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Background: Red ginseng (RG) extract, especially ginsenoside Rg1 and Rb1 fractions has been reported to
have antithrombotic activities. However, gastric instability and low intestinal permeability are consid-
ered to be obstacles to its oral administration. We hypothesized that stability, permeability, and activities
of RG might be improved by encapsulation within nanoparticles (NPs) prepared with antithrombotic
coating materials.
Methods: RG-loaded chitosan (CS) NPs (PF-NPs) were prepared by complex ionic gelation with the
antithrombotic wall materials, polyglutamic acid (PGA), and fucoidan (Fu). The concentrations of PGA
(mg/mL, X1) and Fu (mg/mL, X2) were optimized for the smallest particle size by response surface
methodology. Antithrombotic activities of RG and PF-NPs were analyzed using ex vivo and in vivo anti-
platelet activities, in vivo carrageenan-induced mouse tail, and arteriovenous shunt rat thrombosis
models.
Results: In accordance with a quadratic regression model, the smallest PF-NPs (286 � 36.6 nm) were
fabricated at 0.628 mg/mL PGA and 0.081 mg/mL Fu. The inhibitory activities of RG on ex vivo and in vivo
platelet aggregation and thrombosis in in vivo arteriovenous shunt significantly (p < 0.05) increased to
approximately 66.82%, 35.42%, and 38.95%, respectively, by encapsulation within PF-NPs. For an in vivo
carrageenan-induced mouse tail thrombosis model, though RG had a weaker inhibitory effect, PF-NPs
reduced thrombus significantly due to the presence of PGA and Fu.
Conclusion: PF-NPs contributed to improve the activities of RG not only by nanoencapsulation but also by
antithrombotic coating materials. Therefore, PG-NPs can be suggested as an efficient delivery system for
oral administration of RG.
� 2020 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Red ginseng (RG) extract constituents, called ginsenoside de-
rivatives, exhibit broad pharmacological effects on hypertension,
diabetes, immunity, stress, fatigue, and cancer [1e3]. In particular,
ginsenosides Rg1 and Rb1 have been reported to have significant
effects on cardiovascular diseases such as edema, inflammation,
myocardial infarction, and cerebral apoplexy [4e6]. In previous
studies, ginsenosides Rg1 and Rb1 inhibited excessive platelet ag-
gregation and suppressed thrombosis, which is the first step in the
pathogenesis of cardiovascular disease [7e9]. However, instability
in gastric environments and low membrane permeability across
the intestinal mucosa of ginsenosides Rg1 and Rb1 were indicated
utrition, Hanyang University, 222,
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as limitations for oral administration [10,11]. To overcome these
drawbacks, encapsulation techniques using biocompatible poly-
mers in the form of particles and suspensions have been studied as
the promising strategy [12].

Encapsulation is a process used to entrap bioactive compounds
within wall materials to prevent degradation, increase bioactivity,
and modify physical characteristics [13]. Recently, encapsulation
within nanoparticles (NPs) which has the advantage of small size,
has been widely used in biopolymer delivery systems to enhance
the absorption and uptake efficiency of bioactive materials [14].
Among various methods for nanoencapsulation, ionic gelation
based on interactions between oppositely charged materials is
regarded as an attractive technique due to the convenient and
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Table 1
Central composite design for the optimization of PF-NP preparation

Run Coded
variable

Decoded variable Experimental points

X1 X2 PGA1 Fucoidan2 Particle size (Y1) Zeta potential (Y2) Polydispersity (Y3) Derived count rate (Y4)

1 1 1 1.35 0.18 407 � 27 22.1 � 1.2 0.258 � 0.020 198,723 � 32,490
2 1 �1 1.35 0.06 373 � 18 21.7 � 1.7 0.176 � 0.022 303,170 � 11,008
3 �1 1 0.85 0.18 325 � 21 17.3 � 1.4 0.072 � 0.020 470,931 � 42,474
4 �1 �1 0.85 0.06 540 � 50 15.8 � 1.7 0.044 � 0.036 168,700 � 20,114
5 0 0 1.10 0.12 306 � 8 18.9 � 0.9 0.109 � 0.012 443,870 � 2,514
6 0 0 1.10 0.12 302 � 12 18.9 � 0.8 0.100 � 0.018 456,063 � 31,375
7 2 0 1.60 0.12 483 � 32 23.3 � 1.1 0.292 � 0.026 183,600 � 27,849
8 �2 0 0.60 0.12 774 � 46 12.4 � 0.7 0.062 � 0.019 79,994 � 6,695
9 0 2 1.10 0.24 310 � 9 19.2 � 1.6 0.142 � 0.017 450,611 � 23,143
10 0 �2 1.10 0.00 326 � 15 19.8 � 2.0 0.099 � 0.025 299,159 � 25,807

1) Concentration of polyglutamic acid (mg/mL).
2) Concentration of fucoidan (mg/mL).
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controllable process [15]. Moreover, natural polysaccharides have
been frequently used in formulations intended for oral adminis-
tration owing to their biodegradable, biocompatible, and nontoxic
properties [16]. Chitosan (CS) is one of themost appropriate coating
material for ionic gelation because its amine group (NH2) becomes
positively charged (NH3

þ) in the dissolved state and can interact
with various negatively charged cross-linkers such as tripoly-
phosphate (TPP), alginate, and arabic gum [17]. In previous studies,
the stability and bioavailability of bioactive materials such as vita-
mins, polyphenolic compounds, and probiotics were improved by
encapsulation within CS NPs which have protection and sustained
release properties [18,19].

Existing studies for nanoencapsulation of bioactive materials
have been focus on the properties of the NPs as a delivery system.
Besides, the biggest distinction from the existing studies of this
study is that bioactive materials are used as coating materials for
NPs fabrication. In this study, polyglutamic acid (PGA) produced by
various strains of Bacillus, and fucoidan (Fu) extracted from
seaweed were used as cross-linkers for ionic gelation with CS.
Owing to its anionic properties in aqueous state, PGA and Fu are
capable of generating NPs by cross-linking with positively charged
CS [20e22]. Furthermore, PGA and Fu have been reported to pro-
long blood clotting time and to demonstrate antithrombotic ac-
tivities [23,24]. Therefore, CS nanoencapsulation with the complex
use of PGA and Fu is expected to enhance the antithrombotic ac-
tivities of RG not only through effect of nanoencapsulation but also
owing to the coantithrombotic activities of the coating materials.

This study aimed to investigate the effects of nanoencapsulation
by complex use of CS, PGA, and Fu on the antithrombotic activities
of RG. RG-loaded NPs were prepared by complex ionic gelation of
CS, PGA, and Fu, and the preparation conditions were optimized for
the smallest particle size by response surface methodology (RSM).
The optimized RG-loaded NPs (PF-NPs) were assessed for solubility,
encapsulation efficiency, and antithrombotic activities, including
ex vivo and in vivo antiplatelet activities, in vivo carrageenan-
induced mouse tail thrombosis, and in vivo arteriovenous (AV)
shunt rat thrombosis models. Moreover, cytotoxicity assay using
Baby hamster kidney fibroblast (BHK 21) cell, and acute toxicity
study was also investigated to evaluate the potential toxicity of PF-
NPs.
2. Materials and methods

2.1. Materials

RGwas supplied by CheonJiYang Co. (Seoul, Korea), and CS (MW
1,000-3,000) was purchased from Kitto Life Co. (Seoul, Korea). PGA
(MW 50 kDa) and Fu extracted from Laminaria japonica were pur-
chased from Bio Leaders Corp. (Daejeon, Korea) and Haewon
Biotech Inc. (Seoul, Korea), respectively. Citrate dextrose solution,
Hepes buffer (4-(2-hydroxyethyl)-1-piperazine-ethanesulphonic
acid), bovine serum albumin, and carboxymethyl cellulose (CMC)
were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA). Collagen was purchased from Chrono-Log Co. (Havertown,
PA, USA).

For the cytotoxicity test, BHK 21 cell was purchased fromKorean
cell line bank (Seoul, Korea). Dulbeco's modified eagle's medium, L-
glutamin, and fetal bovin serum were purchased from Gibco Invi-
trogen Co. (Grand Island, NY, USA). CMC and 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT)
were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA). Dimethyl sulfoxide was purchased from Dae-jung Chemical
Co. (Seoul, Korea). All other chemicals were reagent grade and were
used without further purification.
2.2. Nanoencapsulation of RG extract

CS (0.2 g) and RG (1 g) were completely dissolved in 100 mL
distilled water under constant stirring at 1,000 rpm (MS-MP8,
Daihan Co., Seoul, Korea), and aqueous solutions of various com-
binations of PGA and Fu were slowly added into the mixed solution
(Table 1). In the presence of CS, PGA, and Fu in the solution,
spontaneous cross-linking occurred between the coating materials,
resulting in formation of RG-loaded NPs dispersed in aqueous
solution.
2.3. Physicochemical properties of NPs

The particle size, zeta potential (ZP), polydispersity index (PDI),
and derived count rate (DCR) of NPs were determined by the dy-
namic light scattering method (Zetasizer Nano ZS, Malvern, Wor-
cestershire, UK).
2.4. Morphology observation

The morphological properties of NPs were investigated by high-
resolution transmission electron microscopy (TEM, JEM 2100F, Jeol,
Tokyo, Japan). NPs suspension was dropped onto a 200-mesh
copper grid and air-dried at 37�C. The dried samples were stained
for 30 min using a 2% phosphotungstic acid solution before TEM
observation.



Fig. 1. HPLC chromatogram of the ginsenosides Rg1 (40.3 min) and Rb1(60.9 min). HPLC, high-performance liquid chromatography.
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2.5. Experimental design for RSM

The preparation conditions for the optimal physicochemical
properties of the PF-NPs were obtained using the predictive
equations from RSM [25,26]. The independent variables were the
concentrations of PGA (X1, mg/mL) and Fu (X2, mg/mL), whereas
dependent variables were the physicochemical properties of the
PF-NPs, including particle size (Y1, nm), ZP (Y2, mV), PDI (Y3), and
DCR (Y4, kcps). A central composite designwas used to fit a second-
order equation for two independent variables at five levels
(Table 1), and each independent variable was coded based on the
experimental data. The complete design was composed of 10
experimental points, including four vertex points, four axial points,
and two central points (Table 1). The generalized quadratic poly-
nomial model for predicting the response was as follows:

yn ¼ b0 þ
X2

i¼1

biXi þ
X2

i¼1

biiX
2
i þ

X1

i¼1

X2

j¼ iþ1

bijXiXj

where b0, bi, bii, and bij are the regression coefficients for the inter-
cept, linear, quadratic, and cross-product terms, respectively, and Xi
and Xj are the values of the independent variables in the final
experiment. The response surface regression procedure of the sta-
tistical analysis system program 9.3 (statistical analysis system
Institute Inc., Cary, NC, USA) was used to analyze the experimental
data and response surfaces. In addition, when the stationary point
was a saddle point in the response surfaces, ridge analysis was used
to determine the conditions for a set of design variables that maxi-
mized (orminimized) an estimated second-order response function.
Three-dimensional plots were estimated using Sigma-plot 10.0
(SPSS Inc., Point Richmond, CA, USA), and the predicted and exper-
imental values were compared to assess the validity of the models.
2.6. Determination of ginsenosides

The concentrations of ginsenosides Rg1 and Rb1 were deter-
mined using a high-performance liquid chromatography (HPLC)
system consisting of two 515 HPLC pumps and a 486 tunable
absorbance detector (Waters Corp., Milford, MA, USA). After
injecting 50 mL of the samples, the ginsenoside derivatives were
eluted with a gradient of (A) distilled water and (B) acetonitrile
using pumps with a degasser (ERC-3215a, ERC Inc., Kawaguchi,
Release rateð%Þ ¼ Amount of ginsenosides released from PF � NP
Amount of ginsenosides initially entrapped in PF �
Japan). Separation was performed in a YMC-Pack Pro C18 column
(4.6 � 250 mm, 5 mm, YMC Co., Ltd., Kyoto, Japan) at 40�C using a
column heater (CH-500, Eppendorf, Hamburg, Germany). The gin-
senosides Rg1 and Rb1 were detected bymeasuring UV absorbance
at 203 nm. The gradient conditions of the mobile phase at a flow
rate of 1.6 mL/min were as follows: 0 min, 80% A; 5 min, 80% A; 13
min, 75% A; 85 min, 55% A; 90 min, 10% A; 95 min, 55% A; 98 min,
80% A; and re-equilibration from 98 to 100minwith 80% A [27]. The
chromatographic peaks at 40.3 and 60.9 min were identified as
ginsenosides Rg1 and Rb1, respectively, by analogy with the HPLC
peaks of commercial standards (Fig. 1).

2.7. Solubility

The solubility of ginsenosides Rg1 and Rb1 was analyzed after
filtering the RG and PF-NP suspensions through nylon membrane
filterswith a pore size of 0.45mmto remove the insoluble ingredients
[28]. The completely dissolved ginsenosides were quantified by
referencing the standard curve for commercial ginsenosides.

2.8. Encapsulation efficiency

The encapsulation efficiency of the NPs was calculated using the
following equations with the amount of nonencapsulated-free
ginsenosides Rg1 and Rb1 in the supernatant after ultracentrifu-
gation (Optima TL, Beckman, Fullerton, CA, USA) at 30,000 � g for
30 min [29].

EE ð%Þ ¼ Actual amount of ginsenoside in NPs
Theoretical amount of ginsenoside in NPs

� 100 (1)

2.9. In vitro release properties

Simulated gastric fluid (SGF) and simulated intestinal fluid (SIF)
were prepared by adjusting the suspension of PF-NPs to pH 1.2 and
6.8 with 0.1 M HCl and NaOH, respectively [30]. The PF-NPs were
continuously exposed to SGF for 2 h and SIF for 4 h at 37�C. After
exposure to both SGF and SIF, the PF-NPs suspensions were
collected and centrifuged at 15,000� g for 30 min. The ginsenoside
in the supernatant was quantified by HPLC. The ginsenoside release
rate was calculated using Eq. (2):
s
NPs

� 100 (2)
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2.10. Antithrombotic activity

2.10.1. Animals
For ex vivo experiments, New Zealand white rabbits were pur-

chased from Koatech Co. (Pyongtaek, Korea), housed at a temper-
ature of 24� 1�C and humidity of 55 � 5%, and provided laboratory
food pellets and tap water. All animals and animal procedures were
approved by the Institutional Animal Care and Use Committee
(IACUC) and the laboratory animal care guidelines of Hanyang
University, respectively. Five-week-old male ICR mice (25 � 2 g) for
the in vivo carrageenan-induced mouse tail thrombosis model and
male SpragueeDawley rats (200e250 g) for the in vivo platelet
aggregation assay and AV shunt thrombosis model were purchased
from Orient Bio, Inc. (Seongnam, Korea). The mice and rats were
housed at a temperature of 22� 2�C and humidity of 55� 5%with a
12 h lightedark cycle and were acclimatized with standard chow
for oneweek before use. All animal experiments were performed in
accordance with the IACUC guidance of Daejeon University.

2.10.2. Ex vivo platelet aggregation assay
The platelet aggregation assay was performed by the turbi-

dimetry method using an aggregometer (Chrono-log 490, Chrono-
log Co., Havertown, PA, USA). Whole blood from the rabbit ear ar-
tery was collected into anticoagulant citrate dextrose solution and
centrifuged (Combi 408, Hanil Co., Seoul, Korea) at 230 � g for 10
min to obtain platelet-rich plasma (PRP). The PRP was then
centrifuged again at 800 � g for 15 min, and the precipitated
platelets were washed with Hepes buffer (137 mM NaCl, 2.7 mM
KCl,1 mMMgCl2, 5.6 mM glucose [GLU], and 3.8 mMHepes, pH 6.5)
containing 0.35% bovine serum albumin and 0.4 mM ethylene
glycol-bis(13-aminoethyl ether)-N,N,N'N'-tetraacetic acid. The
washed platelets were adjusted to a concentration of 4 � 108 cells/
mL in Hepes buffer (pH 7.4) and spun at 1,000 rpm at 37�C in the
aggregometer. The washed platelets were treated with RG and PF-
NP suspensions that were adjusted to pH 2 using 0.1 M HCl. After
preincubation for 3 min, 5 mg/mL of collagen was added as an
agonist to induce platelet aggregation [31].

2.10.3. In vivo platelet aggregation
Freeze-dried RG and PF-NPs were dispersed in 0.25% (w/v) CMC

solution and orally administered to rats at 300 mg/kg of body
weight at the same time for three consecutive days. PRP was ob-
tained by centrifuging whole blood at 230 � g for 15 min, and
platelet poor plasma was obtained by centrifuging PRP at 800 � g
for 15 min. After administration for 1 h, PRP was collected and
adjusted to 3 � 108 platelets/mL with platelet poor plasma. Platelet
aggregationwas induced by 10 mg/mL collagen and evaluated in the
aggregometer [31].

2.10.4. In vivo carrageenan-induced mouse tail thrombosis model
Freeze-dried RG and PF-NPs dispersed in 0.25% (w/v) CMC so-

lution were orally administered to mice at a dose of 300 mg/kg.
After administration for 1 h, 40 mL of 1% sterile carrageenan (Type I)
in physiological saline was injected into the right hind paw of each
mouse. The inhibitory effects of the samples on thrombosis were
measured by the length of infarction in the tail at 24, 48, and 72 h.
Heparin and aspirin were used as positive controls with doses of
100 IU/kg and 20 mg/kg, respectively [32].

2.10.5. In vivo AV shunt model
Freeze-dried RG and PF-NPs dispersed in 0.25% (w/v) CMC so-

lution were orally administered to rats at a dose of 300 mg/kg for
three consecutive days. Two hours after the final dose, the rats were
anesthetized using pentobarbital sodium salt (60 mg/kg, intraper-
itoneally). The left jugular vein and the right carotid artery were
cannulated with two saline-filled catheters. The catheters were
then connected to a polyethylene tube with a saline-filled shunt,
which consisted of cotton thread (0.25 mm diameter) and tygon
tube (2 mm internal diameter). The antithrombotic effects of the
samples in the AV shuntmodel were evaluated based on theweight
of the associated thrombus on the cotton thread after 15 min of
extracorporeal circulation [33].

2.11. Toxicity

2.11.1. Cytotoxicity
Cell viability assessing the protective and cytotoxic effects of the

PF-NPs was analyzed by MTT assay [34]. Viable BHK 21 cells were
seeded (180 mL) in 96-well plate with cover-glasses on the bottom
at a density of 1.0 � 104 cells/well and treated with 20 mL PF-NPs
suspension at concentration varied from 0.2 to 1.0 mg/mL. After
incubation for 24 h, 20 mL MTT solutionwas added to each well and
incubated for further 4 h to promote formation of purple formazan
derived from reaction between yellow tetrazolium bromide and
mitochondrial succinate dehydrogenase in viable cells. The super-
natant was removed through centrifugation (Combi 408, Hanil Co.,
Seoul, Korea) at 400 � g for 5 min and dimethyl sulfoxide was
added for complete dissolution of the formazan crystal. Cell
viability was analyzed by reading UV absorption of formazan pro-
duced at 540 nm using ELISAmicroplate reader (ELx800UV, Bio-Tek
Instrument Inc., Windoski, VT, USA).

2.11.2. Acute toxicity study
Each of twenty male and female SpragueeDawley rats was

purchased from Orient Bio. Inc. (Seongnam, Korea). All rats were
kept at a temperature of 23 � 3�C and relative humidity of 30-70%
with a 12 h lightedark cycle and provided laboratory food pellets
and fresh tap water. All animals were approved by the IACUC, and
the procedures were performed in accordance with the guidelines
of Organization for Economic Co-operation and Development
Principles of Good Laboratory Practice byMinistry of Food and Drug
Safety.

The animals were divided into one control group and 3 treated
groups; five male and female rats were randomly contained in each
group. Dose levels of freeze-dried PF-NPs were selected as 3,000,
1,000, and 300 mg/10mL/kg/day in accordance with the recom-
mendation of Ministry of Food and Drug Safety guidelines. The
samples were dissolved in 1% CMC (w/v) solution and orally
administered to rats using a sonde attached to a 1 mL syringe after
18 h of overnight fasting (except for water). Feed and water were
restricted for 3 h after administration of the samples.

2.12. Statistical analysis

All data were collected from experiments performed in tripli-
cate and are expressed as mean � standard deviation. The signifi-
cant differences (p < 0.05) among the corresponding mean values
were determined using one-way analysis of variance followed by
Duncan's multiple comparison test (SPSS 12.0.1, SPSS Inc., Chicago,
IL, USA).

3. Results and discussion

3.1. Effects of independent variables on properties of PF-NPs

Because NPs prepared by ionic gelation are formed through the
interaction between oppositely charged materials, the character-
istics of the CS NPs are greatly affected by the mixing ratio of the
coating materials [35]. Moreover, the most advantageous property
of the NPs is the large surface area/volume ratio achieved by small
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particle size, which can increase solubility, biodelivery, and ab-
sorption at the site of digestion [36,37]. In the previous study, NPs
with small particle size, good dispersibility, and uniformity were
fabricated at a specific mixing ratio of CS and TPP, whereas the
characteristics of NPs became worse as the concentration of TPP
increased or decreased relative to this ratio [15]. Because the PGA
and Fu used in this study are both anionic materials, they react with
the cationic CS in a competitive and complementarymanner during
PF-NP formation. Therefore, to determine the most effective prep-
aration conditions for the smallest particle size, the mixing ratio of
PGA and Fu was varied under a constant concentration of CS. Based
on the results of our previous study, the concentrations of PGA and
Fu affected the particle properties at 2 mg/mL CS and 10 mg/mL RG
[27]. Moreover, the concentration ranges of PGA and Fu that had
significant influence on properties while maintaining the charac-
teristics of the NPs were found to be 0.6 to 1.6 mg/mL and 0.002 to
0.24 mg/mL, respectively. Therefore, the concentrations of PGA and
Fu were selected as independent variables for optimization of PF-
NPs using RSM in this study.

The independent variables were coded at five levels based on
the central composite design (Table 1). The dependent variables
particle size (Y1), ZP (Y2), PDI (Y3), and DCR (Y4) were analyzed in 10
experiments, which were generated by combining various condi-
tions for the two independent factors at five levels each (Table 1).
The smallest and largest sizes (302.7 and 773.7 nm) were obtained
for PF-NPs in experiments 6 and 8, respectively. The ZP ranged from
12.4 to 23.3 mV (experiments 8 and 7, respectively), and the DCR
ranged from 79,994 to 470,931 kcps (experiments 8 and 3,
respectively). The PDI values in all experiments ranged from 0.062
to 0.292, remaining below 0.3, which is regarded as the value
necessary for satisfying particle distribution and uniformity [38].
Therefore, all of the experiments within the design resulted in
acceptable physicochemical properties of the NPs and can be
considered adequate preparation conditions for optimizing the PF-
NPs by RSM.

Regression model equations were generated for the dependent
variables based on the observed values from the 10 experiments
performed using the model, and the regression coefficients for the
dependent variables were calculated from the experimental data
obtained by multiple linear regressions (Table 2). The multiple
regression coefficients (R2) of the models for particle size, ZP, PDI,
and DCR were 0.9369, 0.9840, 0.9623, and 0.8916, respectively,
indicating that the model fit a significant amount of the variability
in response. Particle size was significantly affected by negative
linear and positive quadratic effects of the PGA (p < 0.01) and
Table 2
Regression coefficients of the predicted second-order model for the response variables

Model parameter Particle size (Y1) (R2 ¼ 0.9369) Zeta potential (
(R2 ¼ 0.9840)

Coefficient S.E.1 Coefficient

Constant 2,691.62*** 378.06 �0.52
Linear
X1

2 �3,519.05*** 542.36 23.37**
X2

3 �4,986.43* 2,286.62 13.22
Quadratic
X1
2 1,272.14*** 222.09 �4.70

X2
2 523.31 3,855.81 32.99

Cross-product
X1X2 4,150.00* 1,884.75 �18.33

*** Significant at p < 0.01.
** Significant at p < 0.05.
* Significant at p < 0.1.
1) Standard error.
2) Concentration of polyglutamic acid.
3) Concentration of fucoidan.
negative linear effects of Fu (p< 0.1). The interaction effect between
PGA and Fu (X1X2) had a significantly positive influence on
response (p < 0.1). The effect of PGA on the DCR had the opposite
trend to that of particle size. There were significant positive linear
and negative quadratic effects of PGA on DCR at p < 0.01 and
p < 0.05, respectively. The linear effect of Fu was also found to be
significantly positive at p < 0.05. Moreover, the interaction effect
(X1X2) had a significantly negative impact on the response at
p< 0.1.With respect to ZP and PDI, only PGA had positive linear and
quadratic effects on the response at p< 0.05, respectively. Based on
the regression coefficients, PGA is believed to be the most effective
factor influencing the dependent variables, while Fu contributed
little.

3.2. Optimization of PF-NP preparation conditions

Response surface plots were generated from the measured re-
sponses based on the models used to predict optimum values and
analyze relationships between the independent and dependent
variables (Fig. 2). The three-dimensional plot of particle size versus
PGA and Fu concentration confirmed the results of the regression
coefficient analysis (Fig. 2a). As aforementioned, both anionic ma-
terials, PGA and Fu, can form NPs in the presence of cationic CS, and
the concentration ratio of PGA and Fu had a significant effect on
particle size. PGA showed significantly stronger effects than Fu,
demonstrating negative linear and positive quadratic effects on
particle size. Canonical analysis for determining the optimal con-
ditions revealed that the predicted stationary point for particle size
was the saddle point. The minimum particle size was located at the
intersection point of PGA and Fu concentrations, which ranged
from approximately 1.0 to 1.4 mg/mL and from 0.09 to 0.18 mg/mL,
respectively. Therefore, a ridge analysis was performed to deter-
mine the critical levels for the maximum and minimum responses.
The predicted minimum (268.8 � 64.6 nm) and maximum
(795.3 � 58.9 nm) NPs sizes were observed when PGA and Fu
concentrations were 1.332 and 0.014 mg/mL, and 0.628 and 0.081
mg/mL, respectively.

The effects of PGA and Fu concentrations on ZP are displayed
graphically in Fig. 2b. ZP, defined as the electrostatic potential of
NPs surfaces in aqueous solution, is regarded as themain parameter
for the stability of NPs [39]. Because stable NPs can be prepared by
increasing the cross-linking strength between the coating mate-
rials, the three-dimensional plot revealed the tendency for ZP to
increase with increases in PGA and Fu concentrations at a constant
CS concentration. However, only PGAwas found to have significant
Y2) Polydispersity (Y3)
(R2 ¼ 0.9623)

Derived count rate (Y4)
(R2 ¼ 0.8916)

S.E. Coefficient S.E. Coefficient S.E.

4.08 0.26 0.16 �2,095,958** 474,898

5.85 �0.46 0.23 3,469,777*** 681,289
24.65 �0.93 0.98 9,086,937** 2,872,355

2.39 0.28** 0.10 �1,196,938** 278,986
41.56 0.90 1.65 �3,899,058 4,843,506

20.32 0.90 0.81 �6,777,967* 2,367,545



Fig. 2. Three-dimensional response surface plots for effects of PGA (X1) and fucoidan (X2) concentrations on (A) particle size (Y1), (B) zeta potential (Y2), (C) polydispersity index
(Y3), and (D) derived count rate (Y4).
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positive linear effects on ZP, as shown in the regression coefficient
analysis. Because the stationary point was a saddle point, a ridge
analysis was performed to determine the critical levels of ZP. The
minimum (12.48 � 0.56 mV) and maximum (23.57 � 0.64 mV) ZP
values were observed when PGA and Fu concentrations were 0.605
and 0.104 mg/mL, and 1.572 and 0.081 mg/mL, respectively.

The graphical analysis of the PDI also confirmed the results of
the regression coefficient analysis, showing that the quadratic term
of PGA had a significant negative effect on PDI, whereas Fu had no
significant effects (Fig. 2c). The PDI represents NPs uniformity
because it indicates the particle size distribution, and a value lower
than 0.3 is considered highly homogeneous [38]. In this study,
highly homogeneous NPs with PDI values lower than 0.3 were
found for all PGA and Fu proportions except for the intersection
where PGA varied from approximately 1.5 to 1.6 mg/mL and Fu
varied from approximately 0.15 to 0.25 mg/mL. Because the sta-
tionary point was the minimum point, the PDI decreased with
decreases in both PGA and Fu. However, below a certain concen-
tration of PGA, decreasing the Fu concentration did not further
decrease the PDI because the minimum response was located at
less than approximately 0.7 mg/mL of PGA. The minimum
(0.045 � 0.045) and maximum (0.324 � 0.025) PDI values were
observed when PGA and Fu concentrations were 0.635 and 0.164
mg/mL, and 1.575 and 0.158 mg/mL, respectively.

The amount of NPs in a colloidal suspension can be roughly
estimated from the DCR [40]. In support of the results of the
regression coefficient analysis, the response surface for the effect of
varying PGA and Fu concentrations on the DCR exhibited a trend
that was opposite to that of particle size (Fig. 2d). It can be assumed
that a decrease in particle size correlates with an increase in the
number of single NPs in certain concentrations of coating materials
[41]. The minimum (�55,975 � 84,974 kcps) and maximum
(539,465 � 80,365 kcps) DCR values were predicted when PGA and
Fu concentrations were 0.683 and 0.054 mg/mL, and 0.876 and
0.227 mg/mL, respectively. The predicted minimum DCR appeared
to be less than 0, which is technically impossible because DCR
cannot have a negative value. This result can be considered to be an
unavoidable statistical error in the RSM software, which only de-
pends on the value to make its prediction; further investigation is
necessary to minimize this error [42].

These results confirmed again that PGA effectively influenced
the properties of NPs, and that PGAwas a more effective factor than



Table 3
Experimental values for the response variable

Charateristics The smallest PF-NPs

Optimum conditions
Polyglutamic acid (mg/mL) 1.332
Fucoidan (mg/mL) 0.014

Observed values
Particle size (nm) 286.7 � 36.6
Zeta potential (mV) �21.5 � 1.0
Polydispersity index 0.147 � 0.019
Derived count rate (kcps) 231,144 � 10,847
Encapsulation efficiency (%) 20.78 � 0.20
Ginsenoside release in SGF1 (%) 31.47 � 6.17
Ginsenoside release in SIF2 (%) 67.57 � 9.81

SGF, simulated gastric fluid; SIF, simulated intestinal fluid.
1) Exposure of the PF-NPs to simulated gastric fluid (pH 1.2) for 2 h.
2) Exposure of the PF-NPs to simulated intestinal fluid (pH 6.8) for 6 h.
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Fu. Moreover, the results confirmed that the particle characteristics
of PDI, ZP, and DCR were acceptable for all of the RG-loaded NPs
prepared within the concentration ranges of PGA and Fu. Therefore,
the preparation conditions of the NPs were selected for the smallest
particle size, which is considered to be the most important factor in
the effectiveness of NPs, and was applied to evaluate their antith-
rombotic activity.

3.3. Verification experiments

The preparation conditions of the PF-NPswere optimized for the
smallest particle size, and PF-NPs at these conditions were deter-
mined to verify the predictive capacity of the model (Table 3). The
formation of PF-NPs could be demonstrated by morphological
investigation by TEMwhich revealed the layer by layer formation of
spherical particles from the cores to the edges of the complex
molecular aggregates (Fig. 3). The measured (286.7 � 36.6 nm) and
predicted (268.8 � 64.64 nm) particle sizes were found not to be
statistically different at a 95% confidence level, confirming the
validity of the model. The other physicochemical properties of the
smallest PF-NPs determining the effective particle formation
statedZP, PDI, and DCR values of�21.5 mV, 0.147, and 231,144 kcps,
respectivelydwere also acceptable as mentioned previously.

Furthermore, the characteristics of PF-NPs as a biodelivery
system for ginsenosides were also evaluated (Table 3). The ginse-
nosides Rg1 and Rb1 were encapsulated within the PF-NPs with an
efficiency of 20.78 � 0.20%. The aqueous solubility of ginsenoside
Rg1 and Rb1 was significantly increased by approximately 26.44%,
from 110.37 � 3.05 to 135.70 � 0.34 mg/mL, after encapsulation in
Fig. 3. TEM image of the smallest optimized PF-NPs prepared with 1.332 mg
the PF-NPs. Moreover, in vitro ginsenoside release profile from PF-
NPs was observed to be sustained in simulated gastrointestinal (GI)
tract. Moreover, in vitro release of ginsenosides from the PF-NPs
demonstrated sustained release characteristics in simulated GI
tract. Ginsenoside release rate from the PF-NPs was 31.47 � 6.17%
after 2 h of SGF exposure, followed by 67.57 � 9.81% after contin-
uous exposure to SIF for 6 h.

3.4. Ex vivo and in vivo platelet aggregation

Platelet aggregation, the primary step of the entire blood
coagulation mechanism, is believed to occur mainly via three
pathways: release of adenosinediphosphate (ADP), formation of
thromboxane A2, and platelet activation [43]. These pathways are
induced by endogenous agonists such as collagen, arachidonic acid,
and ADP. Collagen is involved in all of the reaction pathways,
whereas arachidonic acid and ADP activate only the first two events
[44]. Therefore, the results of the collagen-induced platelet aggre-
gation test indicate that RG has significant effects on the general
mechanism of platelet aggregation.

The ex vivo collagen-induced platelet aggregation ratio in the
presence of free RG and PF-NPs in the acidic condition of pH 2 was
22.3 � 1.2% and 7.4 � 3.8%, respectively (Fig. 4a). RG had significant
inhibitory effects on platelet aggregation compared with controls
(36.5 � 7.5%), and the inhibitory activity of RG significantly
increased when encapsulated in PF-NPs. The results were
confirmed by in vivo experiments, in which the PF-NPs showed
significantly greater inhibition of platelet aggregation (26.8 � 1.9%)
compared with that of free RG (41.5 � 3.5%). The stronger effect
seen with PF-NPs can be explained by the increased solubility of
ginsenosides in active form and the sustained release of entrapped
ginsenosides in simulated GI tract. These properties could lead to
improved stability of RG in acidic environments such as gastric
juice, thereby resulting in higher bioactivity and bioavailability of
ginsenosides during digestion [45,46].

3.5. In vivo carrageenan-induced mouse tail thrombosis model

Thrombus appeared as a red wineecolored dry necrotic region
in the end of the tail after 48 h of subcutaneous carrageenan in-
jection. The mean thrombus lengths of the control, heparin, aspirin,
and free RG groups were 2.14 � 1.55, 1.46 � 0.72, 2.98 � 1.62, and
1.87 � 0.72 cm, respectively (Fig. 4b). No significant effects of
aspirin and free RG on carrageenan-induced thrombosis were
observed at doses of 20 mg/kg and 300 mg/kg, respectively,
whereas heparin showed significantly greater inhibitory activity.
/mL PGA and 0.014 mg/mL Fu. TEM, transmission electron microscopy.



Fig. 4. Inhibitory activities of (A) ex vivo and in vivo platelet aggregation, (B) in vivo
carrageenan-induced mouse tail thrombus, and (C) in vivo AV shunt thrombus of RG
and PF-NPs. All data are presented as mean � standard deviation, and different capital
and lowercase letters indicate significant differences (p < 0.05). RG, red ginseng; AV,
arteriovenous.
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Thrombus was not observed in the PF-NP group. With the passage
of time, the mean thrombus length for each group increased
significantly; the mean thrombus lengths of the control, heparin,
aspirin, free RG, and PF-NP groups after 72 h were 6.74 � 0.75,
2.04 � 3.27, 3.27 � 0.71, 5.89 � 1.83, and 0.30 � 0.16 cm, respec-
tively. The greatest thrombus length was more than 6 cm and was
observed in both the control and free RG groups, while the positive
control groups, heparin and aspirin, showed significantly lower
thrombus production. In the group treated with PF-NPs, thrombus
formation slightly increased after 72 h, a significantly greater in-
hibition of thrombosis compared to the other groups.

A carrageenan-induced thrombosis model has been widely
studied for evaluating antithrombotic materials due to many
advantages, including a simple and easy application method that
does not kill the animals and the ability to accurately quantify
thrombus by visual observation [47]. After carrageenan injection,
inflammation is generated in local blood vessels, leading to secre-
tion of inflammation factors, which cause damage to endothelial
blood vessel cells and interrupt their function. The endothelial cell
injury that results from the inflammation of local blood vessels can
lead to the formation of intravascular thrombus. Furthermore,
carrageenan activates the Hageman factor (factor XII) of the
intrinsic coagulation pathway, which is part of the secondary step
of the blood coagulation mechanism, resulting in acceleration of
blood clotting [48]. Therefore, the inhibition of the thrombus
initiated by the intrinsic coagulation pathway and injury to blood
vessels can be evaluated with the carrageenan-induced thrombosis
model.

RG has been reported to have no significant effects on activated
partial thromboplastin time, the representative evaluation of
inhibitory effects on the intrinsic coagulation pathway [44],
whereas PGA and Fu have been found to significantly prolong
activated partial thromboplastin time [23,24]. Likewise, free RG
showed no significant inhibitory effects in a carrageenan-induced
thrombosis model initiated by the intrinsic coagulation pathway.
Therefore, the increased activity of RG seen in the PF-NPs could be
due to the presence of PGA and Fu, which might enhance the
inhibitory activity even though RG alone has no effect. Further-
more, the PF-NPs showed significantly higher inhibitory activity
than heparin and aspirin, the positive controls. Heparin, a sulfated
glycosaminoglycan, is widely used as an anticoagulant to prevent
thrombosis due to its significant antithrombotic effects. However, it
has to be administered parenterally because of its poor absorption
and low bioavailability in the GI tract [49]. Aspirin is also a potent
anticoagulant; however, it potentially induces severe adverse ef-
fects in the GI tract, including bleeding, perforation, and inhibition
of gastric cyclooxygenase activity, which is involved in car-
dioprotection [50]. On the other hand, PF-NPs prepared with nat-
ural compounds have potential as safe and potent anticoagulants
for oral administration.

3.6. In vivo AV shunt thrombosis model

The control, free RG, and PF-NP groups yielded thrombus
weights of 276 � 5.5, 190 � 5.5, and 116 � 12.9 mg, respectively
(Fig. 4c). RG showed significant inhibition of thrombus formation in
the AV shunt model, and the activity significantly increased by
encapsulation within the PF-NPs.

The secondary step of the blood coagulation mechanism con-
sists of the intrinsic and extrinsic pathways, which are triggered by
different inactive factors. The two coagulation pathways converge
on factor Xa, which plays a role in platelet activation, leading to
thrombus formation. The thrombus formation in the AV shunt
model is influenced by factor Xa; therefore, the AV shunt model is
regarded as the integrated evaluation method for antithrombotic
activity [51]. In this study, the AV shunt model confirmed the sig-
nificant thrombolytic effect of RG and the increased activity
observed with PF-NPs. The results achieved with PF-NPs can be
explained by the increase in stability and solubility of the ginse-
nosides when used in PF-NPs, as well as the complex antith-
rombotic activities of PGA and Fu.

3.7. BHK 21 cell viability

The effects of the different concentration of PF-NPs suspensions
on BHK 21 cell viability were evaluated by MTT assay (Fig. 5). All
cells survived after 24 h of continuous exposure to PF-NPs and
viability of BHK 21 cell was not significantly influenced at PF-NPs



0. 5. BHK 21 cell viability of PF-NPs. All data are presented as mean � standard de-
viation, and different lowercase letters indicate significant differences (p < 0.05). BHK
21, Baby hamster kidney fibroblast.

J Ginseng Res 2021;45:236e245244
concentration varied from 0.2 to 0.8 mg/mL. Coating materials of
PF-NPs, CS from crab shells, PGA from Bacillus species, and Fu from
red seaweed are food-grade ingredients which are beneficial for
nontoxic, biocompatible, and biodegradable properties [21,22,52].
Therefore, it can be explained that though PF-NPs were presented
on nanoscale, potential toxicity induced by nano-objects was not
observed due to the bioaffinity properties of its coating materials.

Moreover, the viability was significantly increased at above the
0.8 mg/mL PF-NPs. Ginsenoside derivatives, the core materials of
PF-NPs are bioactive compounds which have various pharmaco-
logical activities including antioxidant and anti-inflammatory ac-
tivities. Moreover, ginsenoside Rg1was reported to increase the cell
viability and decrease the cell apoptosis [53]. It can be assumed that
increased concentration of bioactive ginsenoside at higher PF-NPs
possibly contributed to the increase of BHK 21 cell viability.
Consequentially, the results indicated that PF-NPs had no signifi-
cant negative effects on cell viability.

3.8. Acute toxicity

For gross general observation including mortality, abnormal
clinical signs, and changes in food consumption and body weight,
significant differences between control and the administered
groups were not observed (p < 0.05). In chemical pathological
analysis, clinical chemistry parameters including GLU, blood urea
nitrogen, creatinine, total protein, total cholesterol, triglyceride,
aspartate aminotransferase, alanine aminotransferase, gamma
glutamyl transpeptidase, alkaline phosphatase, sodium (Na), inor-
ganic phosphorus, potassium (K), chloride (Cl), and calcium (Ca),
and urinalysis parameters including pH of urine, protein, GLUu,
erythrocyte, and ketone showed no significant differences between
the groups (p < 0.05). In necropsy finding, absolute and relative
organweights andmacroscopic observation of organs did not show
any changes by PF-NPs administration, either (p < 0.05). Based on
the results (data not shown), lethal dose for 50 percent kill (LD50)
and approximate lethal dose of PF-NPs after single oral adminis-
tration in male and female rats were assumed over 3,000 mg/kg,
and considered to be safe for oral application.

From these results, the contribution of the PF-NPs on RG activity
can be explained by two main factors: the effect of nano-
encapsulation and the complex activities of the coating materials.
In this study, through the encapsulation within PF-NPs, acidic sta-
bility and solubility of ginsenosides during digestionwas improved,
resulting in significantly increase of antiplatelet activities inherent
in RG. In addition to the conventional effects of nanoencapsulation,
owing to the simultaneous anticoagulation activities of PGA and FU,
PF-NPs showed a significant inhibitory effect against the intrinsic
coagulation pathway that RG does not affect. Moreover, in terms of
the simple and economical fabrication method and nontoxicity, PF-
NPs can be suggested as a safe, effective, and industrially applicable
technology for effective oral administration of RG.
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