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Abstract: The inhibition of platelet activation is considered a potential therapeutic strategy for the
treatment of arterial thrombotic diseases; therefore, maintaining platelets in their inactive state has
garnered much attention. In recent years, nanoparticles have emerged as important players in modern
medicine, but potential interactions between them and platelets remain to be extensively investigated.
Herein, we synthesized a new type of carbon dot (CDOT) nanoparticle and investigated its potential
as a new antiplatelet agent. This nanoparticle exerted a potent inhibitory effect in collagen-stimulated
human platelet aggregation. Further, it did not induce cytotoxic effects, as evidenced in a lactate
dehydrogenase assay, and inhibited collagen-activated protein kinase C (PKC) activation and Akt
(protein kinase B), c-Jun N-terminal kinase (JNK), and p38 mitogen-activated protein kinase (MAPK)
phosphorylation. The bleeding time, a major side-effect of using antiplatelet agents, was unaffected
in CDOT-treated mice. Moreover, our CDOT could reduce mortality in mice with ADP-induced
acute pulmonary thromboembolism. Overall, CDOT is effective against platelet activation in vitro via
reduction of the phospholipase C/PKC cascade, consequently suppressing the activation of MAPK.
Accordingly, this study affords the validation that CDOT has the potential to serve as a therapeutic
agent for the treatment of arterial thromboembolic disorders

Keywords: nanoparticles; carbon dots; platelet aggregation; arterial thrombosis; signaling molecules;
bleeding disorder

1. Introduction

Platelet activation has been associated with several thrombotic diseases. While it plays a vital role
in regulating hemorrhagic events, hyperactivity can lead to a range of complications. In general, patients
with cardio- and cerebrovascular ailments are found to have more reactive platelets than normal,
healthy individuals. Thrombotic diseases pose a severe threat to humans as they may elicit significant
injury and even lead to death. Several studies have recommended that intravenous heparin and tissue
plasminogen activators are effective for treatment [1,2]; nevertheless, these are unsafe and may lead
to severe bleeding and problems associated with reocclusion and reinfarction [3]. The inhibitors of
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antiplatelet drugs, such as the P2Y12 receptor, integrin αIIbβ3, cyclooxygenase, and phosphodiesterase,
are also widely used; however, they have serious limitations. Further, phosphatidylinositol 3-kinase
inhibitors have been proposed as potential antithrombotic agents [4], but they also are associated with
some major restrictions for use as drugs.

Nanoparticles can be defined as any particulate materials that range from 1 to 100 nm in size in at
least one dimension [5], and they are ubiquitously distributed in the environment. In fact, humans are
often exposed to airborne nanoparticles [6]. Their size can be manipulated to facilitate their passage
across biological membranes and affect cell physiology [7]. Berry et al. [8] reported the substantial
accumulation of nanoparticles in platelets in pulmonary capillaries and anticipated that there might
be a predisposing factor for platelet aggregation and microthrombi formation. Nanoparticles are
not proposed for systemic use as they can interfere with platelet function and increase the risk
of cardiovascular diseases and vascular thrombosis [9]. However, some types of nanoparticles
have been developed for therapeutic purposes that can target the injured vascular site to mimic
platelet function [10] or enhance blood clotting [11]. Nevertheless, their undesirable, antiaggregating
properties are of a significant concern in nanomedicine, impeding their widespread application in the
clinical setting.

Carbon dots (CDOTs) have become the most important type of nanoparticles, considering their
favorable biological properties. They are obtained from natural carbon sources and their average
diameter is < 10 nm [12]. These nanoparticles have even been acquired from organic substances
and are constant in water media, which is tremendously noteworthy from a biological point of
view [13], especially in drug delivery, bioimaging, optical imaging, and biosensing due to their high
biocompatibility [14]. A study reported that, in comparison to CDOTs, the application of noncarbon
quantum dots has not received adequate attention, as they are associated with severe health and
environmental concerns [15]. Yan et al. [16] reported the antihemorrhagic effects of novel water-soluble
carbon quantum dots, and their results indicated the explicit hemostatic effect of these nanoparticles.
CDOTs, isolated from egg yolk oil, demonstrated a hemostatic effect in mice via the stimulating intrinsic
blood coagulation and fibrinogen systems [17]. Another relevant study showed that CDOTs from the
Phellodendri Cortex carbonisatus considerably reduced bleeding time and coagulation parameters and
significantly increased platelets without inducing toxicity when administered in mice [18]. Mariangela
Fedel has recently reviewed the hemocompatibility of carbon nanostructures [19]. However, in general,
the antiplatelet aggregating effects of CDOTs have not been extensively explored. Therefore, in this
study, we investigated the antiplatelet and antithrombotic effects of a new type of CDOT in human
platelets and mice, respectively.

2. Materials and Methods

2.1. Reagents

Collagen (type I), 9, 11-dideoxy-11α, 9α-epoxymethanoprostaglandin (U46619), and thrombin were
purchased from Chrono-Log Corporation (Havertown, PA, USA). Anti-phospho-p38 mitogen-activated
protein kinase (MAPK) (Thr180/Tyr182), anti-phospho-c-Jun N-terminal kinase (JNK) (Thr183/Tyr185),
anti-phospho-(Ser) protein kinase C (PKC) substrate, anti-JNK polyclonal antibodies (pAb),
and anti-p38 MAPK and anti-Akt monoclonal antibodies (mAb) were purchased from Cell Signaling
Technology (Beverly, MA, USA). Anti-phospho-Akt (Ser473) pAb was purchased from Biorbyt
(Cambridge, UK), and anti-pleckstrin (p47) pAb was purchased from Gene Tex (Irvine, CA, USA).
Hybond-P polyvinylidene difluoride (PVDF) membranes, enhanced chemiluminescence (ECL) Western
blotting detection reagent, and the analysis system were purchased from GE Healthcare Life
Sciences (Buckinghamshire, UK). Horseradish peroxidase-conjugated goat anti-rabbit and anti-mouse
immunoglobulin G antibodies were obtained from Jackson ImmunoResearch Laboratories (West Grove,
PA, USA).
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2.2. Preparation of CDOTs

Fresh garlic (Allium sativum) cloves were purchased from a local market in Taiwan, which were
then peeled, crushed, and suspended in ultrapure water. This suspension was vigorously stirred
for 1 h at 40 ◦C. The extract was filtered twice to remove insoluble materials and then freeze-dried.
The obtained powder was stored at −20 ◦C until required. For CDOT synthesis, 100 mg of the garlic
extract powder was dissolved in 3 mL water and poly (diallyldimethylammonium chloride) mixture
(1/0.5, v/v). The clear transparent solution obtained was heated in a domestic microwave oven for
5 min at 600 W and then cooled to ambient temperature (25 ◦C). The obtained yellow-brown solution
was diluted with ultrapure water and dialyzed against water for 2–3 h through a dialysis membrane.

2.3. Characterization of the Synthesized CDOTs

Crystallographic information pertaining to the CDOTs was collected using an analytical X-ray
diffractometer (X’Pert PRO, Malvern, Worcestershire, UK) using Cu Kα radiation (λ = 0.1541 nm).
A Fourier transform infrared (FT-IR) spectrometer (Bruker IFS28, Billerica, MA, USA) in the range of
4000–400 cm−1 was used for the characterization of functional groups on the surface of the CDOTs, with
an average of 21 scans. The sample was prepared as pellets using KBr (IR grade). Ultraviolet–visible
(UV–vis) spectra were documented using a Thermo Scientific Evolution 220 spectrophotometer
(Waltham, MA, USA), whereas fluorescence spectral measurements were taken using a PerkinElmer
LS-45 spectrometer (Waltham, MA, USA). The morphological information on the prepared CDOTs
was obtained through field-emission transmission electron microscopy (FE-TEM, JEOL JEM-2100F,
Akishima, Tokyo, Japan).

2.4. Preparation of Washed Human Platelets and Lactate Dehydrogenase (LDH) Release Assay

This study was performed in accordance with the Declaration of Helsinki, and the Institutional
Review Board of Taipei Medical University approved all protocols (IRB: N201612050). All volunteers
provided informed consent before they participated in this study. Anticoagulated human blood with
acid–citrate–dextrose (1:9) was collected from healthy human volunteers who had not eaten any drugs
within a time of two weeks prior to the analysis. The method described by Sheu et al. [20] was used for
preparing human platelet suspensions. The platelets were suspended in Tyrode’s solution, and calcium
chloride was then added, with the final concentration of Ca2+ being 1 mM.

The cytotoxicity of the CDOTs was evaluated using an LDH release assay. Washed
platelets (3.6 × 108 cells/mL) were pretreated with 50-500 µM CDOTs or a solvent control
(PBS; phosphate-buffered saline) for 20 min at 37 ◦C and then centrifuged at 5000 g for 5 min.
The supernatant obtained was used for the assay. Briefly, 10 µL of the supernatant was placed on a
Fuji Dri-Chem slide (LDH-PIII) (Tokyo, Japan), and the absorbance was measured at 540 nm using a
UV–vis spectrophotometer (UV-160; Shimadzu, Japan). The LDH activity of 1% Triton X-100-treated
washed platelets indicated 100% LDH release.

2.5. Platelet Aggregation

Platelet aggregation was monitored using a lumi-aggregometer (Helena Laboratories, Beaumont,
TX, USA), as previously described [20]. The platelet suspension (3.6 × 108 cells/mL) was preincubated
with various CDOT concentrations (25–120 µM) or an isovolumetric solvent control (PBS) for 3 min
before the agonists were added. The reaction was permitted to continue for at least 10 min and the
level of aggregation was calculated in light transmission units. The amplitude and slope of platelet
aggregation were automatically calculated using the aggregometer.

2.6. Western Blotting

Washed platelets (1.2 × 109 cells/mL) were preincubated with the CDOTs (65 µM and 90 µM) for
3 min before treating them with collagen to induce platelet activation. A lysis buffer (200 µL) was used



Nanomaterials 2020, 10, 1254 4 of 15

for platelet resuspension after the reaction was complete. Proteins (80 µg) from the supernatants were
separated using 12% SDS-PAGE and electrophoretically transferred to PVDF membranes (Bio-Rad,
Hercules, CA, USA). The membranes were blocked with 5% BSA in Tris-buffered saline (10 mM
Tris-base, 100 mM NaCl, and 0.01% Tween 20) for 1 h and probed with various primary antibodies,
followed by incubation with horseradish peroxidase-labeled anti-rabbit or anti-mouse immunoglobulin
G antibodies for 1 h. Antibody-bound proteins on the membranes were detected using an ECL system
and quantified using Bio-profil Biolight (version V2000.01; Vilber Lourmat, Marne-la-Vallée, France).

2.7. Tail Bleeding Time in Mice

ICR mice (20–25 g, 5–6 weeks old, male) were obtained from BioLasco (Taipei, Taiwan).
All procedures and protocols were approved by the Affidavit of Approval of Animal Use Protocol, Taipei
Medical University (LAC-2018-0360). The bleeding time was measured after 10 min of intravenous
administration of 1 mg/kg CDOTs or PBS (control). The tail of anesthetized mice was cut 3 mm from
the end and then directly immersed in normal saline at 37 ◦C. The bleeding time was recorded until no
sign of bleeding was observed for at least 10 s.

2.8. ADP-Induced Acute Pulmonary Thromboembolism in Mice

According to our previous method, we used ADP to induce acute pulmonary thromboembolism
in mice [21]. A fixed dose of the CDOTs (1 mg/kg) or PBS was intravenously injected, and after 10 min,
ADP (0.7 mg/g) was injected into the tail vein. The lungs were then removed and placed in 4% formalin,
and paraffin-embedded sections were stained with hematoxylin–eosin and then photographed using
ScanScope CS (Leica Biosystems, Wetzlar, Germany). The mortality rate was recorded in all animal
groups within 1 h of the injection.

2.9. Statistical Analysis

Data are expressed as mean ± standard error of the mean (SEM), and convoyed by the number
of observations (n). n represents the number of experiments, and each experiment was performed
using different blood donors. Statistical significances were analyzed for the in vivo experiments using
unpaired Student’s t test. One-way analysis of variance (ANOVA) was implemented to determine
variations between the experimental groups and, if the analysis exhibited a significant difference, they
were compared using the Student–Newman–Keuls test. p < 0.05 indicated statistical significance.

3. Results

3.1. Characterization of the CDOTs

3.1.1. X-ray Diffraction Analysis

The X-ray diffraction (XRD) pattern revealed that one diffraction peak at 2θ of 23.6◦ corresponded
to disordered carbon atoms and the (002) graphite lattice, as shown in Figure 1A, and this finding was
consistent with that previously reported for CDOTs [22].

3.1.2. FT–IR

The FT–IR spectrum observed for the garlic clove is rather similar to that of the CDOTs, indicating
that the functional groups were, indeed, successfully provided the garlic clove, as illustrated in
Figure 1B. The broad absorption band centering at 3427 cm−1 should be associated with the O–H
stretching vibration mode of the hydroxyl functional groups in the garlic clove. The weak bands at 2940
and 1413 cm−1 confirm the presence of CH2 groups, whereas the bands at 921 and 1568 cm−1 revealed
the presence of oxygen-containing functional groups. The peaks at approximately 2944 and 1405 cm−1

were assigned to the C–H and C–N stretching vibration modes, and the absorption at 680 cm−1 could
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be ascribed to the C–S group [23]. Consequently, the as-prepared CDOTs were mainly composed of
different functional groups on their surface, which is favorable for sustainable applications in biology.

3.1.3. UV–vis Spectroscopy

The UV–vis absorption spectra of the CDOTs, as shown by the blue line in Figure 1C, showed a
comparable absorption band ranging from 200 to 600 nm, concordant with an earlier study on N-doped
CDOTs produced by Wu et al. [24]. The CDOTs water solution produced solid blue light under UV
irradiation of 365 nm, as shown by the right inset in Figure 1C. The CDOTs exhibited very strong FL
in the range of 380–600 nm, with the maximum peak at around 446 nm, as shown by the red line in
Figure 1C.
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3.2. LDH Assay and FE-TEM

Herein, we explored the probable toxic effects of the synthesized CDOTs on platelets by observing
the release of cytosolic LDH. The CDOTs (50 µM and 100 µM) did not provoke any substantial discharge
of LDH from platelet cytosol, even at concentrations of up to 200 µM, as shown in Figure 2A. Thus,
they evidently did not disturb platelet membrane integrity or induce cytotoxicity at concentrations as
high as 200 µM. A slight increase was observed at a higher concentration of 500 µM. LDH activities
measured from the 1% Triton X-100-treated platelets were regarded as 100% release.

The morphological features and average particle sizes of the CDOTs are shown in Figure 2B.
The synthesized CDOTs had a crystalline structure and were well distributed in water without
aggregation. Furthermore, they were round in shape with a normal diameter of 3 nm [25].

Nanomaterials 2020, 10, 1254 6 of 14 

 

3.2. LDH Assay and FE-TEM 

Herein, we explored the probable toxic effects of the synthesized CDOTs on platelets by observing 
the release of cytosolic LDH. The CDOTs (50 μM and 100 μM) did not provoke any substantial 
discharge of LDH from platelet cytosol, even at concentrations of up to 200 μM, as shown in Figure 2A. 
Thus, they evidently did not disturb platelet membrane integrity or induce cytotoxicity at 
concentrations as high as 200 μM. A slight increase was observed at a higher concentration of 500 μM. 
LDH activities measured from the 1% Triton X-100-treated platelets were regarded as 100% release. 

The morphological features and average particle sizes of the CDOTs are shown in Figure 2B. The 
synthesized CDOTs had a crystalline structure and were well distributed in water without 
aggregation. Furthermore, they were round in shape with a normal diameter of 3 nm [25]. 

 
Figure 2. Cytotoxicity and morphology of the CDOTs. (A) Washed platelets (3.6 × 108 cells/mL) were 
preincubated with PBS (control) or the synthesized CDOTs (50, 100, 200 and 500 μM) for 20 min, and 
a 10 μL suspension of the supernatant was deposited on a Fuji Dri-Chem slide (LDH-PIII). (Ba–f) 
Field-emission transmission electron microscopic images. The arrows indicate sizes and 
morphologies of CDOTs. Values represent mean ± SEM (n = 6). 

Figure 2. Cytotoxicity and morphology of the CDOTs. (A) Washed platelets (3.6 × 108 cells/mL) were
preincubated with PBS (control) or the synthesized CDOTs (50, 100, 200 and 500 µM) for 20 min,
and a 10 µL suspension of the supernatant was deposited on a Fuji Dri-Chem slide (LDH-PIII). (Ba–f)
Field-emission transmission electron microscopic images. The arrows indicate sizes and morphologies
of CDOTs. Values represent mean ± SEM (n = 6).
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3.3. Inhibition of Platelet Aggregation Stimulated by Collagen

The CDOTs led to concentration-dependent (25–120 µM) inhibition of platelet aggregation induced
by collagen (1µg/mL), as shown in Figure 3A,B, but not by U46619 (1µM), a prostaglandin endoperoxide
(thromboxane A2 receptor agonist), or thrombin (0.01 U/mL), even at higher concentrations of 120 µM,
as shown in Figure 3C,D. Almost full inhibition was observed at 90 µM in collagen stimulated
aggregation, as shown in Figure 3B. As a result, the IC50 (65 µM) and maximal concentration (90 µM) of
the CDOTs were chosen to observe the potential inhibitory mechanisms in collagen-activated platelets.
The CDOTs suppressed maximal platelet aggregation, stimulated by collagen, but not by U46619 and
thrombin, as shown in Figure 4A, whereas the slopes of platelet aggregation revealed that the CDOTs
also significantly reduced the lag time induced by these agonists, respectively, as shown in Figure 4B.
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Figure 3. Inhibitory effects of the CDOTs on human platelet aggregation. Washed platelets
(3.6 × 108 cells/mL) were preincubated with PBS (control) or the synthesized CDOTs (25-120 µM)
and subsequently treated with (A,B) 1 µg/mL collagen, (C) 1 µM U46619, and (D) 0.01 U/mL thrombin
to induce platelet aggregation. The IC50 and maximal inhibitory concentrations are shown in B.
The inhibitory profiles (A–D) are representative examples of four similar experiments. The delayed lag
phase of platelet aggregation noticed in CDOT-pretreated platelets stimulated by either U46619 (C) or
thrombin (D).
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Figure 4. Maximal aggregation and slope of aggregation curves. (A) Concentration-response bar
diagrams of the synthesized CDOTs, demonstrating their inhibitory activity for maximal aggregation
(%). (B) Slope of platelet aggregation, as calculated from the linear part of the aggregation trace.
Values represent mean ± SEM (n = 4). ** p < 0.01 and *** p < 0.001, compared with the control
(ctl; PBS-treated) group.

3.4. Inhibition of PKC Activation (p47; Pleckstrin) and Akt, JNK1/2, and p38 MAPK Phosphorylation

We additionally investigated the mechanisms by which the CDOTs inhibited platelet aggregation.
Their effects on PKC activation (p-p47) and Akt (protein kinase B), JNK1/2, and p38 MAPK
phosphorylation are shown in Figure 5. The CDOTs (65 and 90 µM) significantly and, in a
concentration-dependent manner, suppressed PKC activation in collagen-activated platelets, as shown
in Figure 5A. Akt is a serine/threonine-specific protein kinase, which acts a major element in numerous
cellular events, such as platelet activation, cell proliferation, apoptosis, and cell migration [26].
The CDOTs markedly inhibited collagen-induced Akt phosphorylation, as shown in Figure 5B.
Furthermore, the CDOTs inhibited JNK1/2 and p38 MAPK [27] phosphorylation, which were elevated
in collagen-stimulated platelets, as shown in Figure 5C,D, respectively.
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Figure 5. Effects of the CDOTs on PKC activation, and Akt, JNK1/2, and p38 MAPK phosphorylation in
collagen-activated platelets. Washed platelets (1.2 × 109 cells/mL) were preincubated with PBS (control)
or the synthesized CDOTs (65 and 90 µM), and subsequently, collagen (1 µg/mL) was added to trigger
(A) PKC activation (p-p47) and (B) Akt, (C) JNK1/2, and (D) p38 MAPK phosphorylation. Values
represent mean ± SEM (n = 4). * p < 0.05 and *** p < 0.001, compared with the control (PBS-treated)
group. # p < 0.05, ## p < 0.01, and ### p < 0.001, compared with the collagen-treated group.

3.5. Effects of the CDOTs on Tail Bleeding and Mortality in Mice with ADP-Induced Pulmonary Thromboembolism

Bleeding is a common side-effect of the antiplatelet drugs used in this study. We evaluated the
effects of the CDOTs on bleeding time via a tail transection model. The bleeding time was 65.3 ± 4.2 s
(n = 8) in the control group, as shown in Figure 6A. After 10 min of intravenous administration of the
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CDOTs (1 mg/kg), the bleeding time was 69.4 ± 5.7 s (n = 8). As is evident, the bleeding time was not
significantly affected.

Further, we investigated mortality in mice with ADP-induced acute pulmonary thromboembolism
treated with the CDOTs. The mortality rate of the animals with ADP-induced acute pulmonary
thromboembolism (0.7 mg/g ADP) was 75% (i.e., deaths of 6 mice, n = 8); however, pretreatment
with the CDOTs (1 mg/kg) considerably reduced the mortality rate to only around 25% (i.e., deaths of
2 mice, n = 8), as shown in Figure 6B. Hematoxylin–eosin was used to stain the lung tissues of the mice.
As shown in Figure 6C, the control group exhibited severe pulmonary thrombosis (arrows), whereas
the CDOTs (1 mg/kg) exerted substantial protective effects. Overall, these results showed that the
synthesized CDOTs had an eminent antiplatelet effect in vivo without the side-effect of bleeding.
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Figure 6. Effects of CDOTs on tail bleeding time and pulmonary thrombosis in experimental mice.
(A) Bleeding time was measured through tail transection after 10 min of intravenous administration of
PBS (control) or 1 mg/kg CDOTs. The bleeding time was continuously recorded until no sign of bleeding
was observed for at least 10 s. (B) For the study of acute pulmonary thrombosis, PBS (control) or
1 mg/kg CDOTs was intravenously administered to mice, and ADP (0.7 mg/g) was then injected through
the tail veins. (C) Pulmonary thrombosis (arrows) was observed by staining lung tissue sections with
hematoxylin–eosin. Scale bar: 100 µm. Values represent mean ± SEM (n = 8). (D) Schematic illustration
showing the inhibitory effect of CDOTs in human platelets. CDOTs potently inhibit human platelet
activation by suppressing PKC activation and Akt, JNK1/2, and p38 MAPK phosphorylation without
inducing cytotoxicity. CDOTs reduced the mortality in ADP-induced thromboembolic mice and did
not affect bleeding tendency.
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4. Discussion

CDOTs have extensively been applied in different fields for drug delivery. They have also been
used in bioimaging and as effective biosensors for protein detection [14], considering their excellent
biocompatibility, good water solubility, low toxicity, high photoluminescence, and high photostability.
In this study, we synthesized a new type of CDOT from garlic. These nanoparticles were potent
at hindering collagen-induced platelet aggregation and only reduced the slope of the aggregation
curve (lag time) by U46619 and thrombin. Different physiological agonists (e.g., collagen, thrombin,
and ADP) activated platelets. The primary activation of agonists may be enriched by the secondary
activation induced by thromboxane A2 from arachidonic acid or by ADP from the granules in platelets.
In the case of blood vessel injury, platelets adhere to the subendothelial matrix (collagen), causing
granule secretion and platelet activation. Collagen, a matrix protein which exists in the vascular
subendothelium and vessel wall, acts as substrate for platelet adhesion and potent platelet stimulator.
In this manner, collagen exerts as a key player in platelet activation.

To exclude the possible cytotoxic effects of the synthesized CDOTs on human platelets, we estimated
the leakage of cytosolic LDH. LDH, a soluble cytoplasmic enzyme which occurs in nearly all cells is
released into the extracellular space when the plasma membrane is injured. We found that the alteration
between the control and platelets subjected with 200 µM CDOTs was not substantial, suggesting
potential hemocompatibility. This result is concordant with that reported by Shrivastava et al. [28],
who established that silver nanoparticles did not disturb platelet membrane integrity, even at
concentrations as high as 500 µM. In addition, LDH release was not noticed from platelets after
exposure to 0.9–3.5 nM silver nanoparticles [29]. Moreover, in a recent study, Hajtuch et al. [30] reported
that functionalized silver nanoparticles, such as AgNPs-GSH, AgNPs-PEG, and AgNPs-LA, ranging in
size from 2 to 3.7 nm, inhibited platelet aggregation without releasing LDH. The results pertaining to
the effects of nanoparticles on platelets are inconsistent. Studies have found that gold nanoparticles
are inert [31] or activate [32] platelets. Silver nanoparticles have been reported to induce platelet
aggregation both in human platelets and in an animal models [33]. Huang et al. [34] demonstrated
that silver nanoparticles coated with polyvinyl pyrrolidone and citrate had no significant effects on
human platelet aggregation. In this study, we found that the synthesized CDOTs effectively inhibited
collagen-triggered platelet aggregation. Consistent with our findings, Ragaseema et al. [35] reported
the inhibitory effects of silver nanoparticles on platelet aggregation. In addition, Shrivastava et al. [28]
found that silver nanoparticles condensed ADP- and collagen-induced platelet activation with a
reduction in the slope of aggregation. These inconsistencies could be attributed to differences in size,
stabilization, and functionalization, as well as the method of nanoparticle synthesis.

In the present study, the CDOTs evidently inhibited collagen-stimulated platelet activation,
implying that they were effective in inhibiting platelet activation via a prominent phospholipase C
(PLC)-dependent mechanism. PLC, belonging to a family of kinases, hydrolyzes phosphatidylinositol
4,5-bisphosphate to yield two chief secondary messengers: diacylglycerol and inositol trisphosphate.
Diacylglycerol activates PKC-inducing pleckstrin (p47) phosphorylation and ATP release in activated
platelets, whereas inositol trisphosphate elevates calcium influx [36]. The observed antiplatelet effects
of the CDOTs could be a result of the inhibition of the PLC–PKC cascade, leading to the suppression of
Akt and MAPK activation. Akt (a downstream regulator of PI3K)-knockout mice have been found to
demonstrate impaired platelet activation [22]. Hence, Akt inhibition may be considered as striking
antithrombotic targets. Conservative MAPKs are classified into ERK1/2, p38 MAPK, JNK1/2, and big
MAPK (ERK5) [37]. ERK1/2, JNK1/2, and p38 MAPK participate in platelet activation [37]. MAPK
presents in platelets linked to the mechanistic role of several antiplatelet agents [38]. Adam et al. [39]
reported that JNK1 knockdown reduced platelet aggregation, with JNK1−/− platelets displaying
abnormal platelet granule secretion, and led to defective thrombus formation in mice. p38 MAPK
is associated with thrombus formation, as evidenced in p38 MAPK−/− mice [39,40]. Therefore,
PKC, Akt, JNK1/2, and p38 MAPK are regarded as major targets of antiplatelet agents. A study
demonstrated that silica nanoparticles induced expressions of the phosphorylated JNK and p38 MAPK,
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and suppressed ERK phosphorylation in human umbilical vein endothelial cells [41]. In the current
study, the synthesized CDOTs markedly inhibited collagen-induced PKC, Akt, JNK1/2, and p38 MAPK
phosphorylation in a concentration-dependent manner.

The GPVI receptor induces strong signaling through the protein tyrosine kinase pathways that
results in the activation of PI3 and PLCγ and Ca2+ release. Since, in this study, CDOT effectively
inhibited collagen-induced platelet aggregation, GPVI receptor-mediated inhibitory signaling pathways
maybe involved in this anti-aggregatory effect. Thus, we believe that the inhibition of these signaling
molecules by the CDOTs may lead to inhibitory effects on platelet activation. Miller et al. proved
the hypothesis that the biological activity of nanoparticles may be dictated by their composition,
size, and charge [42]. They found that human- or bovine-derived nanoparticles inhibited platelet
aggregation induced by two different agonists—one that activates the thrombin receptor and the other
that activates the collagen receptor—and they suggested that the inhibitory effects may be nonspecific,
possibly by reducing platelet–platelet interactions or by binding to these or other surface receptors.
Consistent with these discoveries, the current in vitro observation of the potent inhibitory effect of
CDOTs in collagen-induced human platelet aggregation may be due to its inhibition of platelet–platelet
interactions or by preventing binding with the collagen receptor. However, the detailed mechanisms
of these hypotheses remain to be explored.

The intravenous administration of nanoparticles has been previously reported to substantially
inhibit platelet aggregation in mice, indicative of their in vivo antiplatelet effects [28]. Furthermore,
Shrivastava et al. [28] conducted tail-bleeding assays to determine the presence of any opposing effect
on bleeding time and found that mice continued to live normally after nanoparticle administration.
Similarly, Kim et al. [43] found that silver nanoparticles were nontoxic to rodents, and in another more
relevant study, gold nanoparticles were observed to inhibit both thrombosis and considerably improve
the survival rates of mice, without increasing the bleeding risk [44]. These results are consistent
with those of this study, where even we found that CDOT administration reduced mortality in
thromboembolic mice without prolonging the bleeding tendency.

5. Conclusions

CDOTs have recently gained much attention worldwide. Herein we found that the synthesized
CDOTs could actively inhibit human platelet activation by suppressing PKC activation and Akt, JNK1/2,
and p38 MAPK phosphorylation. Furthermore, there was no cytotoxicity in vitro. The in vivo study
revealed that the CDOTs had an antithrombotic effect on the ADP-induced pulmonary thromboembolic
mice model. CDOTs attenuate ADP-induced severe pulmonary thrombosis via the potential recovering
of lung histopathology, reducing mortality and maintaining the normal bleeding tendency in mice.
Altogether, our results suggest that a direct application of CDOTs may contribute to the development
of new antiplatelet drugs for the treatment of arterial thromboembolic diseases.
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