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Key Laboratory of Carbohydrate Chemistry and Biotechnology, Ministry of Education, School of Pharmaceutical Sciences,
Jiangnan University, Wuxi, China

In this paper, we fabricated rutin-loaded silver nanoparticles (Rutin@AgNPs) as the nano-
anticoagulant with antithrombotic function. The serum stability, anticoagulation activity,
and bleeding risk of Rutin@AgNPs were evaluated. The results showed Rutin@AgNPs
had good serum stability, hemocompatibility, and cytocompatibility. The anticoagulation
activity of rutin was maintained, and its stability and aqueous solubility were improved.
The Rutin@AgNPs could provide a sustained release to prolong the half-life of rutin.
The results of the coagulation parameter assay and thrombus formation test in mice
model showed that the activated partial thromboplastin time and prothrombin time
were prolonged, and Rutin@AgNPs inhibited the thrombosis in the 48 h period.
Moreover, the limited bleeding time indicated that the Rutin@AgNPs significantly
minimized the hemorrhage risk of rutin. This Rutin@AgNPs is a potential anticoagulant
for antithrombotic therapy.

Keywords: rutin, silver nanoparticles, antithrombosis, anticoagulant, sustained release

INTRODUCTION

Thromboembolism is one of the leading causes of cardiovascular diseases (Lippi et al., 2011;
Gorog et al, 2017; Dakin, 2019). It leads to circulatory disorders, such as ischemic stroke,
myocardial infarction, and pulmonary embolism, which are the major cause of morbidity
and mortality (Kyrle et al., 2004). Previous researchers have found irregular coagulation and
thrombus formation are the leading causes of thromboembolism (Mackman, 2008). To inhibit
abnormal coagulation and thrombus formation, many researchers devote to anticoagulants
development which can target blood clots related coagulation factors. Heparin and warfarin
(vitamin K antagonist) are two mainstream anticoagulants that are used clinically. Heparin
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can activate antithrombin III and inhibit factor Xa. However,
its half-life is short, and cannot be administered orally (Hirsh
et al, 2001a). Moreover, this anticoagulant has a high risk
of massive hemorrhage complications (Chen C. et al., 2016).
To optimize the safety of heparin treatment, low molecular
weight heparin (LMWH), which has a similar mechanism of
action, has been developed. LMWH shows a better benefit-to-
risk ratio but still cannot make up the complications (such as
frequent thrombocytopenia and osteoporosis events) of heparin
(Hirsh et al., 2001a,b). Warfarin is an anticoagulant that works
on factors II, VII, IX, and X. It can effectively reduce the
amount of prothrombin. However, apart from the hemorrhage
complications, warfarin can cause a hypercoagulable state which
results in thrombosis of the venules and capillaries, and leads
to skin necrosis in the further stage (Ansell et al., 2008). The
causes of these complications are anticoagulants over inhibit
the coagulation. Therefore, researchers keenly aware an effective
and safe antithrombotic target is needed. Recent studies have
found the protein disulfide isomerase (PDI), which is expressed
on the surface of platelets and endothelial cells, plays a critical
role in thrombus formation (Jasuja et al., 2011, 2012; Furie and
Flaumenhaft, 2014). Inhibition of PDI can affect both platelet
aggregation and fibrin generation. Moreover, it is a safe target
for the inhibition of thrombus formation (Flaumenhaft, 2013;
Kennedy et al., 2013). Quercetin-3-rutinoside (rutin) is a kind of
flavonoid glycoside, which is abundant in buckwheat, tea, fruits,
and berries (Gullon et al., 2017). Studies have found that rutin
is a potential thromboprophylaxis agent, and can be used as an
effective inhibitor of PDI both in vitro and in vivo (Jasuja et al.,
2012; Flaumenhaft, 2013; Choi et al., 2015; Lin et al., 2015).
As a prescribed traditional medicine and an antioxidant, rutin
has been proved to be toxicologically safe and well-tolerated
(Sharma et al., 2013). However, the poor bioavailability of rutin,
which associates with stability and aqueous solubility, limited its
clinical applications (Gullon et al., 2017). Thence, the key, which
to develop rutin as an effective anticoagulant, is to improve the
bioavailability of the rutin in blood.

Nanomedicine is a popular research topic recently.
Engineering nanoparticles (NPs) have been used as nanocarriers
to load and to deliver anticoagulant toward the target directly
(Tian et al., 2014; Su et al,, 2020). They reduce the dose of the
anticoagulant while improving the antithrombotic efficacy,
and can decrease the hemorrhage complications (Ilinskaya and
Dobrovolskaia, 2013a,b). The nanocarrier also can be used to
improve the stability and aqueous solubility of the therapeutic
agents (Kargl and Kleinschek, 2020). Silver nanoparticles
(AgNPs) is widely used as potent antibacterial agents, as it
has good biocompatibility. The size, shape, and architecture of
AgNPs can be regulated, and surface modification of AgNPs can
be used for drug loading in simple and convenient methods.
Therefore, this study combined AgNPs and rutin to improve the
stability and aqueous solubility of rutin. Here, the phenylboronic
acid (PBA) group was chemically introduced onto the surface
of AgNPs at first. Then, rutin was loaded on AgNPs to form
the Rutin@AgNPs through a dynamic boronate ester bond
(Chen J.X. et al, 2016), as shown in Figure 1. We expected
the Rutin@AgNPs could increase the solubility and stability

of rutin, and prolong the half-life of rutin through a sustained
release strategy.

MATERIALS AND METHODS

Materials

Rutin and 4-mercaptophenylboronic acid (MPBA) were
obtained from Aladdin Reagent Co. (China). Silver nitrate,
sodium borohydride (NaBH4), NH4HCO3, and dimethyl
sulfoxide (DMSO) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (China). Heparin sodium was provided by
Sangon Biotech (Shanghai) Co., Ltd. Polyvinylpyrrolidone
(PVP, Mw: 10 kDa), carrageenan, and urethane were obtained
from Sigma-Aldrich Co. (United States). Endothelial cell
basal medium (ECM), fetal bovine serum (FBS), and 3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide
(MTT) were purchased from Thermo Fisher Scientific Co.
(United States).

Preparation of Rutin@AgNPs

AgNPs were prepared through a reduction method under the
stabilization of PVP (Tejamaya et al.,, 2012). Briefly, 10 mL of
AgNOj3 solution (1.02 mg/mL) was added into 60 mL of PVP
solution (1.5 mg/mL) under stirring. Then, 10 mL of NaBH4
solution (0.6 mg/mL) was added dropwise into the solution.
A light-brown AgNPs solution was obtained after vigorous
stirring for 15 min. After that, 0.4 mL of MPBA (2 mg/mL) in
DMSO was added into the AgNPs solution. The solution turned
brown, and PBA modified AgNPs (PBA@AgNPs) was obtained
after stirring for 2 h. Subsequently, the pH of the solution was
adjusted to about 8. Then, 2 mL of rutin (10 mg/mL) in DMSO
was added to this solution. After stirring for 4 h, the solution
was put into a dialysis tube (molecular weight cut-off, MWCO:
14 kDa) and subjected to dialysis against NH4HCO3 solution

(pH 8.0) for 2 days to remove the organic solvent and other
impurities, followed by lyophilization to collect Rutin@AgNPs.

Characterizations of Rutin@AgNPs

The composition of Rutin@AgNPs was identified by the Fourier
transform infrared spectroscopy (FTIR) via a TENSOR II
spectrometer (Bruker, Germany). The loading amount of
rutin on AgNPs was measured by using thermogravimetric
analysis (TGA) on a TGA/1100SF instrument (Mettler-
Toledo, Switzerland). The flow rate of N, was 50 mL/min,
the heating rate was 10°C/min. The freeze-dried AgNPs,
PBA@AgNPs, and Rutin@AgNPs were resolved in phosphate
buffer saline (PBS, pH 7.4) at the concentration of 1 mg/mL.
The ultraviolet-visible light (UV-vis) absorption of rutin
and these NPs was measured on a UV 2550 UV-vis
spectrophotometer (Shimadzu, Japan) at the wavelength
ranges from 200 to 700 nm.

The size distributions of three types of NPs were measured by
using a dynamic light scattering technique on a Zetasizer Nano
ZS apparatus (Malvern, United Kingdom). The morphology of
three types of NPs was observed by using transmission electron
microscopy (TEM) on a JEM-2100 instrument (JEOL, Japan)
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with an accelerating voltage of 80 kV. The particle size in the TEM
images was gained by using Image J software.

In vitro Drug Release Assay

Briefly, 10 mL Rutin@AgNPs solution (1 mg/mL) was put into
different dialysis tubes (MWCO: 3,500 Da). Next, the dialysis
tubes were immersed into 20 mL of PBS (pH 7.4), which
excluded/included glucose (5.5 mmol/L, 20 mmol/L). Then,
the dialysis tubes were placed in the 37°C shaking bath to
allow the release of rutin. At the assigned time interval, the
samples were withdrawn, and the PBS was refreshed. The amount
of released rutin in the medium was determined by UV-vis
spectrophotometer at 262 nm. The cumulative release ratio of
rutin was calculated according to the equation below. Three
independent trials were carried out, and their average results
were used.

, 20 <
Cumulative release (%) = 283 X Zl: Ci x 100%
=

where C; represents the rutin concentration of sample i, n is the
total number of samples.

Stability and Hemolysis Test

The serum stability of the Rutin@ AgNPs was determined through
the UV-vis spectrum and particle size distribution, where the
Rutin@AgNPs solutions contain 10% FBS (v/v) were placed in
the dark environment for 3 days before the test.

The hemocompatibility of the Rutin@AgNPs was evaluated
through the hemolytic rate. The fresh blood sample (10 mL)
was placed in K,-EDTA-coated Vacutainer tubes firstly. Next,
the red blood cells (RBCs) were gained through centrifugation
(2,500 x g for 10 min) and washed with PBS (pH 7.4) three

times. Then, the RBCs were suspended into 7 x 10° cells/mL
with PBS and were distributed into six sample groups (2 mL
each). Four groups of the samples were added Rutin@AgNPs
in different concentrations (10, 50, 100, and 1,000 mg/L). The
PBS and the PBS containing 20% Triton X-100 were added
into the negative control group and positive control group,
respectively. All the sample groups were incubated in a water bath
(37°C) on a shaker for 1 h. After centrifugation (2,500 x g for
10 min), the supernatant’s UV-vis absorption of the test sample
group (A), the negative control group (Ag), and the positive
control group (Ajgp) were measured at 545 nm. These three
measurement results were used to calculate the hemolytic rate,
as shown in the equation below. Note here, three independent
trials were carried out, and their average results were used.

_AO

A
Hemolytic rate (%) = x 100%

A100 — Ao

In vitro Cytotoxicity Assay

The human umbilical vein endothelial cells (HUVECs) were
cultured in ECM (containing 10% FBS) at 37°C in a humidified
condition containing 5% CO,. The cytotoxicity of rutin, AgNPs,
and Rutin@AgNPs were tested by MTT assay using HUVECs
as the model cell. Briefly, the HUVECs were seeded on a 96
well-plate (5,000 cell/well) and cultured overnight. Then, rutin
solution with different concentrations (1.25, 6.25, 12.5, 25, 75,
and 125 mg/L, containing 5% DMSO), AgNPs and Rutin@AgNPs
(10, 50, 100, 200, 600, and 1,000 mg/L) were added, respectively.
After 48 h, the cultural mediums were replaced by 100 uL MTT
solution (0.5 mg/mL), and add in 100 pL DMSO after another
4 h. The optical density (OD) at 570 nm was measured by using
a Multiskan MK3 microplate reader (Thermo Fisher Scientific
United States). The cell viability rate was calculated by using the

Sustained release of rutin

Q AgNPs -2 Rutin k;:éRutin@AgNPs > Red blood cell 4% Platelet

FIGURE 1 | Construction of Rutin@AgNPs for long-term rutin release and antithrombotic therapy.
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equation below. The data was obtained from the average value of
three independent trials.

Dsumple

)
Cell viability (%) = ( X 100%)

control
where the ODgmple is the OD value of the presence of
samples, the ODniro1 is the OD value of control well with
absence samples.

Animals

ICR mice (5-weeks old, 28-32 g) were obtained from SLAC
Laboratory Animal Co., Ltd., Shanghai, China). All animal
care and experiments were conducted following the guidelines
of the Institutional Animal Care and Use Committee of
Jiangnan University.

In vivo Coagulation Parameter Assay

(600 pg/kg), Rutin@AgNPs (300 pg/kg), Rutin@AgNPs
(600 pg/kg), rutin (200 pg/kg), and heparin (500 wg/kg),
respectively. Administration for 1 h, the blood was
drawn from the mice and added a 3.8% citrate solution
(1:9 citrate/blood, v/v) to avoid coagulation. Finally,
the activated partial thromboplastin time (aPTT) and
prothrombin time (PT) were measured by a coagulometer
(Sysmex CA-8,000, Japan) (Tian et al., 2014).

Carrageenan-Induced Tail Thrombosis
Assay

Thirty mice were randomly divided into five groups (n = 6).
Group 1-5 were intravenously injected through mice tail with
saline, AgNPs (600 jg/kg), Rutin@AgNPs (600 pg/kg), rutin
(200 pg/kg), and heparin (500 pg/kg), respectively. After 1 h of
the intravenous administration, 1% carrageenan (50 mg/kg) was

Briefly, 36 ICR mice were randomly divided into six intraperitoneally injected into mice to induce the tail thrombosis
groups (n = 6). Group 1-6 were intravenously injected model (Hagimori et al., 2009). The length of the tail thrombus
through mice tail with saline (control group), AgNPs was measured twice, after 24 and after 48 h.
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w .
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FIGURE 2 | (A) FTIR spectra of AgNPs, Rutin@AgNPs, and rutin; (B) UV-vis spectra of AGNPs, PBA@AgNPs, Rutin@AgNPs, and rutin; (C) TGA curves of AGNPs
and Rutin@AgNPs.
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Mouse Tail Bleeding Test

The mouse tail bleeding test was used to evaluate the thrombus
formation (Dejana et al., 1982). Thirty mice were randomly
divided into 5 groups (n = 6). Group 1 was set as a control
group, which was injected with saline. Groups 2, 3, 4, and 5 were
intravenously injected through mice tail with AgNPs (600 Lg/kg),
Rutin@AgNPs (600 pg/kg), rutin (200 pg/kg), and heparin (500
ng/kg), respectively. After administration for 1 h, urethane (20%,
w/v, 0.1 mL/10 g) was intraperitoneally injected into each mouse
for anesthesia. The mouse tail was cut 1 cm from the rare, then
we started the timing. The bleed out blood was removed every
20 s until coagulation. The timing stopped and recorded it as
the bleeding time.

Statistical Analysis
All data were presented with mean £ SD. One-way ANOVA
post hoc tests were performed by using SPSS 23.0 software, and

the significance level was set at 0.05. One (*) and two (**)
represent p < 0.05 and p < 0.01, respectively.

RESULTS AND DISCUSSION
Composition of Rutin@AgNPs

Chemical modification is an important strategy to functionalize
NPs. It varies the composition and physicochemical properties
of NPs and enriches their applications. Due to the poor
thermostability of the rutin, we tried to find a gentle manner
to load rutin on the AgNPs. We noticed that rutin is composed
of quercetin (including catechol structure) and glycoside, which
possess 1,2-diol functional group. This inspired us to choose
boronate ester (a dynamic covalent bond) to load rutin on the
AgNPs. Boronate ester bond can form between phenylboronic
acid and 1,2-diol in a weak alkaline environment (pH 8.0)

Size (d. nm)

showed Rutin@AgNPs were negatively stained with phosphotungstic acid.

A 20

— AgNPs Mean: 90 nm, Pdi: 0.198

— PBA@AgNPs Mean: 108 nm, Pdi: 0.235
Q 159 — Rutin@AgNPs Mean: 115 nm, Pdi: 0.181
pe -
7 10-
c
Q -
)
[=
= 5

0-
1 10 100 1000

FIGURE 3 | (A) Size distributions of three types of NPs; TEM images and photographs of (B) AgNPs, (C) PBA@AgNPs, and (D) Rutin@AgNPs. The insert image
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FIGURE 4 | Rutin release profiles of Rutin@AgNPs in PBS (pH 7.4) excluded
or included glucose (5.5 and 20 mmol/L).

at room temperature (25°C). Since the thermal decomposition
temperature of rutin is higher than 70°C (Chaaban et al., 2017),
this reaction is gentle and straightforward for rutin loading. The
composition of Rutin@AgNPs was first confirmed by FTIR and
UV-vis spectra. As shown in Figure 2A, the peaks appeared at
3,400, 2,935, and 1,650 cm™! in the FTIR spectrum of rutin
belonged to —OH, CH;, and C = O stretching vibrations,
respectively. These peaks also appeared in the FTIR spectrum
of AgNPs, but they belonged to the PVP that coated on the
outer layer of AgNPs (Zhang et al., 2011). The characteristic
peak at 1,450 cm™! exhibited in spectra of both AgNPs and
Rutin@AgNPs belonged to the C-N stretching vibration of PVP,
indicated that the PVP was also coating on the outer surface
of Rutin@AgNPs. For the FTIR spectra of Rutin@AgNPs and
Rutin, the peaks appeared at 1,383 and 1,050 cm~! belonged
to the C-OH stretching vibrations of quercetin structure and
glycoside structure, respectively (Zahoor et al, 2018). This
result not only suggested rutin was successfully loaded on the

AgNPs, but showed the rutin structure remained complete as
well. What's more, a newly generated peak at 1,241 cm™! only
appeared in the FTIR spectrum of Rutin@AgNPs. This peak
was ascribed to the C-O stretching vibration and served as a
solid proof of the boronate ester formation between PBA and
catechol in rutin (Thompson et al., 2017). As shown in Figure 2B,
the maximum absorption of rutin in the UV-vis spectrum was
at 262 nm. Comparing with the spectra of three NPs, this
absorption appeared in the spectrum of Rutin@AgNPs and red-
shifted to 273 nm. This was due to the loaded rutin gather on the
surface of the AgNPs that would be influenced by the plasmonic
resonance of AgNPs. These results also proved that rutin was
loaded successfully.

The rutin loading amount was evaluated through the
percentage of weight loss, as shown in Figure 2C. Comparing the
thermal decomposition process of the AgNPs and Rutin@ AgNPs,
the Rutin@AgNPs showed a stepwise thermal decomposition,
but AgNPs only contained one stage. In the AgNPs curve,
the stage began at about 320°C was attributed to the thermal
decomposition of coated PVP. In the Rutin@AgNPs curve,
the decomposition stages belonged to water, quercetin, and
rutinoside of the rutin, the PBA, and the PVP (da Costa
et al., 2002; Wang et al, 2015). The first stage appeared at
100-123°C belonged to the absorbed water (about 3.4% in
weight). The second stage exhibited at 123-320°C ascribed to the
decomposition of quercetin (about 13.2% in weight). The stage
that appeared beyond 320°C belonged to the decomposition of
rutinoside, the PBA, and the PVP. As the weight loss of rutinoside
was mixed with that of the PBA and the PVP, the loading amount
of the rutin was determined through the weight loss of quercetin
only. Therefore, the loading amount of rutin on Rutin@AgNPs
was calculated as 28.3%, by analyzing the quercetin content in
rutin through the molecular weight.

Morphology of Rutin@ AgNPs

The morphology of Rutin@AgNPs was investigated by using
DLS and TEM (Figure 3). The size distributions and the
average hydrodynamic diameters of AgNPs, PBA@AgNPs, and

A 4
— Rutin@AgNPs
— 10% FBS
8 37 — Rutin@AgNPs + 10%FBS
s
2 24
o
0N
e}
< 1-
0 T |
200 300 400 500 600 700
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FIGURE 5 | (A) UV-vis spectra, (B) size distributions, and photographs of Rutin@AgNPs cultivated in the solution containing 10% FBS for 3 days.
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TABLE 1 | Hemolysis of human erythrocytes at various concentrations of
Rutin@AgNPs.

C (mg/L) 10 50 100 1,000

Hemolysis (%) 0+0 0.1 +0.01 0.4 +0.05 4.8+0.12

Rutin@AgNPs were shown in Figure 3A. Comparing the size
distributions of three types of NPs, the average diameters of
PBA@AgNPs and Rutin@ AgNPs were larger than that of AgNPs,
but their distribution ranges remained visually constant. The
mean hydrodynamic diameters of AgNPs, PBA@AgNPs, and
Rutin@AgNPs were 90, 108, and 115 nm, respectively. Their
polydispersity index values were at 0.198, 0.235, and 0.181,
respectively. These values were all below 0.3, which indicated that
three NPs were homogenous, and Rutin@ AgNPs was acceptable
for rutin delivery (Danaei et al., 2018). Also, the values inferred
that the enlargement of AgNPs was along with the PBA and
rutin successively decoration. The morphological properties of
these NPs were further investigated by TEM. All three NPs
appeared to have a homogenously spherical shape and a well-
dispersed feature, as shown in Figures 3B-D. The average size
of AgNPs and Rutin@AgNPs, which evaluated by Image J, were
12.2 & 1.3 nm and 14.5 &+ 1.8 nm, respectively. They exhibited
a similar rising trend of average diameter in the results of DLS.
Note here, the size in TEM was relatively smaller than the one
in DLS. This was attributed to the PVP outer layer of NPs,
which were spread in the aqueous medium but shrunken in a
dry state. The Rutin@ AgNPs was further negatively stained with
phosphotungstic acid. A magnified image of it is inserted in
Figure 3D. In this image, the coated PVP and loaded rutin at
the outer hydrophilic layer can be identified visually. The results
above proved the prepared NPs achieved successfully.

In vitro Rutin Release of Rutin@AgNPs

The release of rutin in the physiological environment is the
precondition of Rutin@AgNPs to be an anticoagulant. The rutin
release was investigated in different simulated physiological
environments, which were the PBS and the PBS containing

glucose (5.5 and 20 mmol/L). In Figure 4, the cumulative
release rate of rutin in 6 days was 27.9 and 57.3%, for
Rutin@AgNPs in the PBS and the PBS containing glucose
(5.5 mmol/L), respectively. The release rate of rutin accelerated
in the PBS containing glucose. As the boronate ester bond
was glucose sensitive (Roy and Sumerlin, 2012; Zhao et al,
2017), it would dynamically occur glucose exchange in a
hyperglycemia environment. To verify this speculation, the rutin
release was further carried out in a PBS containing glucose
(20 mmol/L). The release rate of rutin obviously increased, and
the cumulative release amount of rutin reached 92.1% in 6
days. Since venous thromboembolism is one of the common
complications of diabetes (Piazza et al., 2012; Bell et al., 2016),
the Rutin@AgNPs, which had a glucose-sensitive rutin release
feature, was potentially applied in diabetes-related venous
thromboembolism therapy. More importantly, the rutin release
curves in the simulated physiological environments were smooth
and continuous, close to the zero-order sustained release
behavior. This finding indicated that the Rutin@ AgNPs provided
a steady-state of rutin concentration in blood circulation, which
might overcome the short half-life barrier of rutin.

Serum Stability and Biocompatibility of
Rutin@AgNPs

The stability of NPs in blood circulation is one of the fundamental
conditions for an antithrombotic trial. The serum stability of
Rutin@AgNPs was investigated through UV-vis spectra and size
distributions. In Figure 5A, two UV-vis spectra, which related
to the Rutin@AgNPs, were overlapped at above 320 nm, but
showed different absorption peaks below 320 nm. These two
absorption peaks were at 273 and 277 nm, for Rutin@AgNPs
and Rutin@AgNPs cultivated with FBS (Rutin@AgNPs + FBS),
respectively. The FBS curve showed a characteristic absorption
peak at 277 nm, which appeared at the same wavelength of the
Rutin@AgNPs + FBS curve. This implied that the peak of the
Rutin@AgNPs + FBS curve at 277 nm appeared as the addition
of the FBS solution. Since the curves related to the Rutin@AgNPs
overlapped above 320 nm, the results inferred that the size

A 150 B
120 mm  AgNPs

— b T — - 1
Q T T T = - q mEm  Rutin@AgNPs
> 100 = > 907
. S 60
> >
= 50 = 1
S S 301

0 T T T T T T T 0-

0 1.25 6.25 125 25 75 125 0 10 50 100 200 600 1000
Concentration of rutin (mg/L) Concentration (mg/L)
FIGURE 6 | Cell viability of HUVECs cultured with (A) rutin, (B) AgNPs, and Rutin@AgNPs at different concentrations.
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FIGURE 7 | Effect of Rutin@AgNPs on (A) aPTT and (B) PT in vivo. Each value represents the mean 4 SD (n = 6 for each test). *o < 0.05, **p < 0.01 as compared
to values in the saline control group by one-way ANOVA post hoc tests.
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FIGURE 8 | Effect of Rutin@AgNPs on carrageenan-induced tail thrombosis in mice for (A1,A2) 24 and (B1,B2) 48 h. Each value is shown as the mean + SD
(n=6). "o < 0.05, *p < 0.01 as compared to values in the saline control by one-way ANOVA post hoc tests.

change of the NP was limited. Comparing the size distributions of
Rutin@AgNPs and Rutin@ AgNPs + FBS, two curves illustrated a
good match between 30 and 200 nm, as shown in Figure 5B. The
peak appeared at about 2-10 nm of Rutin@AgNPs + FBS could

attribute to the particles in the FBS. These findings indicated
that Rutin@AgNPs was stable and could resist serum binding
and serum-induced aggregation in the solution containing FBS,
which revealed good serum stability of Rutin@ AgNPs.
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Hemolysis and cytocompatibility are two important indices
for the NP to use in the blood circulation. So, experiments
were carried out in vitro to evaluate the hemocompatibility
and cytocompatibility of Rutin@AgNPs. The hemolytic rates,
as listed in Table 1, showed that the hemolysis raised along
with the increasing Rutin@AgNPs concentration. Even though
the hemolysis showed a rising trend, the hemolytic rate
only exceeded 5%, when the Rutin@AgNPs concentration
above 1,000 mg/L. This implied that the Rutin@AgNPs had
a satisfactory concentration range to meet the requirement
of hemocompatibility  (International
Standardization, 2017). The cytocompatibility was evaluated by
the MTT assay. In Figure 6A, the growth of HUVECs increased
with the increasing concentration of rutin. This revealed that
rutin is a kind of flavonoid with good cytocompatibility (Gullon
et al, 2017). The cell viability rate of HUVECs gradually
reduced while the increasing concentration of AgNPs and
Rutin@AgNPs, as shown in Figure 6B. But the cell viability
rates were above 80% when the NPs concentration reached
100 mg/L. Therefore, both NPs satisfied the safety requirement
of biomedical applications (International Organization for
Standardization, 2009). These also implied that both AgNPs and
Rutin@AgNPs had reliable cytocompatibility. The concentration
of Rutin@AgNPs below 100 mg/L was selected to use in
further experiments.

Organization  for

Effect of Rutin@AgNPs on

Coagulation in vivo

Coagulation time is an intuitive assay for the anticoagulant
activity evaluation. In this study, the in vivo aPTT and PT
were tested after 1 h intravenous injection of Rutin@AgNPs
in a mouse model. The aPTT and PT in the saline control
group were 38.9 and 12.8 s, respectively, as shown in Figure 7.
Comparing the coagulation time of two groups, the saline and
the AgNPs, limited differences in aPTT or PT results were
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FIGURE 9 | Effect of Rutin@AgNPs on bleeding time in mice. Each value is
expressed as mean SD (n 6). *p 0.05, **p 0.01 as compared to values in the
saline control by one-way ANOVA post hoc tests.

found. This implied that the AgNPs exhibited low anticoagulant
activity. The aPTT and PT results of the rutin group were
753 s (p < 0.01) and 2245 (p < 0.05), respectively. In
comparison with the saline group, results of the rutin group
increased by 1.9- and 1.7- fold, for aPTT and PT results,
respectively. These findings indicated that the rutin had good
anticoagulant activity and could prevent coagulation in both
intrinsic and extrinsic clotting pathways. The aPTT and PT
results of two rutin@AgNPs groups were longer than the saline
group and AgNPs group. This implied the rutin@AgNPs was
a promising anticoagulant, as it maintained the anticoagulation
activity of rutin. Comparing two Rutin@AgNPs groups, the
coagulation time raised when the dose increased. This inferred
the coagulation time of the Rutin@AgNPs was dose-dependent.
The results of the Rutin@ AgNPs (600 jLg/kg) showed a significant
increase in the coagulation time (p < 0.01). This statistical
analysis results also indicated that the coagulation time of the
Rutin@AgNPs (600 jLg/kg) group was competitive to the rutin
group and heparin group. So, the Rutin@AgNPs (600 pg/kg) was
selected to use in the further in vivo experiments.

Antithrombus Formation

The carrageenan-induced venous thrombosis model in mouse
was used in this study. This model was built by activating
the Hageman (XII) factor, which was the cause of the platelet
activation and aggregation, through intraperitoneal injection
of carrageenan. The thrombus length that appeared on the
mouse tails was used for evaluating the antithrombotic formation
results. The results of 24 h and 48 h after injection were
shown in Figure 8. For the results of 24 h after injection
(Figure 8A), the thrombus length of the saline group and
AgNPs group were similar, which were 3.7 and 3.5 cm,
respectively. On the contrary, the thrombus length of the other
three groups, Rutin@AgNPs, rutin, and heparin, were shorter,
which were 2.4, 1.5, and 2.2 cm (p < 0.01), respectively. By
comparing these results with the saline group and the AgNPs
group, the thrombus formation of these three groups was
inhibited. Here, the rutin group was the most effective. This
was because rutin effectively targets the PDI and inhibits its
activity, thus the platelet accumulation and fibrin generation
can be blocked. Moreover, rutin is a kind of flavonoid,
which contains antioxidation and anti-inflammatory activities.
These activities reduced the inflammation which was caused
by carrageenan, and decreased thrombus formation. For the
results of after 48 h injections, the thrombus lengths of all
the groups were increased, except the Rutin@AgNPs group
(thrombus length = 2.6 cm, p < 0.05). The rutin group and
heparin group, which showed promising results at the first 24
h, had their thrombus lengths increased greatly in the second
24 h. We inferred that the heparin and rutin had relatively
shorter half-life limitation, and could degrade or metabolize
in vivo, so their activities were lost over time. The Rutin@ AgNPs
inhibited thrombus formation for relatively longer in time, as
it could sustainably release the rutin. This made up the fast
degradation of the heparin and rutin. Note that, the rutin dose
in the Rutin@AgNPs group was 169.8 jLg/kg, which was lower
than the dose in the rutin group. These findings indicated that
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Rutin@AgNPs can make up the half-life limitation of rutin,
also increase its overall activities. This further implied that the
Rutin@AgNPs had the potential to be used as a long-term
antithrombotic agent.

Bleeding Time Evaluation

Bleeding is one of the severe complications of the anticoagulants
in clinical trials, and the bleed time is commonly used as a
safety evaluation parameter. A mouse tail-transection model
was used to determine the bleeding time of Rutin@AgNPs in
this study. The bleeding times of five injection sample groups
(after 1 h) were illustrated in Figure 9. The saline and AgNPs
groups’ results were similar at about 138.7 s. This was because
the AgNPs had limited influence on the coagulation function
(see section “Effect of Rutin@AgNPs on Coagulation in vivo”).
The bleeding times of the rutin group and heparin group were
185.3 s (p < 0.01) and 164.2 s (p < 0.05), respectively, which
were longer than the saline group. This implied that the rutin and
heparin caused bleeding complications of anticoagulation, which
lead to coagulation inhibitor disorder potentially. The bleeding
time of the Rutin@ AgNPs group was 140.3 s, which was slightly
longer than that of the saline group. But the increment was not
statistically significant (p > 0.5). Therefore, the Rutin@AgNPs
had a limited effect on the normal coagulant function when
it was used under a specific dose. From the above, we can
infer that the sustained release property of the Rutin@AgNPs
controlled the dose of the rutin in the blood. So, the long-term
antithrombotic activity can be achieved, and the bleeding risk
can be minimized.

CONCLUSION

In this paper, we proposed a new NP, Rutin@AgNPs, which
loaded rutin (calculated as 28.3%) on the surface of AgNPs, to
control rutin release over time. This NP showed good serum
stability, satisfiable hemocompatibility, and cytocompatibility,
when concentration below 100 mg/L. The rutin was loaded
through a dynamic boronate ester bond, which was glucose-
sensitive. This assisted a sustained rutin release in the
physiological environment. In vivo evaluations showed that
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