials or can be engineered (i.e. be loaded with drugs and/or
decorated with peptides, antibodies, recombinant factors, or

Fig. 3 Possible effects of nanoparticles on platelets. (A) No effect. (B) Activating effect: (a) upregulation and activation of GpIIb/IIIa receptor on the
surface of platelets to form GpIIb/IIIa-fibrinogen bridge for platelet aggregation; (b) expression of P-selectin on the platelet surface. P-selectin inter-
acts with adjacent platelet sulfatide to facilitate platelet–platelet interaction, stabilising the initial platelet aggregation formed by GpIIb/IIIa-fibrino-
gen. Also, P-seletin stimulates fibrin deposition; (c) increased expression of phosphatidylserine (PS) on platelet membrane via scramblase activity
provides the requisite surface for the generation of thrombin; (d) rupture of dense (δ) granules. Released polyphosphate (poly P) activates FXII, which
also contributes to thrombin generation; (e) store-operated Ca2+ entry (SOCE) activation as a result of intracellular Ca2+ depletion caused by
δ-granules rupture; (f ) membrane interruption that stimulates platelet activation; (g) release of α-granules and platelet microparticles; and induced
platelet adhesion (or increased number of adhered platelets to the exposed collagen) due to (h) direct binding via GpVI and integrin α2β1 or (i) indir-
ect binding through vWF utilizing GpIb-V–IX receptor complex. (C) Inhibitory effect: (a) impedes integrin-mediated platelet responses (GpVI, integrin
α2β1, and GpIb-V–IX receptor complex) for platelet adhesion and aggregation; (b) impedes GpIIb/IIIa response for platelet adhesion to immobilized
fibrinogen or reduced expression of GpIIb/IIIa and P-selectin; nanoparticles can also inhibit platelet aggregation induced by (c) ADP or (d) thrombin
by respectively inhibiting responses of P2Y1 and P2Y12 or PAR-1 (protease-activated receptor-1) and PAR-4 (protease-activated receptor-1).
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markers on the surface) to obtain the desirable effect on the
haemostatic balance, as reviewed elsewhere.36,69 Nanoparticles
intentionally engineered to affect the haemostatic balance are
outside the scope of this review and are excluded.

3.1 Inorganic nanoparticles

All nanomaterials discussed in this section have no specific
coating unless specified otherwise. Specific characteristics of
each nanoparticle are detailed in Table 2.

Carbon-based nanoparticles. Carbon-based nanomaterials
are diverse, including carbon nanoparticles, carbon nano-
tubes, carbon nanopowder, carbon-based quantum dots,
nanodiamonds, graphene oxide, and fullerene.70 Most of the
studied carbon-based nanoparticles, nanotubes, and nanopow-
der interfere with haemostatic balance and cause procoagulant
effects by stimulating platelet activation and aggregation. The
tendency to stimulate platelet aggregation of various types of
carbon-based nanoparticles, including mixed carbon nano-

Fig. 4 Possible effects of nanoparticles on RBCs. Interaction of nanoparticles with RBCs can cause (A) RBC aggregation, (B) decrease in RBC
deformability, and (C) damage to RBCs and the exposure of PS on RBC membranes, providing procoagulant surface for coagulant complexes to
accumulate.

Fig. 5 Plasma factors of blood coagulation, anticoagulation, and fibrinolytic systems where letters A–F represent inhibitory effects of anticoagula-
tion system on clotting factors of coagulation cascade. Nanoparticles may possibly interfere with these plasma factors of the coagulation cascade,
anticoagulation and fibrinolytic system, and the overall haemostatic balance.
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particles (MCN), single wall carbon nanotubes (SWCNT), and
multiple wall carbon nanotubes (MWCNT) (0.2–300 μg ml−1),
was evaluated and compared with standard urban particulate
matter (SRM1648, 1.4 μm) in a study by Radomski et al.71

Results showed that all tested materials induced platelet aggre-
gation and increased the vascular thrombosis rate in rat
carotid artery models in the order from highest to lowest:
MCN ⩾ SWCNT > MWCNT > SRM1648. The platelet aggrega-
tion induced by these carbon nanoparticles correlated to the
activation of the GpIIb/IIIa receptors, platelet degranulation,
translocation of P-selectin to the platelet surface, and the ten-
dency to mimic molecular bridges in platelet–platelet inter-
actions. The prothrombotic effect of carbon nanotubes regard-
ing platelet activation and aggregation was further explored in
studies by Simak’s group.72 Their 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 dia-
meter, 5–30 μm in length for S2 SWCNT) had higher platelet
aggregation (34 ± 5% for S1 and 32 ± 6% for S2) than
MWCNTs (outer diameter was 60–100 nm, 1–2 μm in length
for M60 and 30 ± 15 nm of outer diameter, 1–5 μm in length
for M30) with platelet aggregation of 27 ± 3% (M60) and 38 ±
9% (M30). Amorphous carbon nanopowder (ACN) (outer dia-
meter was ∼30 nm) showed a weak effect on platelet aggrega-
tion (15 ± 2%). It was reported that the effects of carbon nano-
tubes on platelet activation, degranulation, and aggregation
were accompanied by elevated intracellular [Ca2+] in platelets,
which is the second key messenger-mediating platelet acti-
vation. Platelets raised intracellular [Ca2+] by either releasing it
from intracellular stores or the entering of extracellular Ca2+

through plasma membrane channels, including store-operated
Ca2+ entry (SOCE), second messenger-operated Ca2+ entry
(SMOC), and receptor-operated Ca2+ entry (ROC).72 As the
carbon nanotube-facilitated extracellular Ca2+ influx was sensi-
tive to calcium entry blockers 2-APB and SKF 96365, SOCE was
proved to be involved in platelet activation induced by carbon
nanotubes.72,73 It was proposed that MWCNTs ruptured the
dense tubular system, a Ca2+ pool after penetrating the
instantly resealed platelet membrane, leading to intracellular
Ca2+ depletion and activating SOCE.73

Besides affecting platelets, carbon nanotubes and carbon
dots also interfere with plasma factors of the coagulation
system. By evaluating activated partial thromboplastin time
(APTT) or partial thromboplastin time (PTT), Burke et al. con-
cluded that, except for pluronic-coated pristine MWCNTs, all
MWCNTs (pristine, carboxylated, or amidated; coated with
pluronic F127 or distearoylphosphoethanolamine-(polyethyl-
ene glycol)-5000 (DSPE-PEG); range of diameter was 26–31 nm,
median length was 490–580 nm) at the concentration of 100 μg
mL−1 triggered the intrinsic pathway by preferentially interact-
ing with FIXa and acting as a platform to promote its enzyme
activity.74 It was revealed that the levels of fibrinogen and FVII
were increased in vivo by carbon nanotubes (diameter was
6–20 nm; length: 700–4000 nm), demonstrating procoagulant
activity.75 As reported by Luo et al., carbon dots synthesized
from Cirsium setosum Carbonisata extract (∼2.6 nm) reduced

the bleeding time in mice by triggering the extrinsic pathway
and activating fibrinogen.76 However, there was a study pre-
senting the anticoagulant activity of carbon dots synthesized
from garlic (Allium sativum) extract through the reduced death
rate of pulmonary thromboembolism-induced mice models.77

This was due to the ability to inhibit platelet activation by
decreasing the phospholipase C/PKC and mitogen activated
protein kinase (MAPK) activation.

Carbon nano-diamonds (CNDs) with the size range of
4–10 nm can evoke platelet activation at low concentration
(1 μg ml−1).78 Kumari et al. demonstrated that CNDs elevated
the intracellular Ca2+ level in platelets and increased the
expression of phosphatidylserine on the platelet membrane.
CND-treated platelets showed reduced viability and altered
morphology with developed lamellipodia or filopodia. In vivo
results evidenced extensive pulmonary thromboembolism in
mice after intravenous (IV) injection of CNDs.78 Furthermore,
nanodiamonds (100 nm) were found to greatly increase attrac-
tion forces between RBC membranes, leading to the formation
of large and abnormal RBC aggregates79 (Fig. 6).

Gelderman et al. reported that fullerenol C60(OH)24 nano-
particles (∼4.3 nm) at 100 μg mL−1 significantly triggered the
expression of TF (CD142) on human umbilical vein endothelial
cells (HUVECs) for the extrinsic coagulation pathway after 24 h
of in vitro culture (4 ± 2% CD142+ cells in control vs. 54 ± 20%
CD142+ cells in treatment group).80 In contrast, fullerenol
nanoparticles (∼1.13 ± 0.32 nm), at 0.5 and 1.0 mM, inhibited
thrombin and FXa, thus delaying bleeding time in rats.81 At
0.1 mM concentration, the fullerenol nanoparticles had no
effect. In another study, fullerenol C60 (∼1.3 nm) and fullerene
C60 (∼0.7 nm) had no effect on platelets at the concentration
of 100 μg mL−1.72

An in vivo study carried out by Singh et al. depicted an
extreme thrombotic effect in mice after IV injection of atomic-
ally thin graphene oxide sheets (GO).82 As explored in in vitro
tests, GO sheets triggered platelet aggregation through the
intracellular release of Ca2+ and the activation of Src kinases.
At the concentration of 2 μg mL−1, this effect of GO sheets was
higher than that induced by 1 U mL−1 of thrombin.
Continuing this study, Singh et al. discovered that amine-
modified GO sheets (GO-NH2) (2 and 10 μg mL−1) did not
show any induced or inhibitory effect on platelets, without
noticeable change in the ROS level.83 There was no in vivo pul-
monary thromboembolism after GO-NH2 exposure.

In summary, most carbon-based nanoparticles discussed in
this section (Table 2) had either negative charge or charge not
specified. Regardless of size and shape, all of them exhibited
thrombogenic effects except pristine carbon nanotubes coated
with pluronic F12774 or pre-treated with albumin,84 carbon
dots synthesized from garlic (Allium sativum) extract,77 and
most of the investigated fullerenol.72,81 Coating the nano-
particles with pluronic or albumin meant they were able to
prevent or lessen the thrombogenic effect of carbon-based
nanoparticles.74,84

Silver nanoparticles. The interactions between silver nano-
particles (AgNPs) and endothelial cell membranes can increase
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the cells’ permeability, which is a main factor leading to endo-
thelium dysfunction.85 Danielsen et al. reported that AgNPs
(capped with polyoxylaurat Tween-20, <20 nm) induced cyto-
toxicity at a concentration of 64 μg mL−1 after 24 h of incu-
bation with HUVECs.86

Furthermore, various studies demonstrated the procoagu-
lant and prothrombotic properties of AgNPs exhibited via the
interaction with platelets. The accumulation of AgNPs within

platelets can interfere with intra-platelet activities regardless of
surface coating87–90 (Fig. 7). AgNPs, 10–100 nm in diameter,
induced intracellular [Ca2+] (250 μg mL−1 of AgNPs), which
upregulated GpIIb/IIIa (100 μg mL−1 of AgNPs) and P-selectin
expression (100 μg mL−1 of AgNPs), and serotonin secretion
(250 μg mL−1 of AgNPs).88 Enhanced thrombin and phosphati-
dylserine generation (250 μg mL−1 of AgNPs) were observed in
fresh human platelets as evidence for platelet aggregation

Fig. 6 Coloured SEM images presenting a diversity of observed NP localizations on the RBC surface: (a) normal conditions; RBC incubated with (b)
rutile-coated TiO2 nanoparticles, (c) alumina-polyol-coated TiO2 nanoparticles, (d) uncoated TiO2 nanoparticles (15 nm), (e) uncoated ZnO nano-
particles, (f ) carboxylate nanodiamonds (100 nm), and (g) polymeric nanoparticles; (h) echinocyte form of RBC due to adhesion of carboxylate
nanodiamonds. Among the interactions with inorganic nanoparticles, RBC incubation with nanodiamonds results in stronger RBC aggregation
forces and influences the shape of RBCs.79

Fig. 7 Electron micrographs through sections of activated and aggregated platelets with and without pre-treatment of AgNPs. (a) Intact platelets
showing hyaloplasmic processes (pseudopods), dense granules with eccentric opacity, and vacuoles with limiting membrane. (b) Platelets pretreated
with silver nanoparticles showed accumulation of AgNPs in vacuolar spaces (white arrow) with the absence of hyaloplasmic processes. Nanoparticle
clusters (black arrow) are also seen in the surrounding microenvironment. (c) Electron micrograph demonstrating intimate adherence between the
platelets during thrombus formation. Only occasional narrow spaces are visible between some cells. (d) AgNPs-pretreated platelets failed to aggre-
gate and could only manage to form small, diffuse, and loosely packed clumps separated by wide distances.87

Biomaterials Science Review

This journal is © The Royal Society of Chemistry 2022 Biomater. Sci., 2022, 10, 10–50 | 27

Pu
bl

is
he

d 
on

 1
4 

O
ct

ob
er

 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
/6

/2
02

2 
8:

04
:5

5 
A

M
. 

View Article Online

https://doi.org/10.1039/d1bm01351c


induced by AgNPs. Accumulated AgNPs (stabilized with
sodium polyacrylate, 30 mg L−1, 10–15 nm) triggered α-granule
secretion and induced kallikrein-like, FXIIa-like, and throm-
bin-antithrombin III complex.89 Further exposure of AgNPs in
rats (0.05–0.1 mg kg−1 intravenous or 5–10 mg kg−1 intratra-
cheal instillation) induced platelet aggregation, phosphatidyl-
serine externalization, and vascular thrombus formation
ex vivo.88,89 In another study, AgNPs (16 nm, coated with poly-
vinylpyrrolidone (PVP)) only promoted platelet adhesion but
not platelet aggregation at the concentration of 50 μg mL−1 as
compared with the control91 (Fig. 8). However, AgNPs (20 nm)
with neither PVP coating nor citrate coating exerted any effect
on platelet aggregation and coagulation at a concentration of
up to ∼500 μg mL−1.92 The lignin capped AgNPs (∼10–15 nm)
significantly reduced platelet aggregation of platelet rich
plasma (PRP) at 15 μg per 0.25 mL.93 In addition to platelets, a
study investigated the effect of AgNPs on RBCs and established
that after 4 h of incubation, all silver nanomaterials functiona-
lised with PVP (30 nm AgNPs, 100 nm AgNPs, and silver nano-
wires) exhibited a significant reduction in RBCs deformability
at both 50 and 150 μg mL−1.94 AgNPs (30 nm) reduced RBC
deformability the most compared with 100 nm AgNPs and
silver nanowires. Unlike RBC deformability, all PVP coated
silver nanomaterials decreased RBC aggregation at high con-
centration (150 μg mL−1) whilst 30 nm AgNPs had no effect on
RBC aggregation at low concentration (50 μg mL−1).

By contrast, some other studies reported the antiplatelet
properties of AgNPs (stabilised with either citrate or
D-glucose).87,95,96 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.87,95 AgNPs (stabilised with D-glucose) also inhibited
platelet aggregation induced by either ADP, thrombin, or col-
lagen in vitro and in mouse whole blood in a dose-dependent

manner.95 AgNPs functionalized with lipoic acid, reduced glu-
tathione (GSH) and polyethylene glycol (PEG) decreased aggre-
gation of platelets by reducing the level of P-selectin, GPIIb/
IIIa, TXB2, and the release of MMP-1, MMP-2.97 It was stated
that platelet aggregation can be promoted by MMP-1 and
MMP-2. While the mechanism of action of MMP-2 remained
unclear, MMP-1 activates PAR1 on platelets.98 The MMP1-
PAR1 obstruction can curtail thrombogenesis.98

Aside from platelets, plasma factors are also the target of
AgNP interactions that leads to anticoagulant and antifibrino-
lytic effects. Several studies described the conformational
change of fibrin through its interactions with AgNPs (either
being coated with PEG or stabilised with citrate),87,90,99 which
leads to the inhibition of fibrin polymerization and thrombus
formation in vitro.99 Nevertheless, it is worth noting that this
effect is less pronounced in plasma than in a purified system
due to nonspecific interactions of AgNPs with other plasma
proteins such as globulin and albumin. In another study, chit-
osan coated AgNPs showed inhibitory effects on FXa.100

Interestingly, almost all biogenic or green AgNPs exerted
thrombolysis activity101–107 (Table 2). The proposed mecha-
nisms are (1) green AgNPs may activate the conversion of plas-
minogen to plasmin which then dissolves the blood clot, or (2)
directly targeting fibrin causes fibrin degradation as reported
by Harish et al.108

To sum up, all reported biogenic AgNPs exhibited anti-
coagulant effects regardless of their physicochemical charac-
teristics such as size, shape, and charge.101–107 Coating or sta-
bilizing the non-biogenic AgNPs with PEG,90,97 citrate,87,92,96

D-glucose,95 lignin,93 reduced glutathione (GSH),97 lipoic acid
(LA),97 heparin,109 and low molecular weight sulfoethyl chito-
san100 can prevent their procoagulant effects or even promote
the anticoagulant activity (i.e. those with citrate coating).
Coating of AgNPs with PVP exhibited inconsistent results. In
some studies, PVP-AgNPs were shown to be compatible with
the haemostatic balance with no effect on platelet aggregation

Fig. 8 SEM pictures of platelet adhesion without (A–C) or with PVP-AgNPs at a final concentration of 50 µg mL−1 (D–F). Platelet aggregation was
induced by arachidonic acid (C, F). Arrows indicate adherent platelets.91
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and coagulation92 and decreased RBC aggregation.94 In con-
trast, PVP-AgNPs in other studies exhibited procoagulant, pro-
moted platelet adhesion91 and reduced RBC deformability.94

These inconsistencies were not related to PVP-AgNPs size,
shape, and concentration. Pristine non-biogenic AgNPs88 and
AgNPs coated with sodium polyacrylate89 interfered and
shifted the haemostatic balance to the thrombogenic side.
In contrast, AgNPs coated with heparin shifted the haemo-
static balance to the anticoagulant side, regardless of their
shape.109

Gold nanoparticles. The effect of gold nanoparticles (AuNPs)
on platelets was first demonstrated in rats by Berry et al.110

The presence of a high amount of AuNPs in platelets of alveo-
lar capillaries affected platelet aggregation, leading to micro-
thombus and atheromatous plaques formation. Deb et al.
demonstrated that the molecular mechanism of platelet aggre-
gation induced by AuNPs (stabilized with citrate) is linked to
degranulation and the increased expression level of P-selectin
and tyrosine phosphorylation.111 This study revealed that
platelet response constantly decreased with the increment in
AuNP size, where AuNPs greater than 60 nm (>40 μM) were
inert to platelets compared with maximal platelet activation
effects of smaller ones (∼20 nm) at 40 μM. This effect might be
attributed to the higher accumulation of small AuNPs in plate-
lets.111 In contrast, Love et al. found that either AuNPs, Au(+)
nanoparticles, or Au(−) nanoparticles (stabilized with either
citrate, 11-mercaptoundecanoic acid, or 11-mercaptoundecyla-
mine, respectively) of around 30 nm and up to 50 μg mL−1 did
not induce platelet aggregation after short-term exposure,
probably because of protein corona formation on the surface
of examined AuNPs.112

Fibrinogen can strongly bind to gold nanoparticles (stabil-
ised with citrate) due to the presence of cysteine residues pre-
sented in alpha, beta, and gamma chains of fibrinogen, which
allows Au–S bond formation and could induce blood clots.113

However, another study reported that fibrinogen bound on the
surface of gold nanoparticles which were stabilised with citrate
only increased the nanoparticle size but did not cause blood
coagulation as in the above study.114 Deng et al. demonstrated
that poly(acrylic acid) (PAA) conjugated on the surface of gold
nanoparticles binds to fibrinogen and unfolds its confor-
mation.115 Unexpectedly, gold nanoparticles functionalized
with human fibrinogen (HFib), PEG-thiol, or clopidogrel on
the surface, prevented fibrin build-up as well as cross-linking
with platelets, thus disrupting clot formation.116

All AuNPs reviewed in this paper are provided in Table 2.
Taken together, AuNPs coated with 11-mercaptoundecanoic
acid,112 11-mercaptoundecylamine,112 PEG-thiol,116 HFib,116

clopidogrel,116 and monocarboxy (1-mercaptoundec-11-yl)
hexaethylene glycol (OEG)117 had no effect on platelets,112,116

HUVECs,117 or coagulation,116 while those with polyethyl-
enimine (PEI) or polyvinylpyrrolidone (PVP) coating induced
platelet aggregation.118 Although there was a study reporting
that citrate-coated gold nanoparticles could interact with fibri-
nogen and induce blood clot,113 most citrate-coated AuNPs
reviewed in this section had no thrombotic

effect,96,111,112,114,116,119 except for 20 nm-citrate coated
AuNPs111 and 12 to 85 nm-citrate coated AuNPs at high dose (5
nM).116 These results implied that the size and dose of nano-
particles influence the effect of AuNPs on the haemostatic
balance in addition to surface functionalisation. Analysis
methods also had impact as well. In Santos-Martinez et al.’s
study, induced platelet aggregation by citrate coated AuNPs
was detected by quartz crystal microbalance with dissipation
(QCM-D), while no aggregation was observed by the light
aggregometry method.120 Indeed, most investigated AuNPs
were spherical in shape. Hence, further investigations for the
effect of other shapes of gold nanoparticles, such as rod, cage,
star, triangle, hexagonal, were highly needed.

Iron oxide nanoparticles. The effect of iron oxide nano-
particles (IONPs) on haemostatic balance is somehow contra-
dictory as they can have either induced,121–123 inhibitory,124–128

or neutral effects,121,125,129 highly dependent on the stabilising
agents coated on the nanoparticle surface. According to a
study reported by Bircher et al., iron carbide nanoparticles
coated with carbon (∼30 nm) increased the expression of
GpIIb/IIIa and P-selectin by platelets, which led to a reduced
blood clotting time by 25% at the concentration of 1 mg
mL−1.121 Also, IONPs coated amorphous silica (∼60–70 nm)
triggered platelet aggregation.123 Bare Fe3O4 magnetic nano-
particles (∼73 nm, 25–200 μg mL−1)122 induced the aggrega-
tion of RBCs. Ran et al. reported that IONPs (72.6 ± 0.57 nm,
25–200 μg mL−1) dramatically altered RBC rigidity by externa-
lising PS on the cell surface (the PS-expressed cells reached
40% after 48 h), which ultimately changed the thrombotic
potential of blood.122

In contrast, PEGylation of iron carbide nanoparticles atte-
nuated the influence of the nano-magnets on haemostatic
components. No significant effect was observed at a concen-
tration of 0.5 mg mL−1.121 In other comparable studies, starch-
coated IONPs (45 nm, 128–256 μM)125 and dextran-stabilised
IONPs (25.3 ± 0.97 nm, 0.008–1 mg mL−1)129 did not exert any
effect on platelet function.

However, Deb et al. indicated that citric acid-stabilised iron
oxide nanoparticles (FeNP(C)) (35 nm, tested concentration
range was 64, 128, 192, and 256 μM) had antiplatelet pro-
perties, which was higher than what 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).125 In another
study, IONPs stabilized with citrate (∼57–62 nm) also dimin-
ished platelet aggregation.127 In addition, poly(acrylic acid)-
coated IONPs presented no effect on platelet activation and
aggregation, even up to 62 μg mL−1 of the nanoparticles.124

Polyvinyl alcohol (PVA) coated IONPs showed antiplatelet
effects regardless of PVA charge and molecular weight.126 It
was demonstrated that PVA-IONPs affected and changed fibri-
nogen confirmation, which disrupts the bridging between
fibrinogen and platelets. Moreover, sodium alginate sulfate
(SAS) coated IONPs caused fibrinogen aggregation and solidifi-
cation as well as reduced PF4 concentration, which was prob-
ably due to the excessive presence of sulfonic acid in SAS.
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These effects led to diminished platelet activation and pro-
longed clotting time.128

To conclude, IONPs were mostly coated or stabilised with
other materials. Coating IONPs with PEG,121 hyaluronic
acid,130 chitosan,130 dextran,129 starch,125 PVA,126 and citrate127

attenuated or prevented their effect on the haemostatic
balance. PAA-coated IONPs showed stronger effect on platelets,
RBCs, and coagulation compared with those with hyaluronic
acid (HA) and chitosan, indicating that HA and chitosan were
safer coating materials for IONPs.130 In contrast, coating
IONPs with SAS128 or citrate125 can lead to anticoagulant
effects. Bare,122 silica coated,123 or carbon coated IONPs121

exerted prothrombotic effects.
Silica nanoparticles. Silica nanoparticles can trigger procoa-

gulant effects and dysregulate haemostatic balance through
the interference with plasma factors of coagulation cascade,
endothelial cells, and platelets. For example, Baker et al.
reported that mesocellular silica foams (MCFs) with the
window size >11 nm and the total pore volume at 0.0006 cm3

facilitated clotting in FXII dependent mechanisms.131 The
authors stated that FXII, with a hydrodynamic size of 7.5 nm,
can diffuse into and adhere to MCF cells, thus activating and
initiating coagulation cascade. Silica nanoparticles (70 nm) at
0.02 mg mL−1 were reported to activate the intrinsic pathway
via their interaction with FXII in vitro.48 Decreasing the silica
particle size from micrometer to nanometer (30 and 70 nm),
i.e. increasing the particle surface, resulted in a higher degree
of FXII activation after intranasal exposure in mice for 7 days
at 500 μg per mouse.132 Kushida et al. explored 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.133 The reason
may be that very small nanoparticles (4–7 nm) have a higher
surface curvature, which do 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 anti-
coagulant factors were reduced after 30 days of exposure to
silica nanoparticles (58.11 ± 7.30 nm) in rats.134 The tested
concentration of the nanoparticles was 1.8–16.2 mg kg−1. In a
study reported by Kudela et al., silica nanoparticles (53.79 ±
1.75 nm) functionalized with polyphosphate triggered intrinsic
pathways and induced thrombin generation.135 Bare 20 nm
silica nanoparticles can also induce TF levels that
initiate extrinsic pathways and might cause endothelial cell
dysfunction when being IV injected in rats at a dose of 20 mg
kg−1.136

Silica nanoparticles, as demonstrated by Feng et al., caused
hypercoagulation through inducing vascular endothelial cells
dysfunction.134 The increased expression of TFs 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−1 in rats). Correspondingly, silica
nanoparticles (58 nm), especially at high concentrations of 50

and 100 μg mL−1, interrupted the NO balance, leading to
HUVECs dysfunction.137 In another study, silica nanoparticles
(52.05 ± 8.38 nm, IV dose: 20 mg kg−1) induced platelet acti-
vation and aggregation, coagulation hyperactivity, and fibrino-
lysis resistance, causing prethrombotic and hypercoagulable
state in rats.138 Anionic amorphous silica nanoparticles
(SiNPs) (10–500 nm) with concentrations varying from 10 to
200 μg mL−1 were reported to induce platelet activation and
aggregation, accompanied with GpIIb/IIIa and CD62P upregu-
lation.139 Since the thrombotic activity of SiNPs was hindered
by inhibitors of ADP and the matrix metalloproteinase-2
(MMP2) pathway, the author discussed that the nanoparticles
interacted with Ca2+ ion channels and resulted in extracellular
Ca2+ influx into platelets cytoplasm, leading to the activation
of endothelial NOS (eNOS) for NO generation. After the sub-
strate (L-arginine) is used up, eNOS is uncoupled, and super-
oxide is produced to interact with NO to form ONOO− (peroxy-
nitrite anion). Low ratio of NO/ONOO− is a marker of oxidative
stress and diminished NO− availability, which promotes plate-
let activation. In other studies, silica nanoparticles (around 58
and 245 nm) were reported to enhance the expression of
PECAM-1 (starting from 1.8 mg per kg bw of rat), resulting in
NO/NOS system imbalance (>1.8 mg per kg bw of rat), and
increase in platelet number on endothelial cells (both 10 μg
mL−1 and 250 μg mL−1), promoting platelet adhesion and pre-
thrombotic state.134,140 Such phenomena is in contrast with
another study where PEGylated silica nanoparticles at
20–200 µg mL−1 led to a decrease in adhered platelet number
compared with the control and the treatment group at higher
concentrations of the nanoparticles (∼1000 µg mL−1).141 The
differences between the two studies might be attributed to the
PEG coating, porosity, size (50 nm vs. 250 nm), and the fabrica-
tion method (Stöber versus mesoporous silica nanoparticles) of
the particles.

As explored in a study by Tavano et al., PEGylated organi-
cally modified silica nanoparticles (PEG-ORMOSIL) had poor
procoagulant activity thanks to a thick superficial PEG coating
(accounts for ∼37% w/w of the nanoparticles).142 By contrast,
both synthetic amorphous silica nanoparticles (SAS-NPs) and
bare ORMOSIL had appreciable procoagulant effect. In
another study, not only PEG coated mesoporous silica nano-
particle (MSN), but also phenyl coated MSN, Rhodamine B
coated MSN, and bare MSN led to delayed coagulation time
in vitro at 1.0 mg mL−1.143

In conclusion, all investigated silica nanoparticles exerted
profound prothrombotic effects on the haemostatic balance,
except for those with PEG coating141–143 and phenyl surface
functionalisation.143

Other inorganic nanoparticles. Rutile titanium (TiO2) nano-
rods (0.4–10 μg mL−1, 4–6 nm) were reported to cause signifi-
cant platelet aggregation in rat blood in a concentration-
dependent manner.144 After intratracheal instillation of TiO2

nanorods in rats, the platelet count was significantly
decreased, indicating platelet aggregation in vivo. The mole-
cular mechanism for platelet response to TiO2 nanorods is still
ambiguous but could be associated with the shape and/or
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surface feature of the material. However, rutile TiO2 nano-
particles (67 nm in size, needle-like shape) showed no effect
on murine platelets with an injection dose of 1 mg kg−1 in
other studies.145,146 Spherical TiO2 nanoparticles synthesized
from extract of Cola nitida147 and irregular shape TiO2 nano-
particles synthesized from Alternaria solani148 showed antipla-
telet and anticoagulant effects in vitro.

As described in some studies, rectangular zinc oxide nano-
particles (ZnO NPs) caused procoagulant effects by either pro-
moting platelet activation149 or inducing FVIII in the coagu-
lation cascade.75 However, spherical ZnO NPs (bare, citrate,
and L-serine coating) suppressed thrombin generation and
absorbed coagulation clotting factors that led to prolonged
coagulation time in another study.150 Layered double hydrox-
ide nanoparticles (MgAl-Cl-LDH) had no effect on HUVECs at
concentrations up to 10 µg mL−1.151 Fibre-like gadolinium
oxide (Gd2O3) nanoparticles (diameter: 13.7 ± 6 nm, length:
54.8 ± 29 nm) were both apoptotic and necrotic to HUVECs
after 48 h of exposure (IC50 = 304 ± 17 µg mL−1).152 The effects
of other types of nanoparticles such as nickel, cerium, tung-
sten, and hydroxyapatite toward haemostatic balance are pre-
sented in Table 2.

3.2 Organic nanoparticles

Physicochemical characteristics of all nanomaterials discussed
in this section are detailed in Table 3.

Dendrimers. As reported, dendrimer nanoparticles can
interfere with haemostatic balance by affecting vascular endo-
thelial cells or platelets. Cationic dendrimer nanoparticles
interacted with HUVEC membranes, and poly(amidoamine)
(PAMAM) dendrimer generation 4 and 7 (G4 and G7) (IV
administration doses >10 mg kg−1) caused disseminated
intravascular coagulation in mice.153 Several studies have
demonstrated that large, cationic poly(amidoamine)
(PAMAM) dendrimers (above G4) induced platelet aggrega-
tion. Dobrovolskaia et al. revealed that only large and cat-
ionic PAMAM dendrimers (amine-G4, amine-G5, and amine-
G6) induced platelet aggregation by evaluating 12 PAMAM
dendrimers of different generations (G3 to G6) functiona-
lized with succinamic acid (anionic), amidoethanol (neutral),
and amine (cationic).154 Moreover, the aggregation effect was
proportional to the number of amine groups on the surface.
The author stated that the observed platelet aggregation was
neither accompanied by the release of platelet membrane
microparticles nor sensitive to inhibitors interfering with
platelet activation pathways. Hence, 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.155 In a study by Jones et al., large and cationic
PAMAM G7 dendrimer nanoparticles (100 μg mL−1) exerted
their effect in altering platelet morphology, which substan-
tially interfered with platelet function, and induced platelet
adhesion and aggregation.156 Greish et al. also reported that
G4 and G7 PAMAM dendrimer nanoparticles caused DIC-like

manifestations in mice at a dose >10 mg kg−1.153 As com-
pared with PAMAM dendrimers, triazine dendrimers
(0.01–1 μM) evoked less aggressive platelet aggregation due
to differences in the assembly of supramolecular structure
and/or cationic charge.157

In summary, the effect of dendrimer nanoparticles was
highly dependent on their surface charge and generation.
Large and cationic PAMAM (≥G4) and large generation of tri-
azine dendrimer (G5 and G7) were prothrombotic. Moreover,
PAMAM dendrimers exhibited more profound effects on the
haemostatic balance than triazine dendrimers.

Lipid-based nanoparticles. It has been reported that anionic
lipid-based (cetyl alcohol/polysorbate) nanoparticles (bare or
PEG coating, 1–1000 μg mL−1)158 and both anionic and cat-
ionic liposomes prepared from a photopolymerizable phospha-
tidylcholine derivative (100–360 μg per 0.5 mL platelet)159

inhibited platelet activation and aggregation in a concen-
tration-dependent manner. However, Reinish et al. reported a
reduction in platelet number in the first 5 min after IV injec-
tion of anionic liposomes (dose level of 25 mg kg−1) in rats.160

The platelet count was recovered after 60 min post-injection.
Similarly, anionic liposomes (phosphatidylcholine :
phosphatidic acid = 8 : 1), not cationic and neutral liposomes,
provoked platelet aggregation in vitro and in vivo after IV injec-
tion in Guinea pigs.161 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 platelets was independent of opsonisation but
dependent on the liposome concentration.162 The discrepan-
cies between studies might be attributed to not only the
surface charge but also the composition of the lipid-based
nanoparticles.

Overall, all lipid-based nanoparticles (without or with PEG
coating) had no effect or inhibited thrombotic effect, except
for those reported in Reinish et al. and Zbinden et al. studies
as discussed above.160,161

Polystyrene nanoparticles. Polystyrene nanoparticles can
affect platelets, RBCs, and plasma factors in an approach that
might possibly shift the haemostatic balance to a procoagulant
state. As reported by Smyth et al., unmodified, carboxyl-modi-
fied, and amine-modified polystyrene latex nanoparticles from
50 to 100 nm caused aggregation of platelets in a dose-depen-
dent manner (15–60 μg mL−1), except for the 50 nm amine-
modified ones in vitro.163 This aggregation was mediated by
secondary agonists released from platelet granules and
induced GpIIb/IIIa expression depending on Ca2+ influx and
protein kinase C (PKC) signalling pathways. The author also
described that these effects were associated with both size and
surface modification. In another study, carboxyl-modified poly-
styrene nanoparticles (∼80 nm, 260 μg mL−1) induced platelet
aggregation by disrupting platelet membranes and upregulat-
ing platelet-activating markers P-selectin and PAC-1, respect-
ively.164 In contrast, another study reported that polystyrene
nanobeads (PBs) (20 and 200 nm) had no effect on platelets.72

Pan et al. demonstrated that the absorption of polystyrene
nanoparticles (PSNPs) on murine RBCs significantly reduced
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RBC deformability as a function of elongation index (EI) value
at both sizes (200 nm and 300 nm), as well as both low and
high nanoparticle : RBC ratios (200 : 1 and 1000 : 1).165

Moreover, PSNPs exerted mechanical, oxidative, and osmotic
stresses on murine RBCs.165 As a result, the proportion of
RBCs expressing PS increased up to 87% and 92% for low and
high nanoparticles : RBCs loading ratios, respectively, in com-
parison with only 0.1% of RBCs and 0.3% of lysozyme-dextran
nanogels loading for the control.

Oslakovic et al. reported that amine-modified polystyrene
nanoparticles (57.1 and 284 nm in size, 0.5 mg mL−1) bound
to FVII and IX inhibited thrombin formation due to the
depletion of these coagulation factors in solution.166

Meanwhile, carboxyl-modified polystyrene nanoparticles (27.8
or 223.9 nm in size, 0.5 mg mL−1) act as an active surface to
trigger intrinsic pathways.

Inclusively, most examined polystyrene showed procoagu-
lant effects except for the following: 50 nm amine-modified,163

57 and 284 nm amine-modified,166 20 and 200 nm unmodi-
fied,72 and ∼73 nm unmodified164 polystyrene nanoparticles
(Table 3). There was no physicochemical characteristic that
was more important than others in dictating polystyrene nano-
particles’ effect on the haemostatic balance. Their effects
could be associated with all parameters along with treatment
dose and time.

Other polymeric nanoparticles. Polymeric nanoparticles, in
general, have little toxicity to components involved in hae-
mostatic balance. For instance, Liu et al. demonstrated that
exposure of HUVECs to mPEG-PLA (methoxy-poly(ethylene
glycol)-poly(D,L-lactide)) nanoparticles (around 20 nm)
showed no significant effect on the cell viability at a concen-
tration of up to 200 μg mL−1.167 Ramtoola et al.168 and Li
et al.169 found that chitosan (CS), poly(lactic-co-glycolic acid)
(PLGA), PLGA-macrogol, and PLGA-CS nanoparticles did not
exert any substantial effect on platelet activation in the con-
centration range of 0.1–500 μg mL−1. Lysozyme-dextran nano-
gels did not affect deformability of RBCs even at the
nanoparticle : RBC ratio of 1000 : 1165 and PLGA nano-
particles (bare or functionalized with G2SN dendron or 8D3
antibody) had no effect on coagulation cascade even at 1 mg
mL−1 in vitro.170

Besides polymeric nanoparticles having no effect on hae-
mostatic balance and polystyrene nanoparticles that had been
specifically discussed above, most of the reported polymeric
nanoparticles shift the haemostatic balance to the tendency
that reduces procoagulant effects or causes anticoagulant
effect (Table 3). For example, PLGA, CS, and PLGA-CS nano-
particles (0.01–100 μg mL−1) had slight inhibitory effects
toward platelet aggregation induced by collagen.169 This could
be due to the reduced platelet–platelet interaction and/or
reduced adsorption of platelets onto collagen fibers. In a study
by Mao et al., polyurethane ionomer nanoparticles showed
antithrombogenic activity, which could be attributed to its
ionomer structure.171 Nevertheless, it is important to note that
a wide variety of polymeric nanoparticles have not yet been
comprehensively investigated.

4. Effects of nanoparticles on innate
immune system in correlation with
haemostatic balance

In addition to blood components of the haemostatic net-
works, nanoparticles in the bloodstream also encounter and
affect the immune system, specifically the innate immunity,
which could potentially interfere with the haemostatic
balance.

4.1 Immunothrombosis – effect of innate immunity on
haemostatic balance

Recently, influences of innate immunity on the haemostasis
balance have been increasingly evidenced.172,173 This relation-
ship was formalised as immunothrombosis, whereby the
innate immune system attributes to thrombosis and vice versa,
the coagulation activation supports the function of the immu-
nity.174 As far as our knowledge is concerned, the innate
immunity regulates haemostasis through the action of leuko-
cytes and complement system.172,173,175

Under normal physiological conditions, quiescent leuko-
cytes, namely monocytes, endorse the haemostasis balance
by expressing anticoagulant mediators and proteins such as
EPCR, TFPI, and TM.172 However, activated leukocytes in
apoptotic or proinflammatory conditions (e.g. exposure to
foreign agents) will provoke blood coagulation through
3 mechanisms. (1) The first mechanism is expressing or
secreting procoagulant factors. For instance, TFs expressed
by activated monocytes176,177 and neutrophils178–180 could
mediate thrombin generation. MMP, elastase, and cathepsin
G secreted by stimulated neutrophils and monocytes trigger
the activation of FV, FVIII, and FX181–183 and degrade anti-
coagulant factors like AT, heparin cofactor II, and
TFPI.184–188 Nuclear damage-associated molecular patterns
(DAMPs) (i.e. cell-free DNA, high mobility group box 1
(HMGB1), and extracellular histone) secreted by activated/
apoptotic leukocytes activate FXI and FXII, mediate thrombin
generation, and impair the protein C pathway.189–193

Moreover, neutrophil extracellular traps (NETs) released by
neutrophils, monocytes/macrophages, and mast cells can
concentrate procoagulant factors (i.e. vWF, TF, fibrinogen,
fibronectin, HMGB1, elastase, cathepsin G).179,194,195 (2) The
second mechanism is inducing changes in cellular com-
ponents of coagulation systems (i.e. endothelial cells, plate-
lets, and RBCs). For example, leukocyte-released cytokines
such as TNF-α and IL-1β induce EPCR shedding196 and
reduce TM expression197 on endothelial cells. Cytokines, his-
tamine, granular enzymes, and DAMPs (i.e. histone and
HMGB1) promote endothelium TF activity193,198,199 and exo-
cytosis of Weibel-Palade bodies, thus enhancing the release
of P-selectin and/or vWF.200–202 For platelets, it was reported
that leukocyte-released cytokines and neutrophil generated
oxidants (e.g. HOCl) increased circulating ultra-large vWF
multimers,201,203 while NETs facilitated the capture of plate-
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lets by vWF.200 Elastase, cathepsin G, extracellular histone,
and PAF released by stimulated leukocytes act as platelet
activators which induce platelet activation and
aggregation.204–208 Extracellular histone also can induce the
PS exposure on RBCs.209 (3) The last mechanism is obstruct-
ing microcirculation. Activated platelets can interact with leu-
kocytes forming heterotypic leukocyte–platelet
aggregates.208,210,211 Platelet activation by extracellular
histone provokes the leukocyte–platelet aggregation for-
mation as well.208,211 Besides, platelet-rich microthrombi can
be built up by extracellular histone in vivo.207 In addition to
regulating coagulation induction, leukocytes also mediate
fibrinolysis, thrombus resolution, and coagulation factor
clearance.172

A complement system, which is genetically developed from
a serine protease reaction cascade evolved from the same
ancestor gene as coagulation factors, plays a significant role in
haemostasis.173,175 Regardless of activation path, C5b-9 as a
membrane attach complex (MAC) or terminal complement
complex (TCC) causes platelet activation through the induction
of platelet transient membrane depolarisation, PS expression,
granule secretion, and thrombin generation.212–215 The combi-
nation of MAC and C3 triggers serotonin secretion and throm-
bin-mediated platelet aggregation.216,217 C3 itself also affects
platelet activation.218,219 Anaphylatoxin C3a promotes the acti-
vation and aggregation of platelets,220 while anaphylatoxin C5a
provokes TF expression on leukocytes221 and promotes procoa-
gulant effects on mast cells.222,223 C5a and MAC prompt neu-
trophils and endothelial cells for the activation and TF
expression, activating the extrinsic pathway of the coagulation
cascade.224,225 Activated mannose-binding protein-associated
serine protease 2 (MASP-2) is involved in thrombin activation
and fibrin generation, whilst MASP-1 boosts fibrin-cross-
linking and the cleavage of fibrinogen,226 FXIII, and thrombin
activatable fibrinolysis inhibitor (TAFI).227,228 Platelet rolling
and platelet activation was caused when C1q interacts with
vWF and binds to gC1qR or gC1qR/p33 on platelets, respect-
ively, which could eventually lead to platelet aggregation.229–232

C1 inhibitor inhibits the activity of FXIIa, FXIa, and kallikrein
of the coagulation system.233–235 C4b binding protein inter-
feres with protein S of the anticoagulant system.236

4.2 Effect of nanoparticles on innate immunity potentially
linked to haemostasis

To the best of our knowledge, the effect of nanoparticles on
innate immune systems that directly mediate the haemostatic
balance has not been investigated yet. Nevertheless, there were
several studies demonstrating the effect of nanoparticles on
the immunity, which could potentially interfere with the hae-
mostatic balance, concerning the intrinsic link between the
innate immunity and haemostasis. For instance, long needle-
like carbon nanotubse (trade name: Mitsui MWCNT-7, outer
diameter >50 nm, length ∼13 μm) induced the release of IL-1R
and activated the release of IL-1β from bacterial lipopolysac-
charide (LPS)-primed human monocyte-derived macrophages
at the tested concentration of 100 μg mL−1.237 MWCNTs (dia-

meter: 20–30 nm, length: 10–30 nm) dispersed in serum
bovine albumin caused vigorous IL-1β secretion from THP-1
cells in vitro (tested concentrations of 10, 25, 50, and 100 μg
mL−1) and in vivo (12.5–100 μg per mice).238 Chowdhury et al.
reported that dextran-coated graphene nanoplatelets
(60–100 nm) at concentration ≥7 mg mL−1 caused 12–20%
increments in complement protein levels.239 However, the
level of TNF-α was retained in the normal range and the nano-
platelets did not induce platelet activation. In another study,
the secretion of IL-1β and TNF-α by THP-1 cells was induced in
a bell-shaped distribution manner after being treated with
silica nanoparticles (12.5–200 μg mL−1) of different sizes
(10–1000 nm), where the maximum effect was recorded for the
50 nm-nanoparticles and the lesser effect was for those with
larger or smaller sizes.240 It was presented that mannan-
binding lectin bound to the dextran coating of dextran-coated
superparamagnetic iron oxide nanoparticles (Dex-SPIONs)
(50 nm, 200 μg per 300 μL mouse plasma).241 Histidine-rich
glycoprotein and kininogen tended to bind to the exposed iron
oxide part while complement lectin and clotting factors (kini-
nogen, kallikrein, FXI, and FXII) were the secondary binders.
Although the bound clotting factors could potentially activate
the coagulation intrinsic pathway, the systemic administration
of SPIONs was not adequate to promote the clotting in another
study examined by the same group.242 Only SPIONs coated
with carboxymethyldextran (ferucarbotran, Resosvist®) and
dextran (ferumoxtran-10, Sinerem®) significantly activated the
complement system, while those with a citric acid
(FluidMAG-CT), phosphatidylcholine (FluidMAG-Lipid), starch
(FluidMAG-D), and chitosan (FluidMAG-Chitosan) coating did
not when incubating nanoparticles with serum at volume ratio
of 1 : 4.243 Moreover, coating of SPION with human serum
albumin or dextran decreased the NETs formation by neutro-
phils compared with pristine and unstable lauric acid-coated
SPIONs (55.8–127.9 nm), both in vitro (200 μg mL−1) and
in vivo (500 μg nanoparticles per rabbit).244 Gold nanoparticles
(10–100 nm at doses of 2.5–10 µg mL−1) synergised with LPS
also induced the release of NETs from human neutrophils.245

For liposomes, those ∼100 nm in size (5–40 mg mL−1) did not
interfere with the complement system, while the micro-multi-
lamellar liposomes did.246 Among liposomes with ∼100 nm,
negatively charged liposomes containing phosphatidylglycerol,
phosphatidic acid, cardiolipin, phosphatidylinositol, or phos-
phatidylserine activated classical complement pathways whilst
positively charged liposomes containing 1,2-bis(oleoyloxy)-3-
(trirnethylammonio)propane or stearylamine activated alterna-
tive complement pathways, which was in contrast to neutral
liposomes.247 C9 and C3b were associated with these lipo-
somes. The C3 opsonization on nanoparticles not only raises
the potential risk of haemostatic imbalance but also targets
the nanoparticles for reticuloendothelial system (RES) uptake,
triggers toxin release, and may likely foul the targeting agents
conjugated on nanoparticles.248 Coating the nanoparticles
with PEG can reduce C3b-nanoparticle adduct formation.
Another approach is infusing complement inhibitors with
nanoparticles.242,249
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5. Physicochemical characteristics
affecting interactions between
nanoparticles and haemostatic
balance

It is important to note that not every nanoparticle is exactly
the same. Changes in any nanoparticle’s physicochemical
characteristics, such as size, shape, surface charge, and
coating materials, might correlate with different ways of inter-
action and lead to alternative effects on haemostatic balance.

5.1 Effect of size

The size of a nanoparticle is a critical aspect that significantly
affects its biodistribution, circulation and clearance in the
body.250 Additionally, size can also impact their interfacial
area for blood–nanoparticle and cell–nanoparticle communi-
cation.251 Generally, small nanoparticles exhibit larger surface
area to volume ratio, hence larger interfacial area to cells and
blood components compared with large nanoparticles.251

Intrinsically, smaller sized silica nanoparticles demonstrated a
more substantial effect on the haemostatic balance, specifi-
cally the coagulation system.48,88,139,252,253 Nanoparticles with
the largest size resulted in the release of Weibel-Palade bodies
and vWF from endothelial cells among silica nanoparticles
with size ranging from 16 to 304 nm after 24 h of incubation,
whereas this effect only takes a few hours with smaller sized
nanoparticles.252 Previous reported studies have established
that silica nanoparticles with a diameter of 10 nm generated
greater platelet activation in comparison with nanoparticles
larger than 50 nm.139 Correspondingly, due to the increased
specific surface area exposed to the coagulation system,
smaller sized silica nanoparticles between 30 to 70 nm
resulted in enhanced procoagulant activity in comparison with
nanoparticles bigger than 100 nm.48,88,253 Nonetheless,
another study demonstrated a more significant haemostasis
in vivo in larger sized silica nanoparticles (200 nm),153 and
interestingly ultrasmall silica nanoparticles (4–7 nm) did not
exhibit coagulation activity owing to their higher surface
curvatures.133

Likewise, AuNPs (≤50 nm) were easily internalised and
accumulated in platelets, stimulating platelet activation in
comparison with larger size (60 nm) nanoparticles which were
inert.111,118 Paradoxically, there were other studies that estab-
lished that small AuNPs (5–30 nm) had no effect on platelets,
while 60 nm-ones blocked platelet aggregation.119 A concen-
tration of 5–40 μM of Au in PRP was employed, which corres-
ponds to 0.94–7.5 μg mL−1 blood in the abovementioned
studies. A size-dependent trend was observed with AuNPs
within the size range of 12–85 nm, in which 45 and 85 nm-
AuNPs induced quicker pro-thrombotic response and 28 nm-
ones exhibited the greatest decrement in clot strength.116

The effect of particle size was also verified for silver
nanoparticles,87,94 carbon-based nanoparticles,71,254 and iron
oxide nanoparticles.130 For instance, longer MWCNTs (both
carboxylated and aminated) had a more significant effect on

platelet activation than the shorter ones.254 Among those, long
carboxylated MWCNTs soften the clot while long aminated
MWCNTs increased clot hardness. Interestingly, 30 nm-
PVP-AgNPs reduced RBC deformability to a higher degree in
comparison with 100 nm-PVP-AgNPs in vitro.94 Small AgNPs
(10–15 nm) repressed platelet activation in vitro.87 Size-depen-
dent effects on RBCs were observed with PAA-IONPs where the
larger size corresponded to the higher RBCs morphology
alteration.130 Furthermore, 5 nm-nanoparticles delayed blood
clotting time relative to the 10 and 30 nm-ones.

The discrepancies in the size-dependent effects of nano-
particles on coagulation need to be carefully taken into
account because the characterisation of nanoparticle size
might not be carried out using similar media and techniques
(e.g. water vs. buffer solution or TEM/SEM vs. dynamic light
scattering). Additionally, the degree of influence of a particular
nanoparticle on the coagulation system may also be associated
with other factors, such as the concentration and surface
charge of nanoparticles.

5.2 Effect of shape

The shape of a nanoparticle has been presented in previously
reported studies as a crucial parameter that has a significant
impact on the interaction with haemostatic
balance.94,109,117,255,256 Regarding silver nanomaterials coated
with PVP, 30 nm spherical AgNPs reduced RBC deformability
the most in comparison with 100 nm spherical AgNPs and
silver nanowires (40 nm in diameter and 1–2 μm in length).94

Silver nanowires reduced RBC aggregation at 50 μg mL−1 while
30 nm spherical AgNPs did not. Meher et al. reported that
heparin coated AgNPs with hexagonal shape displayed the
longest delayed coagulation time amongst other shapes in this
order: hexagonal > truncated triangular > triangular > spheri-
cal.109 Whilst these studies established a correlation of shape
to haemostatic balance, there were also conflicting results
from studies demonstrating that carbon-based nanoparticles
can cause thrombus formation regardless of their shape.256

Also, the shape of AuNPs (spherical, hollow sphere, or rod
shape) had no significant effect on endothelial cells.117

5.3 Effect of surface charge

A key factor influencing the interaction of nanoparticles with
haemostatic balance is their surface charge. Positively charged
groups on nanoparticle surfaces can facilitate platelet–platelet
interaction and aggregation via neutralizing and forming
cross-bridges with negatively charged ionisable sialic acid
groups on the platelets’ surface.29,257 Besides, positively
charged nanoparticles can induce the changes in the size and
number of platelet aggregates by altering platelet mor-
phology156 and disrupting platelet membrane integrity.154

Large and cationic PAMAM (≥G4) and triazine dendrimers (G5
and G7) provoked platelet aggregation, in which the degree of
aggregation was proportional to the number of amine groups
on the nanoparticles’ surface.154

Negatively charged nanoparticle surfaces can initiate the
coagulation cascade which eventually disrupts haemostatic
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balance.62–65 For instance, the upregulation of activation
markers (P-selectin or PAC-1) of platelets was triggered by
anionic polystyrene (carboxyl-modification) whilst the inter-
ruption of the platelet membrane was initiated by cationic
polystyrene (amine-modification).164 Positively and negatively
charged polystyrene nanoparticles164 can eventually lead to
thrombotic events, except for the 50 nm amine-modified nano-
particles reported by Smyth et al.163 and the 57 and 284 nm
amine-modified ones reported by Oslakovic et al.166 This is in
contradiction with liposomes where both anionic and cationic
nanoparticles inhibited platelet activation and aggregation.159

Nevertheless, there are still contradictory studies that reported
evoked platelet aggregation effects of anionic liposomes,160,161

or the independence of the surface charge of polystyrene nano-
particles towards platelet activation.163

In conclusion, it is apparent that the charge-dependent
effect of nanoparticles on the haemostatic balance is unpre-
dictable. The influence of nanoparticle charge is even more
difficult to clarify in physiological conditions due to the
absorption of plasma proteins on the surface of nanoparticles.

5.4 Effect of surface functionality

Reactivity of a nanoparticle to the haemostatic balance can
be altered by a layer of coating material on its surface.
Among all, polyethylene glycol (PEG) is the most commonly
used polymeric material. As reported in previous studies, the
presence of PEG on the nanoparticles surface reduced
their interference with endothelial cells and platelets, prob-
ably due to the capability to prevent protein
binding.90,142,158,258–260 Therefore, unattended haemostasis is
reduced and the compatibility of nanoparticles is improved.
However, PEGylation of nanoparticles is not successful for
all nanoparticles.74 In addition to PEG, other polymers,
namely dextran,261 albumin,84 and starch,125 did not cause
any effect on endothelial cells and platelets, or reduced
platelet aggregation. Citrate coating either had no
effect92,96,111,112,119 or was one factor contributing to antipla-
telet activity of the nanoparticles.87,125,127,150 Nevertheless,
citrate coating/stabilising also synergises with other factors
such as size and dose, indicating the influences of nano-
particles on the haemostatic balance, which is the reason for
the procoagulant effects of some citrate coated
nanoparticles.85,111,116,120 It was reported that PAA conju-
gated on the surface of gold nanoparticles binds to fibrino-
gen and promotes changes in its conformation (unfold-
ing).115 However, gold nanoparticles coated with PEI and
PVP induced platelet aggregation.118 Interestingly, superpara-
magnetic iron oxide nanoparticles at the same size of
5–6 nm functionalized with either hyaluronic acid or chito-
san showed less effect on platelets, RBCs, and coagulation
than those with PAA coating (tested concentration of
4–1000 µg mL−1).130 All the findings above have demon-
strated that specific coating material is worth investigating
for these commonly used nanoparticles during their inter-
actions with the haemostatic balance.

5.5 Effect of other characteristics

The concentration of nanoparticle metal cores (such as gold)
had an impact on haemostasis. Hsu et al. revealed that a lower
gold concentration (43.5 ppm) incorporated with polyurethane
(PU) nanocomposites resulted in less platelet adhesion and
activation compared with a higher amount of gold incorpor-
ated (174 ppm).262

Because of the binding of plasma proteins or simply pH
value, the surface charges of the nanoparticle can be altered in
the physiological fluids, which could come along with the
change in nanoparticle’s hydrophobicity.24,31 A study clarifying
the influence of latex polystyrene nanoparticles’ hydrophobi-
city on the blood haemostatic balance was carried out by
Miyamoto et al.263 The results 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 the
platelets.264 In another study, TiO2 nanotubes with a superhy-
drophobic surface had a tendency to prevent platelet
adhesion.265 Not only were very few adhered platelets detected
on their surface, but also these adhered platelets were not acti-
vated, which was opposite to bare TiO2 nanotubes and super-
hydrophilic TiO2 nanotubes. However, further investigation
relating to the relationship between hydrophobicity of nano-
particles and the haemostatic balance is rarely found.

6. Challenges and future directions

According to ISO 10993-4 guidelines, thrombosis, haematology
(hemolysis and leukocyte count), and complement activation
are blood incompatibilities that should be considered for
in vivo study, while coagulation, platelet activation, platelet
aggregation, haematology, and complement activation are
blood incompatibilities considered for in vitro study, acquired
prior to clinical translation of blood-contacting
biomaterials.266,267 As systematically reviewed by Urbán et al.
in 2019, thrombosis, haematology, and complement activation
are the main blood toxicities triggered by inorganic, lipid-
based, and polymeric nanoparticles.267 Thrombosis, as a con-
sequence of the haemostatic imbalance, accounts for 61% of
the total reported cases of in vivo blood toxicities in nano-
medicine. It is therefore the most common blood incompat-
ibility caused by nanomedicine. Anticoagulant and antifibrino-
lytic effects, as other consequences of haemostatic imbalance,
also imply hidden risk of haemorrhage triggered by
nanoparticles.

There are several things that should be taken into consider-
ation when it comes to the nanoparticle-haemostatic balance:

(1) There is still room for more studies in the future as not
all commonly examined nanoparticles are comprehensively
investigated and fully understood regarding the underlying
mechanisms. Establishing an approach for the systemic inves-
tigation of nanoparticle effects on the haemostatic balance,
especially with the focus on clinically and preclinically used
nanoparticles, is tremendously encouraged.
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(2) Further research investigating the effects of nano-
particles on RBCs and specific plasma factors of the haemo-
static balance will be of high interest as most of the current
studies focus more on their interactions with platelets and
endothelial cells. Regarding their interactions with RBCs, a
haemolysis assay is usually utilised to demonstrate hemocom-
patibility but cannot be used independently to evaluate the
influences of nanoparticles on haemostatic balance. RBC
aggregation, deformability, and PS exposure should also be
taken into account.

(3) Alterable interferences with the haemostatic balance in
correlation to changes in nanoparticle physiochemical para-
meters have been examined in many studies but not in a sys-
tematic way. The discrepancies in results need to be treated
with caution since the characterisation techniques adopted
might not be comparable in terms of methods, setting, and
media. More importantly, the effects of a specific nanoparticle
on haemostasis could be associated with a myriad of synergis-
tic physicochemical characteristics.

(4) As discussed, coating material is an important factor
that can alter nanoparticle reactivity to the haemostatic
balance. Nevertheless, 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 haemostasis balance has
not been explored yet. Therefore, more studies are needed to
elucidate the effects of coating materials on haemostatic
balance. It is worth examining specific coating materials for
commonly used nanoparticles.

(5) The interface between the haemostatic balance and
other characteristics of nanoparticles, such as hydrophobicity,
porosity, lipid composition of lipid-based nanoparticles, and
surface topography, may attract much interest in the future.

(6) Apparently, in vivo studies are encouraged since the
behaviour of nanoparticles is not always predictable in physio-
logical conditions due to the absorption of plasma proteins on
their surface. Moreover, the discrepancies in administration
routes (i.e. inhalation, instillation, or IV) must be taken into
account when interpreting in vivo results.

(7) Along with the physicochemical characteristics of nano-
particles that were discussed, the dose multiplied by the dur-
ation of exposure is one of the most crucial factors in deciding
nanoparticle effects on the haemostatic balance.

(8) Different types of nanoparticles will affect the haemo-
static balance in different ways. Slight changes in one or more
parameters of a specific type of nanoparticle, even the well-
established ones, could significantly alter their behaviour to
an extent that we can no longer predict.

(9) There are many degradable nanoparticles intentionally
designed to stay at the target site for a long time for thera-
peutic treatment. Hence, we also need to take extreme care to
evaluate the influence of their degradation products on the
haemostatic balance over time.

(10) Nanoparticles can encounter and affect the innate
immune system (i.e. leukocytes and complement system),
which could potentially interfere with the haemostatic balance

concerning the intrinsic link between the innate immunity
and haemostasis. There were several studies demonstrating
the effect of nanoparticles on immunity. However, the effect of
nanoparticles on innate immune systems that directly mediate
the haemostatic balance has not been examined yet to the best
of our knowledge, encouraging more studies in the future.

7. Conclusion

Nanoparticles in the bloodstream always interfere with the
haemostatic balance through interactions with one or more
components of the blood coagulation, anticoagulation, and
fibrinolytic system. Our review presents a thorough outline of
the haemostatic balance and possible interference of various
inorganic and organic nanoparticles by focusing on the under-
lying mechanisms and factors that could have some effects.
The effect of nanoparticles on the innate immune system that
could potentially link to haemostasis is discussed as well. This
collated information is valuable for the establishment of nano-
particles that can either avoid unintended interferences with
the haemostatic balance or purposely downregulate/upregulate
their components under a controlled manner, thus speeding
up their successful translation to the clinic and market.
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