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Background and Objective. Qingke (Tibetan hulless barley, Hordeum vulgare L.) contains a high content of 3-glucan among all the
cereal varieties. Although f-glucan has multiple physiological functions, the physiological function of qingke S-glucan was few
studied. In this study, the S-glucan was isolated, purified, determined the structural characterization, and measured the
inhibitory activity to enzymes correlating blood sugar and lipid. Methods. -Glucan was isolated from enzymatic aqueous
extract of qingke by using deproteinization, decolorization, DEAE-52 column chromatography, and sepharose CL-4B agarose
gel column chromatography. The structure of the B-glucan was determined using FT-IR and "*C-NMR spectra analysis, and
molecular mass by use of HPSEC-dRI-LS. The kinematic viscosity was measured. The inhibitory effects of this f-glucan on
four enzymes were investigated. Results. This B-glucan had a uniform molecular weight of 201,000 Da with f-(1—4) as the
main chain and B-(1—3) as a side chain. The S-glucan presented a relatively strong inhibitory activity on a-glucosidase,
moderate inhibition on invertase, and a weak inhibition on a-amylase, whereas it did not inhibit lipase. Conclusion. The study
indicates that the enzymatic f-glucan from gingke has the potential as natural auxiliary hypoglycemic additives in functional
medicine or foods.

1. Introduction

Hull-less barley is a kind of cultivated barley variety widely
spreading over highland areas throughout the world. As the
husk covering the palea and lemma is fell off during the har-
vest, it is also known as naked barley. Hull-less barley is the
main grain source for the local population in cold regions
such as countries in the Himalayas and North Africa [1].

Qingke (Tibetan hulless barley, Hordeum vulgare L.) is one
of the hull-less barleys that distributes in the highland areas
of China (Qinghai-Tibet plateau, Yunnan and Sichuan prov-
ince). Over the past decade, it is gradually becoming to notice
that gingke is healthy and can be used as a functional food.
It is prominent that qingke has a high content of 3-glu-
can in cereal crops [2, 3]. B-Glucan of qingke is an
unbranched  polysaccharides  consisting of  f3-D-
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|

| Pure f3-glucan of qingke ‘

FIGURE 1: Extraction-purification scheme of f3-glucan prepared from qingke (Tibetan Hulless Barley).

glucopyranose units linked through (1—4, 1—3) glyco-
sidic bonds. The cereal S-glucan is a kind of dietary fiber that
supports plant cell wall and possesses a number of function-
alities, which include lowering blood cholesterol level,
decreasing insulin level, and attenuating postprandial blood
sugar [4, 5]. The -glucan of qingke has been studied to show
some activities in vivo and in vitro. The -glucan extract from
gingke showed obviously prebiotic characteristics [6]. It
could effectively reduce the risk of arterial sclerosis via
decreasing the serum glucose, serum lipid, and insulin resis-
tance [7]. The enzymatic 3-glucan extract of qingke has aux-
iliary hypoglycemic function on mice [8]. The chemical
modification of purified -glucan is helpful for improving
the inhibition of the lipase in vitro, as published by Guo
et al. [9-11]. However, up to now, no systematic study has
been done on the activities of the purified -glucan from
qingke on the direct inhibitory activity against glycosidases
relating to serum glucose. The glycosidases, such as a-gluco-
sidase, a-amylase, and invertase, can hydrolyze polysaccha-
rides to increase the blood sugar [12]. The inhibition to the
digestive enzymes (glycosidases and lipase) might contribute
to the health caring and therapy for hyperglycemia and
hyperlipidemia. In our previous studies, qingke fS-glucan
was enzymatically extracted with the aim of broadening its
application [8]. And the biological activity of the enzymatic
B-glucan was not investigated. In this study, we set out to
separate and purify the enzymatic S-glucan from qingke,
then to explore the structural characterization and bio-activ-
ities, of the purified 3-glucan, on digestive enzymes account-
ing for increasing glucose and lipid. It may be helpful to
expand the application of gingke f3-glucan.

2. Materials and Methods

2.1. Materials and Reagents. The enzymatic 3-glucan crude
extract of gingke was obtained from Jing Brand Chizheng-
tang Pharmaceutical Co., Ltd. All the chemical reagents were
analytical grade and purchased from Sinopharm Group Co.
Ltd (China). a-Amylase (EC number 3.2.1.1), invertase (EC
number 3.2.1.26), and a-glucosidase (EC number 3.2.1.20)
were purchased from Sigma (USA) with the catalog number
of A3176, 14504, and G5003, respectively. The lipase (CAS
number 9001-62-1) was purchased from Sinopharm Group
Co. Ltd. with a catalog number of 64005761. The positive
compound of acarbose was purchased from the BAYER
(Germany). The compound of orlistat (catalog number
04139), p-nitrophenyl glucopyranoside (catalog number
877250), and p-nitrophenol (catalog number N2752) were
purchased from Sigma. The soluble starch (catalog number
10021318), sucrose (catalog number 10021487), and 3,5-
dinitrosalicylic acid (catalog number 30073424) were pur-
chased from Sinopharm Group Co. Ltd.

2.2. Isolation and Purification of B-Glucan from Qingke. The
enzymatic 3-glucan crude extract of qingke was prepared as
described previously [8]. The subsequent separation and
purification process referred literature method [13, 14] and
included four main steps: deproteinization, decolorization,
DEAE-52 column chromatography, and sepharose CL-4B
agarose gel column chromatography (Figure 1). Chloroform
and n-butanol were mixed with a volume ratio of 4: 1. Then
the mixture was added into the enzymatic 3-glucan solution
with a volume ratio of 1:4, followed with shaking vigorously
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for 20 min and centrifugation. The denatured protein layer at
the junction of the aqueous phase and the organic phase was
removed by filtration. The upper aqueous solution was mixed
with HP-20 macroporous resin in the ratio of 20:1 (v/g),
followed with stirring evenly, pH adjustment to 4.0, and
then standing for 80 min at 60°C. The mixture was centri-
fuged to collect the supernatant for 20 min at 5000 r/min
to obtain the decolored f-glucan solution. The supernatant
was added with 5 times volume of 95% ethanol for precip-
itation overnight and then was centrifuged for 20min at
9000 r/min to collect the precipitate. The precipitation and
centrifugation were repeated twice. The dissolved precipi-
tated by water was eluted using DEAE-52 cellulose column
chromatography with pure water. Throughout the elution,
the UV detector (SPD-10A, Shimadzu, Japan) connecting
with the fraction collector was used to detect the protein pro-
file of the eluent at 280 nm wavelength. The sugar concentra-
tions of the eluent in each tube were measured by the
anthrone-sulfuric acid method at 620 nm wavelength [15].
The main sugar-containing fractions of the eluent were har-
vested, combined, and lyophilized by freeze-drying. The
redissolved sugar-containing fraction was then purified by
sepharose CL-4B agarose gel column chromatography and
eluted with pure water. The eluents were measured by the
anthrone-sulfuric acid method at 620 nm wavelength to track
the sugar concentrations. Then, the sugar-containing frac-
tions were also harvested, combined, and lyophilized by
freeze-drying to obtain the purified enzymatic 3-glucan from
qingke (EGQK).

2.3. Viscosity. EGQK solution was prepared by dispersing the
EGQK in deionized water at a concentration of 0.1%. Then,
the Ubbelohde capillary viscosimeter was used to determine
the kinematic viscosity (v) based on a previously reported
method [16]. Time of suspension flow was taken from 5 mea-
surements as average, and the kinematic viscosity was calcu-
lated from the equation:

2

Kinematic viscosity (mm?” - sec™")

= capillary constant (mm? - sec™?) (1)

x average flow time(sec)

2.4. Molecular Mass Analysis of EGQK. The molecular weight
distribution of EGQK was obtained on high-performance
size-exclusion chromatography (HPSEC) using the column
(Shodex SB-803 HQ, Showa Denko K.K,, Japan) [17]. Sam-
ples were filtered through a syringe filter (0.45um pore),
and 20 gl filtrate was injected into the HPSEC column. The
column was eluted with 0.15M NaNO; with a flow rate of
0.6 ml/min, with a laser scattering detector (Wyatt dawn
heleos-II, Wyatt DAWN Technology, USA) (LS) and refrac-
tive index detector (Optilab T-rEX, Wyatt DAWN Technol-
ogy, USA) (dRI).

2.5.  Fourier-Transform Infrared Spectroscopy (FT-IR)
Spectrum of EGQK Analysis. The FT-IR spectrum of EGQK
was recorded on a Bruker Vector 22 spectrometer (Bruker
Optik GmbH, Germany) using KBr pellets.

2.6. ’C-NMR Spectrum Analysis of the Monosaccharide
Composition of EGQK. The sample of EGQK (30 mg) was
dissolved in 1.0ml D,O (99.9 at% D) for NMR analysis.
The ">C NMR spectrum was obtained at 298 K on a Bruker
DRX-600 NMR spectrometer (Bruker BioSpin GmbH, Ger-
many) with TMS as an internal standard. MestReNova soft-
ware (6.1.1.2.2.4) was used to count the data.

2.7. In Vitro Enzyme Inhibition Assays

2.7.1. Inhibition to a-Amylase and Invertase. The activity
inhibition assays to a-amylase and invertase were measured
by 3,5-dinitrosalicylic acid (DNS) [18]. The EGQK sample
or positive control compound (acarbose) was added to the
enzyme solution and then incubated for 10 min at 37°C or
55°C in a-amylase and invertase assay, respectively. The sub-
strate solution was added to each tube, and then the reaction
was carried out at 37°C for 20 min. Each tube was added with
800 ul and 600 ul DNS solution for a-amylase and invertase
assay, respectively. And then, the tube was heated at 100°C
for 5min. 800 ul solution in each tube was transferred to
the well of the 24-well plate, and the OD value was read at
540 nm.

2.7.2. Inhibition to a-Glucosidase Assay. The assay of activity
inhibition to a-glucosidase was measured by p-nitrophenyl
glucopyranoside (pNPG) [19]. In 96-well plate, the EGQK
sample or acarbose was added to the enzyme solution and
then incubated for 5min at 37°C. Each well was added with
20 ul of 2.5mM pNPG solution, and then heated at 37°C
for 30 min. Each well was added with 80 ul of 0.2 M Na,CO,
stop solution, and then the OD value was read at 405 nm.

2.7.3. Inhibition to Lipase Assay. The activity inhibition to
lipase was measured by p-nitrophenol (p-NPP) [20]. The
EGQK sample or orlistat was added to the lipase solution
and then incubated for 10 min at 37°C. Each tube was added
with 0.3 mg/ml p-NPP solution and then incubated at 37°C
for 30 min. Each tube was added with 300 ul of 10% trichlo-
roacetic acid (TCA), followed with 300 ul of 10% Na,CO,
stop solution. 1500 ul solution in each tube was transferred
to the well of the 24-well plate, and the OD value was
read at 405nm. The parameters of the indicating enzyme
inhibition assay were shown in Table 1. The enzymatic
inhibitory activity was exhibited as inhibition % and was
calculated as follows:

Inhibition (% ODsample — ODnegtive control
nhibition(%) =
(%) ODpositive control — ODnegtive control

x 100%

(2)

3. Results

3.1. The Preparation Result of EGQK. The elution curve of
crude f3-glucan by DEAE-52 cellulose column chromatogra-
phy was shown in Figure 2. The elution peaks appeared in the
16-48 tubes, 64-78 tubes, and 96-106 tubes. The content of
protein impurity was less, only appearing in the 66-84 tubes



FiGUure 2: The elution curve of crude f-glucan by DEAE-52
cellulose column chromatography.
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FiGure 3: The elution curve of f-glucan by sepharose CL-4B
agarose gel column chromatography.

with a weak absorbance and elution peak. The main sugar-
containing fractions presenting in 16-48 tubes were com-
bined and further purified to obtain EGQK. Figure 3 showed
the elution curve of EGQK by sepharose CL-4B agarose gel
column chromatography, suggesting that EGQK had a uni-
form molecular weight. As the f-glucan was extracted and
purified using this procedure, 22.8-gram f-glucan could be
prepared from 1-kilogram gingke dry powder.

3.2. The Appearance and Viscosity of EGQK. EGQK showed
the appearance of a light yellow powder (Figure 4). The kine-
matic viscosity of 0.1% solution of EGQK was 1.87 mm?sec ™",

4 Advances in Polymer Technology
TaBLE 1: The enzyme assay parameters.
Sample Substrate Enzyme
Enzyme assay Vol. (ul) Final Conc. Vol. (ul) Final Conc. Vol. (ul) Buffer (pH)
a-Amylase 200 1.5% 400 0.1 pg/ml 200 Tris-HCI (pH 7.0)
Invertase 200 50 mM 200 1 pg/ml 200 Tris-HCI (pH 4.5)
a-Glucosidase 20 1.25mM 20 0.01 unit 40 PBS (pH 6.8)
Lipase 300 0.15mg/ml 600 1 mg/ml 300 Tris-HCI (pH 8.0)
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_m 280 nm FIGURE 4: The appearance of purified enzymatic f-glucan from

gingke (EGQK).
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Ficure 5: HPSEC-dRI-LS profile of the purified enzymatic 3-glucan
from qingke (EGQK).

3.3. Molecular Mass of EGQK. As shown in Figure 5, the
HPSEC profile of EGQK was a single peak, indicating a uni-
form molecular weight. The molecular mass of EGQK was
further analyzed and calculated by Astra software. It showed
that the distribution range of the EGQK molecular weight
was 201,000 Da (+1.323%), and the dispersion coeflicient
(Mw/Mn) was 1.525 (+2.107%).

3.4. FT-IR Characterization of EGQK. The FT-IR of EGQK
(Figure 6) was assigned according to a previous report [21,
22]. Its spectral analysis revealed a wide band at 3500~
3200 cm™ representing hydroxyl stretching vibration absorp-
tion, whereas a band at 1655cm™ representing its bending
vibration absorption peak. Weak absorptions at 2800~
2950cm™ and 1350~1300cm™ indicated the bend and
stretching vibration of a C-H. The deformation absorption
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analysis of the purified enzymatic -glucan from gingke (EGQK).
B-(1—4) is labeled red, -(1—3) is labeled green.

at 1425 cm™ might indicate the presence of stretching vibra-
tions of terminal methylene (glucose). The absorption peak
at 1158 cm™' was assigned mainly to C-O stretching vibration
on rings. The angular vibrations of alcohol hydroxyl were at
both 1120 cm™ and 1039 cm™ with double absorption peaks.

35. °C NMR Analysis. °C NMR spectrum of EGQK
(Figure 7) was assigned according to the previous report [23,
24]. The resonance peaks at 104.04 ppm and 103.40 ppm were
the anomeric carbon C-1 of 3-(1—3)-D-glc, as well as 3-
(1—4)-D-glc [25, 26]. The peak at 87.75 ppm was analyzed
as the C-3 carbon of the 3-(1—3)-D-Glc. The peaks at
73.40, 71.06, 76.73, and 61.28 ppm were the C-2, C-4, C-5,
and C-6 of the 3-(1—3)-D-glc residues, respectively [24].
There were the resonances at 68.74, 72.66, 80.77, 75.38, and
60.71 ppm, assigned to C-2, C-3, C-4, C-5, and C-6 carbons
of the B-(1—4)-D-glc residue, respectively. The assign-
ments were presented in Table 2. The ratio of S-(1—4)-
linkages and f3-(1—3)-linkages in EGQK was approximately
3:1 according to the proportion of the resonance peaks of
anomeric carbon (C-1) in '*C NMR spectrum. As a result,
we speculated that the EGQK was -glucan. And EGQK con-
tained some f-(1—3) linked glucose residues among the
predominant f3-(1—4) linked linear glucan chains.

3.6. The Enzymatic Inhibition. It was shown that in Figure 8,
EGQK had certain inhibitory effects on the activities of

TasLE 2: "?C-NMR assigments for the purified enzymatic S-glucan
from gingke (EGQK).

B-Glucan >C-NMR chemical shifts (ppm)

residue C-1 C2 C3 C4 C-5 C-6
B-(1—3) 104.04 73.40 87.75 71.06 76.73 61.28
B-(1—4) 103.40 68.74 72.66 80.77 7538 60.71

glycosidases (a-glucosidase, a-amylase, and invertase), but
all of the inhibitory effects were lower than that of acar-
bose. All the effects exhibited a dose-dependent manner
of increasing inhibition % with the increasing EGQK concen-
tration. EGQK presented a relatively strong inhibitory activ-
ity on a-glucosidase. The inhibition of a-glucosidase reached
a plateau of 77% at the concentrations of 5mg/ml and
10mg/ml. The inhibition activity of EGQK on invertase
was moderate, which was similar to that of acarbose. The
highest inhibition rate was around 50% at the concentrations
of 6.66 mg/ml EGQK. EGQK showed a weak inhibitory effect
on a-amylase, which also had a dose-dependent manner. The
inhibition rate was 25.6% by 10mg/ml EGQK. However,
EGQK did not show an inhibitory effect on lipase (data not
shown). The detected inhibition % was very low and did
not present dose-dependent manner in lipase inhibition
assay by EGQK, whereas the orlistat showed good dose-
dependent inhibition. The results suggested that EGQK has
a mechanism as a hypoglycemic additive due to the inhibi-
tory effect on glycosidases.

4. Discussion

B-Glucan exists in barley, oat, and wheat. It is edible and
defined as a dietary fiber. There are few reports about -glu-
can purification although the content of 3-glucan in gingke is
relatively high in cereal crops [27]. In this present study, the
yield of purified and enzymatic -glucan was 2.28%. More-
over, the waste residue in the extraction and purification pro-
cess generally does not contain toxic and harmful substances,
thus can be reused. The physicochemical properties of the
purified B-glucan were also investigated for the possible
interest in food and beverage applications.

Cereal f-glucan is a type of linear glucose polymers con-
taining oligosaccharides which are formed by the linkage of
B-D-glucopyranosyl units. It is mainly linked by S-(1—4)
and separated by f-(1—3) [28]. In this study, by using
C NMR spectrum, it showed that EGQK possessed 3-D-
glucan mainly with B-(1—4)-linkages and occasionally
with f-(1—3)-linkages. The molecular weight of 3-glucan
is related to its viscosity. The kinematic viscosity of EGQK
is relatively moderate compared to the high viscosity of the
high-molecular f-glucan previously reported [16]. The vis-
cous property expands the application into beverages.

Hull-less barley (qingke) contains a high content of -
glucan among all the cereal varieties [29, 30], with an average
content of 5.25% and the normal content range from 4% to
8% [31]. And the content ranges of 3-glucan in other barleys
and oats are 2%-10% and 2.5%-6.6%, respectively, which are
overall lower than gingke f-glucan [32]. A new variety
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named “Zang Qing No. 25” contains 8.62% of -glucan [33,
34]. Moreover, the bran and shorts of gingke contain more
B-glucan contents (over 7%) than reduction flours (2~3%)
and breaks (0.8~3%) [35]. This suggests that -glucan could
be processed and utilized as functional food additives from
the by-product of bran, which indicates the comprehensive
usage of qingke. However, there is not much in-depth study
on the characteristics of $-glucan enriching in qingke. 3-glu-
can has multiple physiological functions [36, 37] including
anticancer [38], clearing bowel [39, 40], regulating blood
sugar [41], lowering cholesterol [42], healing wounds [43],
and improving immunity [44]. As the main physiological
active component of gingke, the research for S-glucan was
only focused on the studies of reducing cholesterol [42]
and blood sugar [41] currently. In this present study, it is
the first time to explore the direct inhibitory effects of qingke
B-glucan on digestive enzymes. The inhibitory effects of -
glucan on a-glucosidase, a-amylase, invertase, and lipase
were investigated.

In Asia, the bulk of the diet is mainly starch, which
metabolism involves the enzymatic hydrolysis by a-glucosi-
dase [45] and a-amylase [46]. The inhibition of these two
enzymes [47] is beneficial to reducing the blood sugar con-
tent [48, 49], preventing and treating the postprandial hyper-
glycemia [50, 51], and relieving the hyperinsulinemia [52,
53]. Invertase is a kind of disaccharidase hydrolyzing sucrose
as a substrate. By inhibiting the absorption of sucrose in vivo,
the intervention has the function of reducing blood sugar and
cannot stimulate the insulin secretion by the pancreas. The
results of our study showed that EGQK had a mild inhibitory

effect on these enzymes, especially on a-glucosidase. More-
over, the inhibitory effect of EGQK on invertase was similar
to that by acarbose. Although the inhibitory effect of EGQK
on a-amylase was much weak, it also presented the dose-
dependent manner. These results could partly support the
auxiliary hypoglycemic function of qingke f-glucan in vivo.

Qingke p-glucan can reduce the blood cholesterol con-
tent of experimental animals, which study is reported by
Tong et al. in 2015 [42]. It confirmed that gingke f-glucan
had the hypocholesterolemic effects on cholesterol metabo-
lism in hamsters fed with hypercholesterolemic diet. And
qingke p-glucan presented more inhibitory activity to 3-
hydroxy-3-methyl glutaryl-coenzyme A (HMG-CoA) reduc-
tase compared with oat 3-glucan. Thus, the inhibitory effect
of EGQK on lipase was detected in vitro in this study. How-
ever, it showed that EGQK did not inhibit lipase activity and
dose-dependent manner. It speculated that the loss of lipase
inhibition might be due to the enzymolysis and the reduced
viscosity. But the viscosity of EGQK might perhaps be
involved in the intervention on the absorption of lipid, cho-
lesterol, and fat in digestive tract in vivo [54].

In this study, the B-glucan from gingke was isolated
through cellulose column chromatography to obtain three
fractions. After collecting the main fraction by agarose gel
column chromatography, the EGQK has a molecular weight
of 201kDa. NMR spectroscopy indicated the preliminary
structural characterization with -(1—4) main chain and
B-(1—>3) side chain. Meanwhile, EGQK exhibited a certain
inhibitory activity on a-glucosidase, a-amylase, and invertase
and has no direct inhibitory activity on lipase. The
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preliminary study indicates that the EGQK purified from
enzymatic f-glucan has the potential as natural auxiliary
hypoglycemic additives in functional medicine or foods.
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Background. The present work aims at formulating the melatonin-loaded nanoparticles (MTNPs) exhibiting the controlled-release
and pH-sensitivity to repurpose the use of melatonin in the treatment of depressive-like behaviors and hypothalamus-pituitary-
adrenal (HPA) axis dysregulation. Methods. MTNPs were characterized for the size, drug incorporation, and in vitro release in
the different pH environments. Its merits were in vivo tested on the pinealectomized rats presenting the depressive-like
behaviors and the abnormal HPA axis activity by calculating the improvement on saccharin preference, swimming immobility
time, and the negative feedback of HPA axis. Results. Results revealed that MTNPs showed nanometer size, 15.77% of drug
loading, 33.82% of encapsulation efficiency, the different controlled-release profiles in different pH environments (pH 1.2,
pH 6.8, and pH 7.4), more sensitivity release in simulated intestinal fluid (pH 7.4) and blood (pH 6.8), and less sensitivity release
in simulated gastric fluid (pH 1.2). Furthermore, MTNPs displayed better antidepressant actions in reducing the immobility
time of forced swimming test, increasing the preference for saccharin, and sensitizing the blunt negative feedback of HPA axis,
when compared to the free melatonin. Conclusions. The controlled-release nanoparticles is shown to be an effective

improvement on the dosage form for melatonin, which is worthy of futuristic and complete evaluation.

1. Introduction

The released report by the World Health Organization
(WHO) in 2017 shows that depression has become the most
widespread and burdensome mental illness [1]. There are
currently about 350 million patients worldwide, and it is pro-
jected that depression will be the most popular disease in the
developing countries by 2022 [2, 3]. Melatonin (MT) is an
endogenous bioactive substance which is mainly secreted by
pineal gland [4]. Melatonin has a broad range of physiologi-
cal activities, including body temperature regulation [5],
nervous regulation [6], endocrine regulation [7], immune
regulation [8], and hormone secretion [9]. Melatonin secre-
tion decreases during the course of depression and increases

after achieving remission, suggesting that the abnormality of
melatonin plays a role in the pathogenesis of depression
[10, 11]. As the deep understanding of neuroendocrine ther-
apy of depression, melatonin has been found to have a certain
effect on improving depressive-like behaviors [12, 13]. Boer
et al. [14] reported that melatonin may be used as a novel anti-
depressant in clinical treatment of a variety of depression,
especially in the treatment of major depressive disorder
(MDD). Clinical studies showed that the plasma level of mel-
atonin decreases in MDD patients [15]. In the preclinical stud-
ies evaluating the antidepression efficacy of melatonin, it was
found that the immobility period of mice in the forced swim-
ming test (FST) decreased in the dose-dependent manner after
the daily administration of melatonin (2.5-10 mg/kg) in 3 to 6
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days [16]. The administration of melatonin by intraperitoneal
(0.1-30mg/kg) or intracerebroventricular (0.001-0.1 nmol/
site) route also reduced the immobility period in the tail sus-
pension test (TST) [17]. Unpredictable chronic exposure to
stress-induced high levels of serum corticosterone in mice;
however, oral administration of exogenous melatonin for 5
weeks (1 and 10mg/kg) decreased the higher serum cortico-
sterone levels [18]. These studies provided the direct evidences
supporting the hypothesis that the melatonin acts as an anti-
depressant, and melatonin might have regulatory roles in the
activity of hypothalamus-pituitary-adrenal (HPA) axis [19-22].

After the oral administration, the blood concentration of
the melatonin increases rapidly and then decreases rapidly
with a short half-life of about 60 minutes in the blood and a
low bioavailability of about 15% [23]. The pharmaceutical
dosage forms are useful in the precision and rationalization
of drug delivery, so as to realize the sustained and stable drug
release and the long-term effective blood drug concentration,
to avoid the fluctuation of peak-valley concentration, and to
reduce the frequency of administration [24]. In addition, the
effective dosage forms can also reduce the side effects of drugs,
such as the protection on gastrointestinal tract [25, 26]. By
using the polymer nanometer materials and the drug-loaded
nanoparticle technology, the melatonin compound is wrapped
and attached to the nanoparticle, so as to slow down the disso-
lution rate and improve the drug absorption in vivo [27-29].
The design of the dosage form for melatonin has been a new
strategy to improve its curative effect in various diseases [30, 31].

In this study, the gelatin, polylactic acid (PLA), and chito-
san were used to prepare melatonin-loaded nanoparticles
(MTNPs). Then the effects on the depressive behaviors and
the hormone secretion in vivo in the pinealectomized rats
were compared between the administration of MTNPs and
free melatonin.

2. Material and Methods

2.1. Preparation of Nanoparticles Loaded with Melatonin.
The absolute ethyl alcohol solution containing melatonin
(0.5mL) and the aqueous solution containing gelatin
(0.5mL) were mixed to give a clear solution under 50°C. Then
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the solution was dropped slowly into the dichloromethane
solution containing PLA (9.0mL) followed with 1h stirring
and 1h ultrasonic vibration to obtain the white emulsion I.
The final concentrations of melatonin, gelatin, and PLA were
0.4%, 0.1%, and 1.2%, respectively. Emulsion I was slowly
dropped into the dichloromethane solution (30 mL) containing
Span-80 and Tween-80, followed with 1h stirring, subsequent
heating at 39°C to evaporate 30 mL of dichloromethane, and
1h ultrasonic vibration to obtain the yellow emulsion II
(10mL). Emulsion II was slowly dropped into the aqueous
solution (50 mL) containing 0.25% chitosan and 1% acetic
acid, followed with 1h stirring and 1h ultrasonic vibration
to obtain the white emulsion III. Emulsion III was stirred to
volatilize the organic solvent for 24h at 30°C and then was
centrifuged at 5000 rpm/min to obtain the precipitate. The
precipitate was washed by deionized water, centrifuged for
three times, and dried under vacuum decompression to obtain
the product of melatonin-loaded nanoparticles (MTNPs). The
procedure is schematically shown in Figure 1.

2.2. Measurement of Particle Size, PDI, and Morphology. The
hydrodynamic diameter and polydispersity index (PDI)
value of MTNPs were analyzed by dynamic light scattering
(DLS). Five measurements were taken using the Zetasizer
Nano analyzer from Malvern Instruments (Malvern, UK).
Transmission electron microscopy (Philips CM12, Eindho-
ven, Netherlands) was applied to evaluate the morphology
of MTNPs. The particle sizes of MTNPs were determined
by measuring the diameters with the Image] measurement
tool from a number of TEM images.

2.3. Determination of Drug Incorporation. One milligram per
milliliter of MTNPs in dichloromethane was diluted for 100
times by 30% ethanol. Then the water phase was collected by
stirring thoroughly and standing for 20 min. The absorbance
of the water phase was measured by a UV spectrophotometer
at 278nm. The melatonin concentration was calculated
according to the standard curve of melatonin at 278 nm. The
encapsulation efficiency (EE) and drug loading (DL) of mela-
tonin were calculated by the equations (1) and (2), respec-
tively, as

Encapsulation efficiency (%) =

Drugloading (%) =

Mass of melatonin in nanoparticles x 100% (1)
Mass of initial melatonin used
Mass of melatonin in nanoparticles x 100%

(2)

2.4. In Vitro Release Study. The phosphate-buffered salines
(PBS) of pH7.4, pH6.8, and pH 1.2 were prepared and used
for simulating blood, intestinal fluid, and gastric fluid,
respectively. 10 mL of 0.1 mg/mL MTNPs was placed into a
dialysis bag. The dialysis bag was put into 50 mL PBS with
different pH and then was stirred magnetically at 37°C. At
the indicated interval, 1 mL of sample PBS was removed for

Mass of nanoparticles

analysis, and the new PBS (1 mL) was supplemented. The
absorbance of the sample PBS was measured by a UV spec-
trophotometer at 278nm to plot the cumulative release
curve. All the drug release studies were performed in
triplicates.

2.5. Animals and Groups. Male Wistar rats were housed in a
temperature-controlled room (25°C) under the light/dark
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FIGURE 1: Schematic presentation of the preparation of melatonin-loaded nanoparticles (MTNPs).

cycle (12:12h, lights on at 08:00 a.m.). Experimental proce-
dures were approved by the Animal Ethics Committee of
Hubei University of Medicine. The rats were randomly
divided into four groups with 10 rats per group: the sham
group, normal rats treated with vehicle; the Pin group, pine-
alectomized rats; the Pin-MT group, pinealectomized rats
treated with free melatonin; and the Pin-MTNPs group,
pinealectomized rats treated with MTNPs.

2.6. Surgery and Treatment. The surgery was performed fol-
lowing the method previously reported by Hoffmann and
Reiter [32]. Briefly, the rats were anesthetized and adapted
to a stereotactic apparatus, and then the hair on the top of
the head was scraped and removed. Transverse incision was
cut between two ears to expose the sagittal suture and lamb-
doidal suture. A piece of rectangular bone was peeled off
from the dura using a pointed dental burr with the sagittal
suture as the symmetry axis. After the dura was cut off, the
sagittal venous sinus was ligated on two sides and was cut
off at the middle, and then the pineal gland under the sagittal
venous sinus was removed. After using the Gelfoam sponge

to stem the bleeding, the rectangular bone was returned to
its original position, and then the skin was sutured. The sham
rats encountered the same procedure except that the pineal
gland was removed. After 7 days of surgery, the rats could
be used in the study.

Free melatonin or MTNPs, dissolved in saline containing
4% ethanol, was injected subcutaneously at 17:00 p.m. at the
dose of 10mgkg ™" and 60 mgkg ", respectively. The doses
ensured the equal amount of melatonin given to rats. The
sham group and Pin group were injected the equal volume
of saline subcutaneously. The administration was kept for 4
weeks.

2.7. Saccharin Preference Test. During the last four days of the
administration, all rats were given two weighed bottles, one
containing pure water and the other one containing 0.1% sac-
charin solution. After 24 h, the two bottles were weighed to
calculate the consumption of drinking water using the differ-
ence before and after detection. The consumption for 4 con-
secutive days was recorded, and then the taste preference was
calculated by the equation (3) as

Mass of saccharin solution x 100%

Preference for saccharin (%) =

2.8. Forced Swimming Test (FST). After 1h of final adminis-
tration, the rats in each group were put into a glass cylinder
(¢ of 20 cm, height of 40cm) filled with 24 cm of water at
25°C. Each rat was allowed to freely swim for 6 min, and
the immobility time was recorded in the last 4 min. The water
was replaced before each test to avoid the interference of fecal
and odor from each rat.

~ Total mass of drinking water (saccharin + water)

2.9. Hormone Assay. Before the dexamethasone (Dex) chal-
lenge, the blood of each rat was collected and the basal level
of corticosterone (CORT) was detected by ELISA. Then
Dex (30 mg/kg) was injected intraperitoneally to inhibit the
secretion of CORT in vivo. After 2h of injection, the blood
sample was collected and the CORT level was measured
again.



2.10. Statistical Analyses. All statistical analyses were per-
formed using SPSS (version 12.0.1, SPSS Inc., Chicago, IL,
United States). Data are expressed as the means + SD, and
P <0.05 was considered statistically significant. One-way
ANOVA was used followed by the post hoc test for group
difference.

3. Result

3.1. Basic Characteristics of the MTNPs. The hydrodynamic
particle size of MTNPs was 96.12 + 13.53 nm, and the PDI
value was 0.203 + 0.01. The TEM image showed the mor-
phology of MTNPs as the spherical shape (Figure 2). Histo-
grams indicated the particle size distribution of MTNPs
(Figure 3). MTNPs had the particle size distribution between
23 and 106 nm, and the average size was 54.71 + 17.29 nm.
The particle size between 39.45 and 55.90 nm accounted for
51.6% and was the relatively concentrated size range.

3.2. Encapsulation Efficiency and Drug Loading of MTNPs.
The drug loading of MTNPs produced from 3 batches was
15.77 + 1.74% in Figure 4. The encapsulation efficiency from
3 batches was 33.82 + 0.53%.

3.3. In Vitro Release Profiles of MTNPs in Different pH
Solutions. The release kinetics of melatonin was evaluated
in three different in vitro environments (pH 1.2, simulated
gastric fluid; pH 6.8, simulated intestinal fluid; and pH7.4,
simulated blood). In the simulated gastric fluid (pH1.2),
the melatonin release rate was the slowest and less than
20.3% at 8h (Figure 5(a)). In the simulated intestinal envi-
ronment (pH6.8) and blood (pH7.4), the degradation of
PLA and chitosan was accelerated, so as that melatonin
release rates increased to 81.4% (Figure 5(b)) and 96.7%
(Figure 5(c)) at 8 h, respectively.

3.4. Effect of MTNPs on Saccharin Preference in the
Pinealectomized Rats. The preference for saccharin is an
indicator for evaluating anhedonia. As shown in
Figure 6, the preference for saccharin of each group was
similar before pinealectomy (P > 0.05). After pinealectomy,
the rats of the Pin group showed statistically significantly
decreased preference for saccharin (P <0.05), indicating
that the pinealectomized rats have the depressive-like
behavior. After the various administrations, both MT and
MTNPs could increase the preference for saccharin in
the pinealectomized rats. As compared to the MT group,
the preference for the saccharin of rats in the MTNPs
group was higher, but no significant statistical significance
was observed.

3.5. Effect of MTNPs in FST. As shown in Figure 7, at week 0,
all groups did not present the notably difference of the immo-
bility time (P > 0.05). After the pinealectomy and adminis-
tration for 4 weeks, the significant difference of the
immobility time between the Pin group and sham group
was shown (P < 0.001), representing the induced depression
to rats. However, both treatment groups with MT and
MTNPs significantly reduced the immobility time in FST
compared to the Pin group. Moreover, the FST result showed
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FIGURE 2: Transmission electron microscope image of melatonin-
loaded nanoparticles (MTNPs).
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FiGure 3: The particle size distribution for melatonin-loaded
nanoparticles (MTNPs).
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FIGURE 4: Drug loading and encapsulation efficiency of melatonin-
loaded nanoparticles (MTNPs). DL: drug loading; EE:
encapsulation efficiency.

that MTNPs exhibited an improvement more significantly to
MT (P < 0.05).

3.6. Effect of MTNPs in HPA Axis Activity. Plasma CORT
levels in basal condition (before the Dex injection) and after
the Dex injection were observed (Figure 8). Before the Dex
injection, the basal plasma levels of CORT of the pinealecto-
mized rats were higher than that of sham rats, but there was
no statistical difference (P> 0.05). After the Dex injection,
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FIGURE 5: In vitro release profile of melatonin-loaded nanoparticles (MTNPs). (a) pH 1.2, simulated gastric fluid. (b) pH 6.8, simulated blood.
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the plasma CORT levels of all rats decreased significantly
(P <0.05), presenting the negative feedback mechanism of
the HPA axis. When analyzing the CORT levels, it was
observed that the CORT level of the Pin group was signifi-
cantly higher than that of the sham group (P < 0.05). When
compared with the Pin group, the CORT level of the MT
group showed a decreased tendency without statistical differ-
ence (P> 0.05); however, the CORT level of the MTNP
group significantly decreased (P < 0.05). When analyzing
the decreased fold of the CORT level, it was observed that
the decreased fold of the Pin group was significantly lower
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FiGure 7: Effect of melatonin-loaded nanoparticles (MTNPs) on the
immobility time in forced swimming test. **P <0.01 and ***P <
0.001 vs. the sham group; *P <0.05 and **P < 0.01 vs. the Pin group;
*P < 0.05 vs. the MT group. Pin: pinealectomized rats; MT: melatonin.

than that of the sham group, indicating the pinealectomy
impaired the negative feedback of the HPA axis. Both rats
in the MT group and MTNP group showed a notable
decrease in the CORT level and significant increased change
fold (P <0.05), indicating that MT and MTNPs could
improve the impaired negative feedback. When compared
with the decrease fold of CORT in the MT group, the
decrease fold in the MTNP group was significantly higher
(P <0.05), suggesting that MTNPs improved the damaged
HPA axis more than MT.
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F1GURE 8: Effect of melatonin-loaded nanoparticles (MTNPs) on the plasma corticosterone level. (A) The plasma corticosterone level. (b) The
decreased fold change of plasma corticosterone. *P < 0.05 vs. the sham group; “P < 0.05 vs. the Pin group; *P < 0.05 vs. the MT group. Pin:

pinealectomized rats; MT: melatonin.

4. Discussion

Although melatonin is metabolized rapidly in vivo and has a
short half-life of about 60 minutes [23], the controlled-
release dosage forms can delay the elimination time of mela-
tonin residue in vivo, prolong the retention time, and main-
tain the physiological effect of melatonin. There are various
carriers used to prepare the controlled-release dosage forms
of melatonin, such as silica [33], diamine polymer [33],
hydroxypropyl methylcellulose phthalate [34], alginate [35],
and poly(lactic-co-glycolic acid) (PLGA) [28, 36]. In the
study, PLA and chitosan are used as the controlled-release
carriers for melatonin, and gelatin is used as dispersant.
The hydrophilic gelatin is nontoxic and nonantigenic protein
and plays the role of emulsifying and stabilizing agent. PLA
has good biodegradability, good biocompatibility [37, 38],
and no toxicity [39]. PLA is hydrolyzed fully to lactic acid,
the natural substance of human body, which in turn is con-
verted into carbon dioxide and is expelled from the lung
[40, 41]. Chitosan is a natural poly(glucosamine) with good
biocompatibility, biodegradability [42], and bioactivities
[43]. According to the characteristics of the polymers, the
technique of emulsification-solvent evaporation is adopted
to prepare the melatonin-loaded nanoparticles (MTNPs).
The melatonin compound is adsorbed, embedded, and
attached by PLA and chitosan, rather than chemically linked
to these polymers, thus not destroying the nature of melato-
nin. In the process of drug production, encapsulation effi-
ciency and particle size are the two most essential features.
The purpose of the drug determines the particle size. The
particle size of MTNPs is 54.71 nm, lower than 100 nm,
which is favorable for the feasible purpose of penetrating
the blood-brain barrier. However, the encapsulation effi-
ciency of MTNPs is low. The improvement of encapsulation
efficiency might be adjusted from the stirring speed, the poly-
mers concentration, and the solvent evaporation tempera-
ture. The process of the controlled-release [44] of

melatonin from MTNPs firstly displays as the detachment
and diffusion of melatonin adsorbed on the surface of
MTNPs. Secondly, PLA and chitosan which are located at
the outer layer of MTNPs proceed swelling, and the swelling
causes a plurality of micropores on the surface of MTNPs.
These actions promote the gradual dissolution and release
of melatonin through the micropores and also promote the
permeation of solvent into the inside of MTNPs through
the micropores and thereby accelerate again the dissolution
and release of melatonin. Finally, the carrier materials of
MTNPs are degraded and eroded, so that the melatonin is
completely released. This process plays the role in maintain-
ing the controlled release of melatonin.

It has been reported in literatures that melatonin has
binding sites in the gastrointestinal tract of mammals,
and the density of these binding sites differs in different
regions of the intestines. Lee et al. demonstrated that the
binding site density follows the descending order: ileum,
jejunum > duodenum, colon > cecum > esophagus [45].
Poon et al. found that the binding sites of human body
are mainly located in the colon, cecum, appendix, and
few ileus [46]. Bubenik et al. [47] compared that the bind-
ing site density in the intestines is overall higher than that
in the stomach. In the present study, according to the tis-
sue distribution characteristics of melatonin binding sites,
we prepared the MTNPs with the slow release of melato-
nin in the stomach and the rapid release in the intestines.
The melatonin can be rapidly absorbed along with the
mass release of melatonin in the intestinal tissue because
of the large absorption surface area of the intestinal tissue.
Thereby, this action could improve the bioavailability of
melatonin. Due to the removal of the pineal gland, the
in vivo level of melatonin is much lower. The controlled
release of melatonin can maintain the retention time of
melatonin in vivo and keep the drug effect for a long time;
therefore it plays a part in simulating the physiological
function of pineal gland.
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Delagrange et al. [48] showed that melatonin and its recep-
tor agonists are antidepressants. The plasma level of melatonin
in the first-episode depression patients was lower than that in
healthy people during the onset of depression and was also sig-
nificantly lower than that in first-episode schizophrenia
patients. This suggested that the decline of melatonin level is
particularly closely related to the depression. Delagrange et al.
also demonstrated that the plasma level of melatonin increases
significantly as the depressive symptoms remission after treat-
ment with antidepressants. In clinical trials, it is also reported
that the serum level of melatonin was abnormal in MDD
patients, although the level does not distinguish the severity of
depression [49]. Oral administration with exogenous melatonin
is useful for treating depression. Melatonin has an antidepres-
sant effect on mouse undergoing the repeated forced swimming
tests [16]. Melatonin also has the function in improving the
mood of MDD patients and has good safety, good tolerance,
and no adverse side effects [50]. In our study, it demonstrated
that the pinealectomy produces depressive-like behaviors in
rats, including significantly reducing saccharin preference in
Wistar rats and prolonging the swimming immobility time.
These indexes could be effectively improved by administration
of exogenous melatonin [51]. Our results are consistent with
the reported results. Furthermore, compared to the effects of
free melatonin, MTNPs are more effective on the shortening
of the immobility time and show a tendency to increase the sac-
charin preference, suggesting a better drug effect by MTNPs. It
is speculated that this better improvement might be due to the
controlled release of melatonin from MTNPs, which in turn
maintains the plasma level for a long time.

Previous studies have shown that the melatonin has the
inhibitory effect on the hypothalamus-pituitary-target axis
activity (gonad, thyroid, and adrenal) [52, 53]. Moreover,
melatonin also has an improved effect on the immune sys-
tem, which causes the changes of cytokine secretion and reg-
ulates neuroendocrine. This makes the effect of melatonin
more diverse and complicated on neuroendocrine, especially
in many inconsistent results on the HPA axis [52]. For exam-
ple, the reduction of melatonin caused by the pinealectomy
has no significant effect on the CORT secretion in male rats
[54], while the secretion in female rats is upregulated [55].
In the present study, the deficit of melatonin due to the pine-
alectomy showed a tendency to enhance the basal plasma
CORT levels before Dex injection although there was no sta-
tistical difference among the four groups. However, after the
Dex injection, the decrease fold of the CORT level in the Pin
group was significantly less than that in the sham group, indi-
cating that the absence of the pineal gland destroys the plastic
change of the HPA axis activity. The higher CORT level in
the pinealectomized rats is also consistent with their symp-
toms of depressive-like behaviors. The administration of
the exogenous-free melatonin or MTNPs could augment
the decrease folds of CORT after the Dex injection, make
the plasticity of HPA axis sensitive, and improve the negative
feedback of the HPA axis. Moreover, MTNPs could improve
the negative feedback mechanism more than that of the free
melatonin, which proves that the long-term release of mela-
tonin might help to alleviate the overall decrease of melato-
nin caused by pinealectomy.

5. Conclusion

In the current work, the controlled-release nanoparticles
loaded with melatonin in the treatment of pinealectomized
rats were proven. These nanoparticles can effectively encap-
sulate melatonin and protect melatonin from degradation.
The melatonin-loaded nanoparticles present both pH-
sensitivity and the controlled release. It helps the rapid
release and absorption in the intestinal tissue to improve
melatonin bioavailability. Then the in vivo results prove that
the nanoparticles treatment effectively improve the
depression-like behaviors and the HPA axis hormone secre-
tion in the pinealectomized rats. The study however is in its
infancy, and it still requires the optimization of encapsulation
efficiency and needs the complete drug efficacy evaluation
using the chronic unpredictable mild stress-induced rats.
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The dual-modified dendrimer containing dexamethasone (DET) and phenylalanine (Phe) was prepared to deliver plasmid DNA
encoding dCas9 and single-guide RNA (sgRNA) for specific upregulation of f3-defensin. DET and Phe moieties synergistically
enhanced the transfection efficiency and reduced cytotoxicity of dendrimers. Combination of three sgRNAs targeting f3-
defensin gene demonstrated higher activation efficacy of f-defensin than any single sgRNA and combinations of any two
sgRNAs, showing an efficient inhibition of virus infection and replication. The titer of vesicular stomatitis virus (VSV) in the
cells treated with dCas9-sgRNA targeting -defensin was reduced by about 100-fold compared to that of cells treated with
dCas9-scramble sgRNA (dCas9-scr sgRNA). In vivo experiments demonstrated that the DET- and Phe-modified dendrimer
effectively delivered plasmid DNA encoding dCas9 protein into the airway epithelium, inducing 3-defensin expression. Delivery

of the CRISPR activation system by a dendrimer modified with DET and Phe was a promising approach against viral disease.

1. Introduction

Identification of small molecules and vaccines for antiviral
therapy is time consuming and laborious. In particular, little
knowledge about emerging viruses makes it difficult to
develop specific drugs or vaccines in a short time. Therefore,
an alternative approach is needed against viral diseases.
Except for targeting viral genome and protein, targeting host
factors (i.e., innate system, adaptive immune apparatus, and
other host genes) is an effective strategy to prohibit virus
infection or replication. For example, maraviroc prevents cell
entry of HIV and HBV virus by blocking human cellular pro-
tein CCR [1, 2]. However, only a few small molecules target-
ing host cellular proteins have been screened to treat viral
diseases. Recently, emerging genetic manipulation technolo-
gies, including zinc-finger nucleases (ZNF), transcription
activator-like effector nucleases (TALEN), and clustered
regularly interspaced short palindromic repeats/Cas9

(CRISPR/Cas9) system, have provided powerful tools for
inhibiting or activating host gene expression [3-5].

Among these technologies, the CRISPR/Cas9 system, a
complex of Cas9 protein with single-guide RNA (sgRNA, a
combination of the transactivating CRISPR RNA and spacer
transcript CRISPR RNA), has attracted considerable atten-
tion because of its multiple gene regulation manners. sgRNA
directs Cas9 protein to cleave its complementary double-
stranded DNA. Upon cleavage by Cas9 protein, the target site
is repaired via nonhomologous end joining (NHE]) or
homology-directed repair (HDR) mechanisms. Moreover,
CRISPR activation (CRISPRa) and interference (CRISPRi)
systems based on inactive Cas9 (dCas9), which specifically
bind to DNA sequence without cleavage activity, were
exploited to repress and induce interested gene expression
[6, 7]. As for CRISPRa, transcription activator VP16 or
activation domain p65 was combined with dCas9 to
transactivate multiple gene transcriptions. For instance, the
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CRISPRa/dCas9 approach was used to activate endogenous
APOBEC3G and APOBEC3B to prevent HIV infection [8].

Defensin is one kind of key factors of the innate
immunity system, being first in line against microorganism
pathogens [9, 10]. The predominant expression of 3-defen-
sins was detected in the barrier epithelial cells and was con-
sidered an ideal antiviral agent. However, high cost and
easy degradation of human S-defensin limit its clinical use.
Fortunately, the CRISPRa system provides an alternative
approach against virus by upregulating [-defensin and
thereby activating innate immunity.

Plasmid DNA encoding dCas9 protein and sgRNA is
unable to enter into cells by themselves. Therefore, utilization
of DNA delivery vectors is of great necessity. Viral vectors
(e.g., adenovirus, adeno-associated virus (AAV), and lenti-
viral viruses) showed high delivery efficiency, but their lim-
ited DNA packaging capacity and potential chromosome
integration remain to be major hurdles [11, 12]. In contrast,
nonviral vectors are readily available, cost effective, and can
efficiently incorporate siRNAs or Cas9-sgRNA plasmids into
one nanosystem [13, 14]. Moreover, some vectors such as
dendrimers were easily modified with moieties including
hydrophobic groups and nuclear localization signal mole-
cules, which significantly enhanced transfection efficiency
[15, 16]. Hydrophobic phenylalanine conjugated on the
surface of dendrimer enhanced cell uptake [17]. Dexa-
methasone can bind to the nucleic membrane and thereby
facilitate DNA transport into the nucleus [18]. Cationic
polymers modified with DET remarkably increased gene
expression levels [19]. However, dual-modification with
Phe and DET is rarely used to enhance transfection effi-
ciency. Moreover, there are few issues about the antivirus
strategy by enhancing the -defensin expression using non-
viral delivery of the CRISPRa system.

Herein, we developed a DET and Phe dual-modified cat-
ionic dendrimer G4 (Phe)-DET for the delivery of CRISPRa
plasmids targeting f-defensin. In vitro and in vivo experi-
ments were performed to confirm antiviral effects of G4
(Phe)-DET dendrimer-based nonviral CRISPRa.

2. Materials and Method

2.1. Materials. PAMAM dendrimer G4, phenylalanine, and
trifluoroacetic acid (TFA) were obtained from Sigma Aldrich
(St. Louis, USA). 1-Hydroxybenzotriazole (HOBT), O-benzo-
triazole-N,N,N',N’ -tetramethyl-uronium-hexafluoropho-

sphate (HBTU), dexamethasone, methanesulfonyl
chloride, and 2-iminothiolane-HCI (Traut’s reagent) were
purchased from J&K Scientific (Beijing, China). The cells
including human lung adenocarcinoma A549, human kidney
293T, human bronchial epithelial cell 16HBE cell, and mouse
neuroblastoma N,a cell were purchased from ATCC. Vesicu-
lar stomatitis virus (VSV) was from ATCC (stain; Indiana,
USA). Dulbecco’s modified eagle medium (DMEM), penicil-
lin-streptomycin, fetal bovine serum (FBS), and Dulbecco’s
phosphate-buffered saline (PBS) were purchased from Gibco
BRL (Carlsbad, USA). Biological reagents were purchased
from Life Technologies. Plasmid pSP-dCas9-VPR was a gift
from Prof. George Church (Addgene plasmid # 63798) and
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the activator was VPR, a tripartite activator composed of acti-
vation domains of VP64, p65, and Rta. Plasmid pphU6-gRNA
was obtained from Prof. Charles Gersbach (Addgene plasmid
# 53188). sgRNAs were prepared using T7 High Yield RNA
Synthesis Kit (New England Biolabs, NEB). Primers and
sgRNA sequences are shown in Table S1.

2.2. Synthesis of Dendrimer. The phenylalanine-modified
generation 4.0 (G4) PAMAM dendrimer was synthesized
mainly by amidation between the carboxyl group of phenyl-
alanine and the surface amino groups of G4 PAMAM dendri-
mer. Briefly, G4 PAMAM dendrimer (0.5 g, 0.035 mmol) was
dissolved in anhydrous DMF (5mL) under nitrogen gas pro-
tection. Boc-phenylalanines were added at different molar
ratios (carboxyl group of phenylalanine: surface amino
groups of G4 PAMAM dendrimer) of 25% and 50%,
followed by the addition of 1-hydroxybenzotriazole (HOBT)
and O-benzotriazole-N,N,N',N’-tetramethyl-uronium-hexa-
fluorophosphate (HBTU) at 1.25 molar equivalents of car-
boxyl in Boc-phenylalanine, serving as the condensation
reagent and catalyst to the reaction. After stirring at room
temperature for 2d, the reaction solution was precipitated
three times in the diethyl-ether to obtain yellow solid pre-
cipitate noted as G4 (Phe-Boc). To deprotect the tert-
butoxycarbonyl (Boc) groups, the G4 (Phe-Boc) dendrimer
dissolved in dichloromethane was added to 5mL trifluor-
oacetic acid (TFA) for 6h with continuous magnetic stir-
ring. After removal of TFA by rotary evaporation, the
resulting crude products were again dissolved in DMF
and purified by three rounds of precipitation in acetone.
Finally, the yellow product G4 (Phe) was obtained by
vacuum drying.

DET, a glucocorticoid, was used to modify the PAMAM
dendrimer. First, the mesylate-activated DET was prepared
by substituting the terminal hydroxyl group of DET for mes-
ylate. Under nitrogen protection, DET (0.11 g, 0.269 mmol)
dissolved in anhydrous pyridine (5 mL) was added to metha-
nesulfonyl chloride at 2 molar equivalent and then incubated
in an ice bath for 12 h with stirring, followed by the addition
of ice deionized water to precipitate crude products. The
mesylate-activated DET was purified by recrystallization
from ethanol-acetic ether. Next, Traut’s reagent and
dexamethasone mesylate in 2.5mL anhydrous DMSO at
0.015mmol (8 equiv. to G4 (Phe-Boc)) were slowly added
to G4 (Phe-Boc) in 2.0 mL anhydrous DMSO under nitrogen
protection. The mixture was stirred for 12 h at room temper-
ature. Excessive amounts of cold ethyl acetate were used to
precipitate the reaction products. The mentioned product
was dissolved in 5mL TFA and stirred for 6h, followed
by precipitation in ethyl ether. This precipitating proce-
dure was repeated three times to obtain pale yellow G4
(Phe)-DET. The yield of G4 (Phe)-DET was 105 mg.

2.3. Preparation of Polyplexes. To prepare polyplexes for plas-
mid delivery, the plasmid solution (1 pg/uL) was added to the
G4 (Phe) or G4 (Phe)-DET solution at various N/P ratios.
The mixture solution was pipetted approximately 50 times
and then allowed to stand for 35 min.
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2.4. Characterization. "H-NMR spectra were recorded on a
Varian 400 MHz spectrometer using D,0O and DMSO d; as
the solvent at room temperature. To determine macromo-
lecular weight distributions of the polymers, gel perme-
ation chromatography (GPC) was performed, using an
acetic acid buffer system (pH5.0) as the mobile phase at
a flow rate of 1.0 mL/min. The GPC system was equipped
with a Waters 515 pump, an ultrahydrogel™ 500 column,
an ultrahydrogel™ 250 column, and a Waters 2410 differ-
ential refractive index detector. Samples flowed through
ultrahydrogel ™ 500 column and ultrahydrogel ™ 250 column
in sequence. Size of polyplexes was determined with the utili-
zation of dynamic light scattering (DLS). The polyplex solu-
tions were filtered through a 450nm filter. Measurements
were performed at 25°C on 90 Plus/BI-MAS equipment
(Malvern Panalytical, Malvern, United Kingdom). Data were
collected on an autocorrelator with a 90° detection angle of
scattered light. The measurement results were recorded
as the mean + standard deviation (SD) of three indepen-
dent measurements. Transmission electron microscopy
(TEM) observations of the polyplexes were conducted
using a Philips CM120 transmission electron microscope
(Philips, Eindhoven, the Netherlands) at an accelerating volt-
age of 80 kV. Samples were prepared by drying a drop (10 uL)
of the sample solution on a copper grid coated with amor-
phous carbon. For the sample staining, a small drop of uranyl
acetate solution (1.5wt% in water) was dropped on the
copper grid and after 1 min blotted off with filter paper.
Finally, the grid was dried overnight in a desiccator prior to
TEM observation.

2.5. Gel Retardation Assay. To assess the plasmid DNA-
binding ability of G4 (Phe),s,, G4 (Phe)gyy,, and G4
(Phe)so,-DET, gel electrophoresis was performed (Bio-Rad
Laboratories, Inc., USA). Dendrimers were first dissolved in
PBS (pH7.4). Then, plasmids were added to the dendrimer
solution to prepare polyplexes on preset N/P ratios, followed
by standing for 35 min at room temperature. The polyplexes
were loaded into 1% agarose gels with GoldenView (Beijing
BLKW Biotechnology Co., Ltd., China). The retardation of
plasmid DNA mobility was detected with UV light and
imaged on DNR Bio-Imaging Systems (DNR Bio-Imaging
System Ltd., Israel).

2.6. Cell Viability Assay. A549, 293T, and N,a cells were cul-
tured in DMEM containing 10% fetal bovine serum (FBS) in
a humidified atmosphere of 5% CO, at 37°C. The cells were
seeded into 96-well plates at a density of 1 x 10° cells/well.
After incubating overnight at 37°C, cells were further incu-
bated with Lipofectamine 2000, G4 (Phe),s,,, G4 (Phe)s,,,
and G4 (Phe)s,-DET, which were combined with
plasmid-GFP at various concentrations for 48 h, and cell via-
bility was measured using MTT assay. Briefly, cell culture
medium was replaced with 100 L fresh DMEM containing
10 uL MTT solution (5 mg/mL in PBS) and then incubated
for an additional 3h at 37°C. After discarding the medium,
100 uL DMSO was added to dissolve the generated substrate
for 15 min. The absorbance at 570 nm was measured using a

Tecan Infinite F200 (Crailsheim, Germany). All experiments
were conducted in triplicate.

2.7. Confocal Laser Scanning Microscopy (CLSM). A549,
293T, and N,a cells were seeded in 35mm glass-bottom
dishes in 2mL of DMEM containing 10% FBS at a density
of 1x 10° per plate. After incubation for 24 h, the medium
was replaced with fresh opti-MEM containing polyplexes.
The nuclei were stained with Hoechst 33342 (Beyotime
Biotech, China) for 15min. The cells were incubated at
37°C and imaged at designated times using a Zeiss LSM 710
confocal laser scanning microscope (Carl Zeiss, Oberkochen,
Germany). GFP and Hoechst 33342 were excited at 488 and
352 nm and detected at 515 and 460 nm, respectively.

2.8. Quantity of Gene Expression. The expression of
B-defensin in the transfected A549, 293T, and N,a cells was
evaluated at the mRNA level. Total RNA was extracted from
cells using the RNeasy Micro Kit (Qiagen Inc., USA). The
first-strand cDNA was synthesized using RNase H reverse
transcriptase and random primers according to the manu-
facturer’s protocol (Invitrogen, USA). cDNA (1ug) was
synthesized from the total RNA using PrimeScript™ RT
reagent Kit (Takara, Japan). The mRNA expression of
B-defensin was quantified with real-time PCR System using
a FastStart Universal SYBR Green Master (ROX) Kit (Roche,
Switzerland). The mRNA level of -actin was also measured
as an internal normalization standard. The primer and probe
sequences are listed in Table S1. The real-time PCR program
was run on a StepOnePlus Real-time PCR System (ABI,
USA) at the thermal cycling conditions of 95°C for 10 min,
followed by 40 cycles of 95°C for 30s, 58°C for 15s, and
68°C for 15s.

2.9. In Vitro Prevention of VSV Infection. A549 cells were
seeded in 12-well plates at a density of 3 x 10° cells per well
and incubated in DMEM at 37°C under a humidified atmo-
sphere of 5% CO,. After incubation overnight, the medium
was replaced with fresh medium containing polyplexes. The
amount of G4 (Phe)s,,-DET was complexed with plasmids
encoding dCas9 and sgRNA (1 ug) at N/P of 8. After incuba-
tion with polyplexes for 24 h, VSV was added to the medium
at a titer of 100. The status of virus infection was detected by
flow cytometry and inverted fluorescence microscopy. The
culture supernatant was serially diluted 10-fold with DMEM
and inoculated into the cells in 6-well plates for virus plaque
assay. After 3d of cultivation, titration of VSV was deter-
mined. All measurements were conducted three times for
statistical analysis.

After being washed thrice with PBS, cells were harvested
by trypsinization, centrifuged at 1,500 rpm for 5min, and
resuspended in 500uL PBS. A Gallios flow cytometer
(Beckman Coulter, California, USA) was used to evaluate
the quantitative transfection efficiency by using a 488 nm
laser for excitation and emission fluorescence of Alexa Fluor®
515 collected through a TRITC filter. For the evaluation of
the GFP gene expression after the incubation with poly-
plexes, the cells were harvested according to the abovemen-
tioned method and subjected to flow cytometry. Typically,
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cultured cells without transfection were used as controls
for background calibration. Kaluza software (Version 1.2,
Beckman Coulter, Inc. USA) was used to analyze the data.

2.10. In Vivo Studies. Female BALB/C mice (6-8 weeks old)
were purchased from Guangdong Medical Laboratory
Animal Center and kept in SPF animal center of School of
Life Sciences, Sun Yat-sen University. All surgical interven-
tions and postoperative animal care were conducted in accor-
dance with the guidelines of the Council for the Purpose of
Control and Supervision of Experiments on Animals, the
Ministry of Health, and the government of China. After
anesthetization via the tail vein by pentobarbital sodium at
a dose of 50 mg/kg, the mice were administered polyplexes
through the bronchus. The lungs were excised and subjected
to detect the expression of the defensin gene. For the molec-
ular biology assays, lung tissues were homogenized after
being frozen in liquid nitrogen. Total RNA was extracted
and analyzed as described in Section 2.8.

2.11. Histology and Immunohistochemistry. Mice were sacri-
ficed, and their lungs were fixed in 4% paraformaldehyde
for at least 24 h to obtain paraffin sections (2 ym) or frozen
sections (5pm). The paraffin sections were stained with
H&E, and the images of the lung were assessed for the toxic

effect in different treatment groups. The immunofluores-
cence staining for frozen sections was described briefly as fol-
low: after blocking with 5% BSA for 0.5h at 37°C, the frozen
tissue sections were incubated with rabbit polyclonal primary
antibodies for 3-defensin (1:100 dilution in PBS/Tween; Cell
Signaling Technology, Danvers, USA) and mouse monoclo-
nal antibodies for Cas9 (Abcam, UK) overnight at 4°C. Then,
AF647-labeled secondary antibody and AF488-labeled
secondary antibody (Abcam, UK) were used to mark the
B-defensin and dCas9 protein, respectively. After labeling
the nuclei with DAPI, the tissue sections were scanned
under CLSM.

2.12. Statistics. All experiments were carried out at least in
triplicates. All data was indicated as mean + standard
deviation (SD). The statistical significance was determined
by two-sided Student’s t-test using Prism 5.0 (*p <0.05,
**p<0.01, and ***p < 0.001).

3. Results

3.1. Preparation and Characterization of Dendrimer and
Polyplex. DET- and Phe-modified dendrimers were prepared
(Figure 1). First, Boc-protected Phe moieties were conjugated
to dendrimer G4 via amidation between carboxyl groups of
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(f) GPC spectrum of G4 (Phe)s,,-DET.

Boc-phenylalanine and facial amino groups of dendrimer at
the molar ratios of 0.25 and 0.5, followed by deprotection
of the Boc groups. The products were denoted as G4
(Phe),so, and G4 (Phe)gy,. Dexamethasone mesylate
(DET-Mes) was introduced onto the surface of G4 (Phe-Boc)
in the presence of Traut’s reagent (2-iminothiolane hydro-
chloride). Finally, dendrimer G4 (Phe)-DET was obtained
after removing the Boc groups, which was confirmed by
the disappearance of the characteristic peak attributing to
Boc at 1.2-1.4ppm in the 'H-NMR spectrum (Figure 2).
DET-Mes was synthesized by conjugating a sulfonyl group
with DET. The mentioned products were characterized
by 'H-NMR and GPC. The characteristic resonance
peaks of the G4 dendrimer scaffold (CH, at 2.65-

3.10 ppm) and phenylalanine (CH at 4.05-4.20 ppm, CH, at
3.5-3.75 ppm, and CH on the benzene ring of phenylalanine
at 7.20-7.90 ppm) were observed, indicating successful syn-
thesis of dendrimer G4 (Phe). Appearance of characteristic
resonance peaks (0.9-1.3ppm, CH; and 7.0-7.3ppm, CH
in dexamethasone) demonstrated that DET was conjugated
with G4 (Phe). Composition of products was calculated
according to the integration value of characteristic peaks
attributing to G4 and Phe at 7.20-7.90 ppm, respectively.
Conversion of the amino group in G4 (Phe),s,, and G4
(Phe)sg,, was 22% and 47%, respectively. In the GPC chro-
matogram, G4 (Phe),, modified with DET (named as G4
(Phe)sq0,-DET) showed a unimodal molecular weight distribu-
tion (Figure 2(f)).
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FIGURE 3: (a) Electrophoretic mobility of EGFP plasmid in agarose gel after complexing with G4 (Phe),s,,, G4 (Phe)s,,, and G4 (Phe).,-
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complexes at different N/P ratios. (c) Transmission electron microscopy (TEM) images and (d) DLS of G4 (Phe),s.,/EGFP at N/P of 6, G4
(Phe)so,/EGFP at N/P of 8, and G4 (Phe)s,,-DET/EGFP at N/P of 8. Results are presented as the mean + SD (n = 3).

Complexation of plasmids with various dendrimers was
evaluated by gel retardation assay. Disappearance of the
DNA band in agarose indicates full neutralization of the neg-
ative charge of plasmid [20, 21]. As shown in Figure 3, G4
(Phe),s,, completely retarded DNA migration above N/P
ratio of 6, but the dendrimer G4 (Phe)s,, achieved complete
retardation above N/P ratio of 8, indicating that Phe modifi-
cation reduced the DNA complexation ability of the dendri-

mer due to the charge shielding effect of the Phe hydrophobic
benzene ring and the low surface charge density [17, 22].
The modification of DET has no significant impact on
the DNA complexation ability of dendrimer G4 (Phe)s,,-
DET. Furthermore, sizes and zeta potentials of polyplexes
under various N/P ratios were investigated by dynamic light
scattering (DLS). As shown in Figure 3(b), zeta potentials of
all dendrimers/EGFP complexes were converted to positive
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3 pug/mlL, respectively.

from negative when N/P ratio was above 6, and sizes were
kept constant. At N/P ratio of 8, the zeta potentials of G4
(Phe),5,,/EGFP complexes, G4 (Phe);,,/EGFP complexes,
and G4 (Phe),,-DET/EGFP complexes were around +23,
+16, and +10mV, respectively. At N/P ratio of 8, G4
(Phe)sp,-DET/EGFP complexes had a smaller size than
other complexes. With the excessive input of polymer
(at higher N/P ratios), complexes held more positive charge
and swelled maybe due to the electrostatic repelling effect
between the positively charged chains. Consequently, size of
G4 (Phe);,,-DET/EGFP complexes increased to 93.9nm at
N/P of 12. The sizes and zeta potentials of G4 (Phe),,/EGFP
and G4 (Phe),, /EGFP complexes showed similar trends.
TEM images showed that three complexes were sphere with
a uniform size around 70-80 nm (Figure 3(c)), which was in
line with that determined by dynamic light scattering (DLS)
(Figure 3(d)).

3.2. Cytotoxicity and Cell Uptake. Although high positive sur-
face charge is favorable for cell uptake of polyplexes, it also
leads to apparent cytotoxicity to cells. Hence, it is necessary
to balance these two factors. Introducing a hydrophobic
moiety such as phenylalanine on the surface of dendrimer
can effectively reduce its cytotoxicity and increase its affinity
to cells [17]. As expected, Phe modification significantly
decreased the cytotoxicity of G4 dendrimers to 293T, N,a,
and A549 cells (Figure 4). The dendrimer modified with
Phe and DET slightly increased cell viability when compared
with Phe-modified dendrimers. Notably, the single and dual
modification with Phe and DET both enhanced transfection
efficiency at various levels. In this study, the transfection effi-
ciency of various dendrimers was evaluated in 293T, N,a, and
A549 cells using EGFP- (enhanced green fluorescence
protein-) encoding plasmid as a reporter (Figure 5). The
enhancement of transfection efficiency was attributed to
two reasons: (1) the interaction between hydrophobic phe-

nylalanine and the hydrophobic region of the cell membrane
resulted in the destabilization of the cell membrane, thereby
promoting translocation of the plasmid across the cell mem-
brane and (2) DET guided plasmid into the nucleus [18]. The
highest transfection efliciency was recorded in the cells
receiving dendrimer modified with both Phe and DET, indi-
cating that the dual modification synergistically enhanced
transfection efficiency.

3.3. Antivirus Effect of CRIPSR/dCas9 by Upregulating
B-Defensin. Several plasmids carrying sequences encoding
sgRNA targeting the p-defensin promoter region were
designed and delivered to human cells (A549, 293T,
and 16HBE) and mouse cells (N,a). The mRNA level of
B-defensin was evaluated through real-time quantitative
PCR, and the results are shown in Figure 6 and S1. For
A549 human cells, treatment with sg5, sg7, and sg9 sgRNA
complexed with G4 (Phe)sq,-DET upregulated f-defensin
by 10, 15, and 40 times in comparison with scramble
sgRNA plasmid (scr sgRNA plasmid) treatment, respec-
tively. Importantly, combination of three sgRNA plasmids
(sg5+sg7+sg9) had higher mRNA copies of f-defensin than
other treatments. The sgRNA (sg5+sg7+sg9) treatment
enhanced gene expression by 10, 3, and 1.5 times compared
with two sgRNA treatments (sg5+sg7, sg5+sg9, and sg7+sg9).
Moreover, in 293T cells, the identified sgRNA treatments
presented a much greater enhancing effect by around 45000
times compared to the scr sgRNA treatment (Figure 6(b)).
Similar results were also confirmed in mouse N,a cells. As
shown in Figure 6(c) and S1, combination of sg2 and sg3
sgRNA (sgMBD4) increased f3-defensin gene expression by
about 25 times.

The antiviral effect of nonviral CRISPR/dCas9 targeting
B-defensin was evaluated by plaque formation and flow
cytometry assays. To monitor virus infection, A549 cells were
coincubated with vesicular stomatitis virus incorporating the
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GFP gene as a reporter (VSV-GFP). As shown in Figure 7,
treatments with dCas9 alone and dCas9-scr sgRNA showed
GFP-positive cells of 86.1% and 78.6%, respectively, indicat-
ing that dCas9 without sgRNA targeting 3-defensin cannot
block virus invasion. However, dCas9-sgHBD1 treatment
significantly reduced the percentage of GFP-positive cells
from 86.1% to 42.9%. Results of virus titer were consistent
with those of flow cytometry. The titer value of cells receiving
dCas9-sgHBD1 treatment decreased by about 100 times
compared to that of cells receiving empty vector and
dCas9-scr sgRNA treatments (Figures 7(a) and 7(b)). These
results demonstrated that the delivery of dCas9-sgHBD1
with Phe- and DET-modified dendrimers remarkably pre-
vented virus infection and replication.

3.4. In Vivo Studies. First, in vivo upregulation of f-defensin
was evaluated after delivery of the CRISPRa system using Phe
and DET dual-modified dendrimers. The nanoparticles con-
taining 5 pug/uL dCas9 plasmids and 5 pug/uL sgRNA plas-
mids were prepared at N/P of 8 and intratracheally
administrated into the mouse respiratory tract according to
the approach [23]. Two days after inhalation administration,
the lung and respiratory tract were excised and subjected to
molecular biological and histological analyses [24]. Treat-
ment with dCas9-sgMBD4 induced f-defensin gene expres-
sion by about 40-fold compared with dCas9-scr sgRNA
treatment (Figure 6). As shown in Figure 8, evident dCas9
and f-defensin proteins were observed in the lung tissue
sliced from mice receiving treatment with dCas9-sgMBDA4.
No f-defensin proteins were observed in the lung tissue from
mice receiving no sgRNA or scr sgRNA treatment. In addi-

tion, the nanoparticles showed no significantly detrimental
effects on the lung tissue.

4. Discussion

PAMAM dendrimers with globular structures and positively
charged surfaces have been widely used as gene transfection
reagents because of their ability to condense DNA and inter-
act with cell membranes [25]. However, membrane barriers
including outer cell membrane and inner nuclear membrane
limited gene delivery efficiency of dendrimer carriers. Thus,
several approaches have been developed to overcome these
barriers by conjugating dendrimers with hydrophobic moie-
ties and substances related to nuclear localization [15-18].
First, the hydrophobic phenylalanine was modified on the
shell of the dendrimers to improve transfection activity.
Interaction between phenylalanine residues and hydrophobic
regions in the cell membrane destabilized the membrane and
enhanced translocation of polyplexes across the cell mem-
brane. Besides, density of phenylalanine on the surface of
the dendrimer also had an impact on transfection efficiency.
The dendrimer modified with high density of hydrophobic
phenylalanine (50%) showed higher transfection efficiency
(Figure 5), which was in line with the result that the dendri-
mer with 50% substitution of phenylalanine exhibited better
transfection activity than other substitutions of 10% and
20% [17]. Second, several nuclear localization signal peptides
and small molecules (e.g., DET) were used to translocate
polyplexes into the nucleus. For example, dexamethasone-
modified dendrimers or DNA enhanced their accumulation
in the nucleus due to the translocation and the dilation of
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nuclear pores by the receptor of DET [18, 19]. Therefore,
dual modification with Phe and DET may synergistically
enhance transfection efficiency by overcoming plasma and
nuclear membranes.

The limited resources of human p-defensin have hin-
dered its clinical application. The CRISPRa technology pro-
vides a powerful and feasible approach to prohibit virus
invasion by upregulating human f-defensin. The CRISPRa
system was adopted to identify the host factor, beta-1,4-N-

acetyl-galactosaminyltransferase 2 (B4GALNT2), which can
abolish infection by inhibiting influenza virus binding to
sialic acid receptors [26]. However, this strategy has rarely
been explored to block virus infection in vivo. It is well
known that a high level of S-defensin in the airway epithe-
lium can effectively inhibit virus infection and replication
[9, 10]. In this study, we utilized Phe and DET dual-
modified dendrimer to deliver the CRISPRa system targeting
the B-defensin gene, significantly reducing the VSV titer by
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100-fold. CRISPR-Cas9/dCas9 causes off-target gene editing,
but rationally engineered Cas9 or dCas9 can remarkably
enhance specificity of gene editing [27]. Moreover, no gene
disruption of dCas9-mediated CRISPRa also improved its
biosafety. Except nuclear-localizing effect, dexamethasone
can also improve therapeutic effects of the antivirus drug
via reducing inflammation as a glucocorticoid.

5. Conclusion

The phenylalanine and dexamethasone dual-modified dendri-
mer was synthesized to transport the CRISPR/dCas9-sgRNA
targeting [3-defensin against virus infection. Phenylalanine
and dexamethasone synergistically enhanced transfection effi-
ciency, resulting in significantly antiviral activity.
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Objective. To investigate the effect of tea polysaccharides (TPS) mediated by miR-375/SRXN1 axis on mice with cerebral
ischemia-reperfusion injury and proliferation and apoptosis of astrocytes (AS) conducted with oxygen-glucose
deprivation/reoxygenation (OGD/R). Methods. Mouse model of middle cerebral artery occlusion (MCAO) and OGD/R-
induced AS injury model were established; brain obstruction volume was measured by TTC staining; dry/wet weight ratio
was used for measuring brain water content; hydrogen peroxide (H,O,) content in brain tissue was measured by H,0, assay
kit; cell viability and apoptosis rate were detected by MTT assay and flow cytometry, respectively; the expression level of
miR-375 in OGD/R-AS was detected using qPCR; dual-luciferase reporter assay was used to verify the targeting relationship
between miR-375 and SRXN1; mRNA levels of miR-375, SRXN1, Bcl-2, Bax, and caspase-3 were measured by qPCR; the
protein levels of SRXNI1, Bcl-2, Bax, and caspase-3 were measured by Western blotting. Results. The volume of cerebral
obstruction, brain water content and H,O, content in mice decreased gradually with the increase of TPS concentration. TPS
treatment in vitro could effectively improve OGD/R-AS viability and reduce the apoptotic rate; overexpression of miR-375
inhibited AS viability but increased the apoptotic rate; TPS treatment resulted in a decrease in the expression of miR-375 in
OGD/R-AS; MiR-375 targeted SRXNI1 in AS; inhibition of miR-375 expression significantly upregulated SRXN1 levels; TPS
treatment with simultaneous overexpression of SRXN1 significantly increased OGD/R-AS activity and reduced apoptosis;
however, TPS treatment with simultaneous overexpression of SRXN1 and miR-375 resulted in no significant difference in
cell viability and apoptosis rate compared with the control group. Conclusion. TPS reduces astrocyte injury induced by
cerebral ischemia-reperfusion in mice by regulating the miR-375/SRXN1 molecular axis.

1. Introduction

Ischemic stroke, one of the leading causes of interruption of
cerebral blood flow, is also an important factor of death and
disability worldwide [1]. Restoration of blood supply to the
brain following ischemic stroke may lead to reperfusion
injury [2]. Reperfusion stimulates the overproduction of
reactive oxygen species (ROS) such as hydrogen peroxide
(H202), which induces cell proliferation, growth arrest,
and causes apoptosis and necrosis [3]. Astrocytes (AS),
one of the major types of glial cells in the central nervous

system (CNS), have various functions of regulating blood-
brain barrier permeability, glial scar formation, and synap-
tic activity [4]. There is increasing evidence that apoptosis
and death of nerve cells after ischemia-reperfusion are the
main causes of exacerbated brain injury [5]. Therefore, it
is very urgent to develop novel therapeutic strategies for
cerebral ischemia-reperfusion. Sulfiredoxin-1 (SRXN1) is
an endogenous antioxidant protein [6] that plays an impor-
tant role in neuroprotection [7]. SRXN1 can resist cellular
oxidative stress-induced ROS production [8, 9]. Zhou
et al. [10] reported the antioxidant function exerted by
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SRXNI1 in protecting rat cortical AS from apoptosis, con-
firming that SRXNI is a potential target gene for the treat-
ment of cerebral ischemia-reperfusion injury.

Tea polysaccharides (TPS) is heteropolysaccharides
extracted from leaves, flowers, and seed peels of tea trees
[11] and is mainly composed of arabinose, xylose, glucose,
galactose, galactoglucan, pectin, and protein. In the past few
decades, significant progress has been made in the study of
the chemical and biological activities of TPS and other related
tea products. TPS has many health benefits. It has antioxi-
dant, antiaging, and antitumor effects, as well as the ability
to reduce cerebral ischemia-reperfusion injury after stroke
[12], to improve diabetes [13], to boost body immunity
[14], and to reduce hepatotoxicity [15]. However, the molec-
ular mechanism of its role in most diseases is unknown.

MicroRNAs (miRNAs) refer to a newly discovered class
of endogenous noncoding RNAs, which are involved in post-
transcriptional gene regulation by binding to target sites in
the 3'-UTR of target mRNA and result in mRNA degrada-
tion or translation inhibition [16]. In an animal study, inves-
tigators analyzed miRNA profiles after cerebral ischemia-
reperfusion and have found that high miR-375 expression
was detected at 12h of ischemia-reperfusion, while expres-
sions of other up-regulated genes gradually peaked after
72h. Therefore, miR-375 is expected to be a diagnostic and
therapeutic target for cerebral ischemia-reperfusion [17]. It
has been reported that miRNAs are stimulated by external
factors to change their expressions, thereby specifically regu-
lating the expressions of target genes. There have been some
reports that polysaccharides exert anti-inflammatory and
antioxidant effects in vitro by regulating the expression of
miRNAs [18, 19]. However, there is no report that focused
on the role of polysaccharides in regulating AS activity and
alleviating cerebral ischemia-reperfusion injury via miRNA.

Therefore, in this study, we investigated the protective
effect of TPS on AS after ischemia-reperfusion injury by
establishing a MACO mouse model and an OGD/R and AS
injury model and attempted to provide new insights on the
role of TPS in reducing the oxidative stress-caused apoptosis.
Our results showed that TPS could alleviate the brain damage
caused by cerebral ischemia-reperfusion and reduce astrocyte
apoptosis by regulating the miR-375/SRXN1 axis, which pro-
vided a new potential theoretical basis for the effect of poly-
saccharides on treating cerebral ischemia-reperfusion injury.

2. Materials and Methods
2.1. Materials

2.1.1. Animal Origin. Fifty-four male ICR mice, weighing 25-
30g, were purchased from Kay Biological Technology
(Shanghai) Co., Ltd. Mice were housed in a 12h light/12h
dark cycle in a constant temperature room, with daily feed
and water provided regularly.

2.1.2. Cell Origin and Culture. Astrocytes (AS) were pur-
chased from Shanghai Yu Bo Biological Technology Co.,
Ltd. (article number: HUM-YB-n012). The AS were
adherently cultured in complete medium (DMEM/EBS)
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containing 12% bovine serum at 37°C and 5% CO,. The
cells were then cultured to the logarithmic phase for sub-
sequent experiments.

2.1.3. Main Reagents. TPS of 99% active component (rham-
nose, arabinose, xylose, glucose, galactose, galactoglucan,
pectin, and protein) was purchased from Nanjing Tongying
Biotechnology Co., Ltd. Fetal bovine serum, complete culture
medium, and LipofectamineTM 2000 reagent were pur-
chased from Invitrogen. Trizol and RNA extraction kits were
purchased from Beijing Tianjian Biotechnology Co., Ltd.
SYBR Premix Ex TaqTM II kit, PrimescripTM RT reagent
kit, and miRNA PrimescripTM RT reagent kit were pur-
chased from Takara. The primers were synthesized by San-
gon Biotech (Shanghai, China). The H,0O, content kit was
purchased from Beijing Solarbio Science & Technology Co.,
Ltd. The dual luciferase reporter gene kit was purchased from
Beijing Baiao Laibo Co., Ltd. The protein extraction kit was
purchased from NanJing KeyGen Biotech Co., Ltd. The
Annexin V-PE/7-AAD apoptosis kit was purchased from
Shanghai Yu Bo Biotechnology Co., Ltd.

2.2. Methods

2.2.1. MCAO Mouse Modeling and TPS Treatment. The
cephalic flesh of the mice anesthetized with chloral hydrate
was opened, the fascia of the skull surface was cleaned, and
the probe of the laser Doppler flowmeter was fixed at a spe-
cific position on the skull. The supine skin was cut in the
middle with tissues separated. The right common carotid
artery, internal carotid artery, and external carotid artery
were then exposed and ligated with 6-0 silk suture. The exter-
nal carotid artery was separated using a microelectric coagu-
lator, in which a small incision was made near bifurcation of
the common carotid artery. A filament was inserted and tied
to the incision in the external carotid artery with another silk
suture. The ligated internal carotid artery was loosened,
along which the filament was inserted slowly into the intra-
cranial space to an approximate depth of 9mm. After
60 min, the filament was pulled out, and the incision in the
external carotid artery was ligated. The ligature of the com-
mon carotid artery was loosened, and the skin was sutured.
The mice fully awake were then returned to their cages. The
mice in sham operation group were performed the same as
those in the operation group except the use of the filament.
Mice in TPS treated groups were given intraperitoneal injec-
tion of TPS (0, 50, 100, 150, and 200 mgkg™") every 12h for
72h after reperfusion injury. The sham and model groups
received an equal volume of saline per injection.

2.2.2. Detection of Cerebral Infarction Volume in Mice. The
heads of mice, 72h after cerebral ischemia and reperfusion,
were removed from the body and frozen at -20° C for
30 min. The brain tissues serially sectioned at 2.0 mm were
placed in 1% TTC phosphate buffer in a water bath at 37°C
for 30 min. Afterwards, the sections were scanned, and the
percentage of cerebral infarct volume to total brain volume
was calculated by Image pro plus 5.1 software. The experi-
ment was repeated 3 times.
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TaBLE 1: Primer sequence.

Gene Forward primer Reverse primer

miR-375 5'-CTTACTATCCGTTTGTTCGTTCG-3' 5'-TATGGTTGTTCTCGTCTCTGTGTC-3'
SRXN1 5' " TGCCAACCCTAGGAGGTAGA-3' 5'-CCCCAAGTTCCTGCCAGAAT-3'
Bcl-2 5'-ATCGCCCTGTGGATGACTGAG T-3' 5'-GCCAGGAGAAATCAAACAG AGGC-3'
Bax 5'.TCAGGATGCGTCCACCAAGAAG-3' 5'-TGTGTCCACGGCGGCAATCATC-3'
Caspase-3 5' " TGTGGCATTGAGACAGAC-3' 5'-CACTTGCCATACAAACTA-3'

U6 5'-CTCGCTTCGGCAGCACA-3’ 5'-AACGCTTCACGAATTTGCGT-3'
GAPDH 5'-TCCTCTGACTTCAACAGCGACAC-3' 5'-CACCCTGTTGCTGTAGCCAAATTC-3'

2.2.3. Determination of Brain Water Content. The heads of
mice, 72h after cerebral ischemia and reperfusion, were
removed from the body. The brains were obtained, and the
wet weights were recorded. The brains were then dried to
constant weight in an oven at 110-115°C to determine the
dry weight. Brain water content was calculated with the fol-
lowing formula: water content = (wet weight — dry weight)/
wet weight x 100%. Three replicates were performed.

2.2.4. H,0, Assay. The H,0, content in mouse brain tissue
was measured at 415nm using the H,O, content kit and a
microplate reader.

2.2.5. Establishment of OGD/R Model. OGD/R treatment was
utilized to simulate ischemia-reperfusion injury in vitro [20].
Briefly, the original DMEM medium was replaced with
glucose-free DMEM for further AS incubation. The cells
were incubated for 6 h in a hypoxic environment containing
5% CO,, 1% O,, and 94% N,. The AS were subsequently
transferred to normal DMEM medium and incubated for
another 24 h.

2.2.6. Cell Proliferation Detection. AS harvested by scraping
from the medium were placed in a serum-free solution,
blown into individual cells, and cultured in suspension.
The cells were then seeded onto 96-well plates at a density
of 5000 per well with 20 uL per well, and TPS (0, 10, 20,
40, and 60mg/L) were added, respectively. Afterwards, a
solution of 10uL MTT dissolved in PBS was added, and
the cells were incubated at 37°C in 5% CO, for 4-6h.
The culture solution in the wells was then removed, and
150 uL. of DMSO was added. After 10 min, the absorbance
value was detected at 570nm using a microplate reader.
Three replicates were performed.

2.2.7. Apoptosis Detection. The cells in different groups were
treated for 48h and centrifuged at 600 x g for 5min, the
supernatant was discarded, and the cells were washed once
with PBS. The cells in each group were seeded into 6-well
plates at a density of 1 x 10° and cultured for 12 h. Apoptosis
under different treatments was detected using Annexin V-
PE/7-AAD Apoptosis Kit and flow cytometer (BD Biosci-
ences, USA).

2.2.8. Real-Time Fluorescence Quantitative (qPCR). Total
RNA of MA was extracted using TRIzol and an RNA extrac-

tion kit. RNA quality and concentration were measured by
NanoDrop and uniformly diluted to 500 nguL™". RNA was
then reverse transcribed into cDNA using PrimeScript RT
and miRNA PrimeScriptTM RT kits, and primers were
synthesized by Sangon Biotech (Shanghai, China). The
SYBR Premix Ex TaqTM II kit was then used as a tem-
plate for qPCR amplification. The LightCycler ® 96 Instru-
ment (Roche, Switzerland) was used: initial denaturation at
95°C for 30s, 40 cycles of denaturation at 95°C for 5s
followed by annealing/extension at 60°C for 30s. GAPDH
and U6 were used as internal references for mRNA and
miRNA, and relative mRNA expression was calculated using
244 method. The sequences of the primers used for the fluo-
rescent quantitative PCR are shown in Table 1. Three repli-
cates were performed.

2.2.9. Western Blotting. Proteins were isolated from cells
using RIPA. The protein mixture (with loading buffer) at
the same concentration was boiled for 10 min at 95°C. Then,
20 uL of the mixture (containing 30-50 ug of sample) was
added to a plate of 10% polyacrylamide gel and subjected to
electrophoresis to separate proteins. The proteins were
transferred from the gel to a PVDF membrane, blocked,
and then incubated overnight at 4°C with primary antibod-
ies. Samples were washed with TBST and incubated with
secondary antibodies for 1h at room temperature. 3-Actin
was used as an internal reference, and grayscale was deter-
mined with Image J. Three replicates were performed.

2.2.10. Cell Transfection. Cells in the logarithmic growth
phase were taken and prepared for cell suspensions. The
1x 10° cells were seeded in 6-well plates and incubated at
37°C and 5% CO, for 24h. Lipofectamine 2000: DNA
complexes were mixed gently and then allowed to stand.
After incubation at room temperature for 20min, the
supernatant of cell culture medium was added, mixed,
and cultured for another 24h. Transfection efficiency of
miRNA or mRNA was examined using RT-PCR and West-
ern blotting. Three replicates were performed.

2.2.11. Dual-Luciferase Reporter Assay. Cells in logarithmic
growth phase were cultured in 96-well plates, and cells with
80% confluence were obtained for transfection followed by
another 48 h of culture. The 100 uL of lysate was added per
well, and the solution was centrifuged at 12000 rpm for
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FI1GURE 1: The effect of TPS on cerebral infarct volume, brain water content, and H202 content after cerebral ischemia-reperfusion injury. (a)
Infarct volumes under different TPS concentration treatments. (b) Brain water contents under different TPS concentration treatments. (c)

H202 contents under different TPS concentration treatments.

5min. The supernatant (50 L) was transferred into a 96-well
plate, and then 40 uL of firefly luciferase assay substrate was
added to each well and mixed by gentle shaking for 10s to
detect the fluorescence intensity. An additional 40 uL of
Renilla luciferase assay substrate was added to the 96-well
plate and mixed gently for 10s to measure luciferase activity
using a Glomax luminometer (Promega, USA). Three repli-
cates were performed.

2.3. Statistical Analysis. Data analyses and drawing of sta-
tistical charts were performed using a GraphPad Prism 8
software. Differences in data between groups were statisti-
cally analyzed using Student’s t-test and one-way ANOVA.
P <0.05 was considered statistically significant, P <0.01
highly significant, and P < 0.001 extremely highly significant.

3. Results

3.1. TPS Ameliorated Cerebral Ischemia-Reperfusion Injury.
The cerebral infarct area (Figure 1(a)) and brain water con-
tent (Figure 1(b)) in cerebral ischemia-reperfusion mice
showed a gradual decrease with the increase of TPS concen-
tration in the treatment groups as compared with the group
without TPS administration. The H,0O, content in the brain
tissues was measured, and it was found that the content
gradually decreased as the concentration of TPS increased
in the brain tissues with cerebral ischemia-reperfusion
injury (Figure 1(c)).

3.2. TPS Reduced OGD/R-AS Apoptosis. The effect of TPS on
AS proliferation under OGD/R treatment was examined
using MTT assay, and the results revealed that AS cell viabil-
ity was gradually enhanced with increasing TPS concentra-
tion, with the highest cell viability under 40mgL™’
treatment (Figure 2(a)). Therefore, 0 and 40 mg L™ of TPS
were used in subsequent experiments. Flow cytometry to
detect AS apoptosis revealed that 48h after the TPS
(40 mgL™") treatment, the level of AS apoptosis significantly
declined compared with that of the control group
(Figure 2(b)). Meanwhile, the results of QPCR and Western

blotting assays indicated that both mRNA and protein
expression levels of the apoptosis-inhibiting Bcl-2 were
increased, while mRNA and protein expression levels of the
apoptosis-promoting Bax and caspase-3 were inhibited
(Figures 2(c) and 2(d)).

3.3. TPS Reduced OGD/R-AS Apoptosis by Inhibiting the
Expression of miR-375. The expression of miR-375 in AS
was examined under different concentrations of TPS treat-
ment, and the results revealed that miR-375 expression
showed a decreasing trend with increasing TPS concentra-
tion (Figure 3(a)). To further examine the role of miR-375
in OGD/R-induced AS apoptosis, miR-375 mimics vector
was constructed to transfect OGD/R-treated AS. The expres-
sion of miR-375 in AS was examined using QPCR, and we
found that as compared with the control group, miR-375
mimics transfection increased miR-375 expression in AS
(Figure 3(b)). Cell proliferation was detected by MTT assay,
and the results revealed that overexpression of miR-375
inhibited cell proliferation, while the coeffect of miR-375
overexpression and TPS treatment partially suppressed cell
proliferation (Figure 3(c)). Contrary to AS proliferation, the
overexpression of miR-375 increased the apoptotic rate,
while miR-375 overexpression and TPS treatment could par-
tially alleviate apoptosis (Figure 3(d)). The results of qPCR
and Western blotting showed that the mRNA and protein
levels of apoptosis-related Bcl-2, Bax, and caspase-3 were
consistent with the cell apoptosis (Figures 3(e) and 3(f)).

3.4. MiR-375 Targeted SRXNI. The miR-375 and SRXN1
target binding sites were first predicted by bioinformatics
tools (starBase) (Figure 4(a)). In addition, the interaction
between miR-375 and SRXN1 was validated using a dual
luciferase reporter assay, and Figure 4(b) showed that the
luciferase activity was significantly lower in cells trans-
fected with miR-375 mimics+SRXNI-WT than in miR-
375 NC+SRXNI-WT transfected cells. Transfection of
SRXN1-MUT had no significant effect on the luciferase
activity. The results of QPCR and Western blotting showed
increased mRNA and proteins expression levels of SRXN1



Advances in Polymer Technology

200 — 40 —
NC TPS
= A A A 10 10° 30 1 =
g 150 [—\I_B - §Ai4% “Sos s Hoss ’\3
B B El
Z 100 £ 20 =
g = 3
3 &
© 50 210
T T T T <
10° 10! 10 10° 10° 10 107 10°
00— T T 0 -
0 20 40 60 80 Annexin V-FITC NC TPS
TPS (mg kg™)
(a) ()
— 5 = 8
=R R NC  TPS o
2 2 6 T
N - - g
S 3 &
= %
L L) —
% ) - W Bax k= 4
I L
o
S 14 T iy = - W Caspase-3 Z‘- 29
= T - . =
: o_m - . -, 0 B N_
Bcl-2 Bax  Caspase-3 Bcl-2 Bax  Caspase-3
Hl NC Hl NC
TPS TPS

(d)

FiGure 2: Effects of TPS on OGD/R-AS cell viability and apoptosis. (a) Cell viability of AS under different TPS concentration treatments. (b)
Cell apoptosis rate of AS. (c) Relative mRNA expression level of apoptosis-related proteins. (d) Relative protein expression level of apoptosis-
related proteins. Note: each treatment in the figure has different lowercase letters, which means that the difference between the different
treatments is significant (P < 0.05). **P < 0.01, ***P < 0.001 compared with NC group. NC: negative control.

in cells transfected with miR-375 inhibitor (Figures 4(c)
and 4(d)).

3.5. miR-375/SRXN1 Axis Mediated TPS to Reduce OGD/R-
Induced AS Injury. First, the transfection efficiency as well
as the effect of overexpression of miR-375 on SRXN1 expres-
sion in AS were examined using qPCR and Western blotting.
It was found that SRXN1 overexpression increased mRNA
levels and protein levels of SRXN1lin OGD/R-treated AS,
whereas miR-375 overexpression suppressed the mRNA
and protein levels of SRXN1. Furthermore, overexpression
of SRXN1 and miR-375 could restore the suppressed SRXN1
expression (Figures 5(a) and 5(b)). Subsequently, the effect
of miR-375/SRXN1 on cell viability and apoptosis was
examined. The overexpression of SRXN1 and TPS treatment
significantly increased cell viability, whereas overexpression
of SRXN1 and miR-375 showed no difference in cell viability
(Figure 5(c)). Compared with TPS treatment, the coeffect of
overexpression of SRXN1 and TPS treatment resulted in a
lower rate of apoptosis, but there was no difference in apo-
ptosis when SRXN1 and miR-375 were cooverexpressed
(Figure 5(d)). The qPCR and Western blotting results
showed that SRXN1 overexpression along with TPS treat-
ment increased the expression of Bcl-2, the inhibitor of apo-

ptosis protein, and decreased the expression of Bax and
caspase-3, the proapoptotic proteins, while simultaneous
overexpression of SRXN1 and miR-375 restored the expres-
sion levels of Bcl-2, Bax, and caspase-3 to the levels when
only TPS was added (Figures 5(e) and 5(f)).

4. Discussion

As food-derived polysaccharides, TPS are widely found in
various teas such as black tea, green tea, and dark green tea
[21] and has been proven to have many biological functions.
Moreover, we confirmed in this study that TPS alleviates
OGD/R-induced AS apoptosis in vitro, and verified its possi-
ble molecular mechanism.

Cerebral ischemia and reperfusion triggers a series of
inflammatory reactions, oxidative stress, and apoptosis,
which leads to the breakdown of the blood-brain barrier,
resulting in brain edema and exacerbation of nerve injury.
There is evidence that AS-derived factors play a critical
role in the destruction and recovery of the blood-brain
barrier following brain injury [22]. AS have been used as
a major therapeutic target in brain diseases, and studies
have shown that better control of AS helps reduce brain
injury in various experimental animal models [4].
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Therefore, AS are essential for protecting the integrity of Accumulating evidence suggests that miRNAs act as
the blood-brain barrier. Our study also demonstrated that ~ key modulators of cellular activation and inflammatory
OGD/R-AS treated by TPS show significant increase in responses [23]. Guo et al. [24] reported that miR-375
its activity. induced ROS production and apoptosis in cells by
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targeting HIGD1A. MiR-375 (miR-375) plays an impor-
tant role in the development and progression of cervical
cancer, inhibits cell proliferation, and promotes apoptosis
by targeting IGF-1R [25]. In addition, upregulation of
miR-375 can also inhibit HCC cell proliferation and pro-
mote apoptosis by targeting ErbB2 [26]. We found in this
study that miR-375 could modulate AS activity by target-
ing SRXNI1. The antioxidant role of SRXNI has been
widely reported, and SRXN1 protects brain tissue from
damage by regulating glutathionylation/deglutathionyla-
tion in Parkinson’s disease [27]. Moreover, induction of
SRXN1 expression contributes to neuronal protection in
response to oxygen-glucose deprivation after brief ische-
mic episodes in vitro and in vivo [28]. However, there
are few reports on the role of SRXNI in cerebral
ischemia-reperfusion injury and apoptosis-induced injury.
In our study, TPS was found to indirectly regulate
SRXN1 expression through miR-375, suggesting a protec-
tive role of SRXN1 in AS apoptosis that was caused by
oxidative stress. It also provided a basis for studying the
molecular mechanism of SRXN1 in cerebral ischemia-
reperfusion injury.

However, this study also has some limitations. The
blood-brain barrier in the body can effectively filter sub-
stances entering and exiting the brain to protect the brain

from external damage [29]. TPS, as a macromolecule, like
other drugs in the body, may be restricted by the blood-
brain barrier from entry into the brain. The results of this
study showed that brain injury was significantly reduced
after TPS treatment in mice, which may be due to the fact
that some small pivotal components of TPS can permeate
through the membrane of the intestinal epithelial barrier
and blood-brain barrier. It has been reported that blood
brain barrier permeability via caveolae-dependent endocy-
tosis transports small molecules such as lipids into the
brain [30]. However, it is necessary to further determine
the small molecules that play a role in TPS, in order to
promote the further study on protective effect of TPS on
cerebral ischemia-reperfusion injury. In addition, given
that the small molecules may regulate miRNAs by activat-
ing a series of complex intracellular signaling pathways to
after entering the cell, studying the mechanism of miRNA
regulation by polysaccharides in vivo also helps to explain
how polysaccharides exert anti-inflammatory and antioxi-
dant effect. Therefore, there is an urgent need to find a
way to get the active molecules through the blood-brain
barrier into the brain.

In summary, our study demonstrated that TPS alleviates
AS injury induced by cerebral ischemia reperfusion both
in vivo and in vitro, which is based on the inhibition of AS
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Objective. To investigate the effects of cerium dioxide (CeO,) nanoparticles on the inflammatory response of peritonitis rats
induced by Staphylococcus epidermidis infection. Methods. Green tea polyphenol CeO2 nanoparticles were synthesized and
characterized by transmission microscopy, ultraviolet-visible spectroscopy, FT-IR, and powder diffractometer. 40 male adult SD
rats were randomly divided into 4 groups (n = 10 each): a control group, a model group, a CeO2 group, and a CeO2 + model group.
Staphylococcus epidermidis solution was injected intraperitoneally with 10” CFU/ml of bacterial solution in the model group, while
the control group was injected intraperitoneally with the same amount of normal saline, and the CeO2 and CeO2 + model groups
were injected with 0.5 mg/kg CeO2 nanoparticles through the tail vein for 2 h and then injected with saline or bacterial solution for
2h, respectively. After 0h, 3h, 12h, 24 h, and 48 h of model construction, rats were sacrificed, and serum and peritoneal lavage
fluid were collected. The total number of leukocytes and the percentage of each type of leukocytes in the peritoneal lavage fluid
were determined. Enzyme-linked immunosorbent assay (ELISA) was used to detect the level of inflammatory factor TNF-« in
serum and peritoneal lavage fluid, and myeloperoxidase (MPO) activity in peritoneal tissue was also measured. In addition, real-
time fluorescence quantitative PCR (RT-PCR) was used to measure the expression of TLR2 and TLR4 in peritoneal tissue, and
western blotting was used to detect the expression of TLR2, TLR4, and the activation of NF-«B signaling pathways as well. Results.
The CeO2 has an average size of 37 + 3 nm with binding activity to proteins, phenolic compounds, and alkaloids. After counting
the white blood cells in the peritoneal lavage fluid, it was found that the total number of white blood cells and the percentage of
neutrophils in the model group were significantly increased (both P < 0.05), and CeO2 treatment significantly reversed the above
changes (both P < 0.05). The ELISA results showed that compared with the control group, the TNF-a in the peritoneal lavage fluid
and serum of the model group increased in a time-dependent manner (all P < 0.05); however, there was no significant change in
the CeO2 group (P >0.05); at the same time in the CeO2 +model group, the TNF-a content was significantly reduced (all
P <0.05). Detection of MPO activity in peritoneal tissue revealed that MPO activity was significantly increased under peritonitis
(all P<0.05), and CeO2 treatment could mitigate that increase (all P <0.05). RT-PCR results showed that compared with the
control group, the expression of TLR2 and TLR4 mRNA levels in the peritoneum of the model group were increased in a time-
dependent manner (all P <0.05), and there was no significant change in the CeO2 group (P > 0.05); however, TLR2 and TLR4
mRNA levels were significantly reduced in the CeO2 + model group (all P < 0.05). Western blotting test was performed on the
peritoneal tissue collected after 48 h of the model establishment. Compared with the control group, the levels of TLR2, TLR4,
p-NF-«B, and p-IxBa protein in the model group were significantly increased (all P <0.05), while CeO2 group showed no
significant changes (P > 0.05) and administration of CeO2 before model construction can significantly reverse the above protein
activation (all P <0.05). Conclusion. CeO2 nanoparticles have anti-inflammatory effects in peritonitis caused by Staphylococcus
epidermidis infection.
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1. Background

Although the diagnosis and treatment of diseases have
progressed with the development of medicine, the incidence
of deaths associated with celiac infection and severe peri-
tonitis remains high. Peritonitis can occur when infectious
pathogens/microorganisms or their toxic metabolites are
present in the peritoneum [1]. If the infection is aggravated
due to improper handling and other reasons, it often de-
velops into diffuse peritonitis and organ dysfunction.
Peritoneal dialysis is also an important cause of peritonitis. It
is often referred to as peritoneal dialysis-related peritonitis
and among which, Staphylococcus epidermidis infection is
the most common type [2]. It is reported that most of the
organ damage in peritonitis is caused by the development of
systemic inflammatory response syndrome (SIRS). In the
occurrence and development of SIRS, there is an increase in
inflammatory cytokines, tissue reactive oxygen levels, and an
increase of monocytes, macrophages, and neutrophils in-
filtration in different organs; all of these combined together
can cause tissue damage [3].

Cerium is a lanthanide series metal that can undergo a
redox cycle from Ce** (oxidation) to Ce** (reduction) state
and often exists in the form of cerium dioxide (CeO2).
Previous studies have confirmed that CeO2 nanoparticles
can act as superoxide dismutase mimics [4] and catalase
mimics [5] and can reduce pulmonary hypertension [6] and
reduce hypoxia-induced oxidative stress [7] as well as
inhibiting cyclophosphamide-induced apoptosis [8]. In the
study of peritonitis, CeO2 nanoparticles have been reported
to reduce peritonitis-related SIRS [2], and other studies have
found that CeO2 nanoparticles can improve diaphragmatic
dysfunction caused by peritonitis [9]. In addition, green tea
polyphenols, as the main ingredients of antioxidants, are
well known for their antioxidant, anti-inflammatory, anti-
cancer, anticardiolipin, antimicrobial, antihyperglycemic,
and antiobesity properties [10].

In this study, a rat model of Staphylococcus epidermidis-
induced peritonitis was established to investigate the effects
of biosynthetic CeO2 nanoparticles on the inflammation of
this model.

2. Materials and Methods

2.1. Plant Collection and Extraction. Green tea leaves were
collected and dried to make a powder. 10g of dried tea
powder was added to a 250 ml beaker, and 100 ml of distilled
water was added for continuous boiling for 10 min. The
boiling solution was filtered through filter paper, and the
filtrate was collected and stored at 4°C.

2.2. Synthesis of Polyphenol CeO2 Nanoparticles. 20 ml of the
above filtrate was added to the conical flask, heated to
boiling, and when it was cooled to 50°C, ammonium cerium
nitrate solution (1g in 50ml of distilled water) was mixed
with the filtrate and stirred until the solution turned to milky
yellow. The solution was then transferred to a clean cen-
trifuge tube and was centrifuged (12,000 rpm/min) at 4°C for
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10 minutes. The supernatant was then discarded, and the
milky solid precipitate at the bottom of the centrifuge tube
was transferred to a quartz crucible and placed in a muffle
furnace (calcined at 600°C for 1 h). A yellow-white solid was
obtained after 1 h, and CeO2 nanoparticles were obtained by
further grinding [11].

2.3. Characterization of Synthetic CeO2 Nanoparticles.
The synthesized CeO2 nanoparticles were observed using a
transmission microscope (JEM-2010, JEOL, Japan) and
characterized and identified by UV-visible spectroscopy (125
spectrophotometers, PerkinElmer, Germany), and an FT-IR
instrument (JASCO, USA) was used for infrared spectrum
analysis. In addition, a powder diffractometer (D8,
BRUKER-AXS, Germany) was used to analyze the XRD
pattern.

2.4. Experimental Design and Establishment of the Rat Model
of Peritonitis. 40 male Sprague Dawley rats (10-week-old,
250-300g) were purchased from Changzhou Cavins Ex-
perimental Animal Co., Ltd. The rats were housed in a cage
with an indoor temperature of 20°C-24°C and alternating
light and dark cycles (12h each) within 2 weeks of the
experiment. The rats had free access to standard rodent
food and water. This study was reviewed and approved by
the ethics committee of our hospital, and all surgical
procedures were performed in accordance with the
guidelines. The rats were randomly divided into 4 groups
(n=10 each): the control group, the model group, the CeO2
group, and the CeO2 + model group. For the preparation of
Staphylococcus epidermidis solution, please refer to the
related literature [12]. Specifically, Staphylococcus epi-
dermidis strain (ATCC 35984) was inoculated into 300 ml
of conventional culture medium and shaken at 250 rpm/
min at 37 °C overnight. The next day, it was centrifuged at
10,000 rpm/min for 5 minutes at 4°C. The supernatant was
discarded and the pellet was collected. The pellet was then
suspended in 50ml of prechilled normal saline, centri-
fuged, and washed at 5000 rpm/min for 5 minutes, which
was repeated three times. The final pellet was then resus-
pended in prechilled normal saline to prepare Staphylo-
coccus epidermidis solution with a concentration of
10”7 CFU/ml. The solution was stored at 4°C for subsequent
experiments. Rats in the control group were injected in-
traperitoneally with saline; model group was injected in-
traperitoneally with Staphylococcus epidermidis solution
10" CFU/ml; CeO2 group was injected with 0.5mg/kg
CeO2 nanoparticles (dissolved in 200 ml sterilized water)
via tail vein 2h before intraperitoneal saline injection;
CeO2 + model group was intraperitoneally injected with
0.5 mg/kg CeO2 nanoparticles as well (dissolved in 200 ml
of sterilized water) via tail vein 2h before model con-
struction and Staphylococcus epidermidis solution injec-
tion. Rats were then sacrificedat O h,3h,12h,24h,and 48 h
after model construction and whole blood was centrifuged
to obtain serum, peritoneal lavage fluid, and peritoneal
tissue for the subsequent experiment.
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2.5. Counting the Number of White Blood Cells in the Peri-
toneal Lavage Fluid. The peritoneal lavage fluid was
centrifuged at 1,000 rpm for 10 min at room temperature,
and the supernatant was collected and stored at—80°C for
subsequent detection of inflammatory factors. The pellet was
collected and resuspended in 200 ul PBS containing 0.6 mM
EDTA. Density gradient centrifugation and Wright-Giemsa
staining were used to count the white blood cells.

2.6. Detection of Inflammatory Factors in Serum and Peri-
toneal Lavage Fluid by ELISA. The concentration of TNF-«
in peritoneal lavage fluid and serum was determined using
the ELISA kit (R&D, USA) according to the manufacturer’s
instructions.

2.7. Detection of Myeloperoxidase Levels in Peritoneal Tissue.
3 ml of 0.05M K-phosphate buffer (pH =6.0) containing
0.5% cetyltrimethylammonium bromide was added to a total
of 200 mg peritoneal sample and sonicated for 20s to pre-
pare a homogenate. Homogenate was then freeze-thawed for
3 times and centrifuged at 10,000 rpm for 15min. Then,
0.1ml supernatant was added and mixed to a 2.9ml
0.05 M K-phosphate buffer (pH=6.0) containing 0.53 mM
o-diphenylamine and 0.15mM H,0,. A spectrophotometer
was used to measure the solution absorbance at 460 nm
every 15s continuously for 5min. The MPO activity is
expressed in U (units)/mg protein, and 1 U is defined as the
degradation of 1uM peroxide/min at 25 °C [13].

2.8. TLR2 and TLR4 mRNA Levels in Peritoneal Tissue De-
tected by Real-Time Fluorescence Quantitative PCR (RT-PCR).
Total RNA was extracted from peritoneal tissue using an
RNA extraction kit (DP420, Tiangen, China), and the
concentration and purity were determined by a spectro-
photometer. 1ug of RNA was reverse transcribed into
cDNA, followed by SYBR Green real-time fluorescence
quantitative amplification. The primer sequences are shown
in Table 1. B-Actin was used as the internal reference gene,
and the relative expression of the target gene was calculated
using the 272" method.

2.9. Expression of TLR2, TLR4, and NF-«b Signaling Pathway
Proteins in Peritoneal Tissue Determined by Western Blotting.
After washing the tissue with prechilled PBS, a certain
amount of RIPA strong lysate and protease inhibitor (both
purchased from Biyuntian, China) was added, and the tissue
was completely lysed under ultrasound. The total protein
from the peritoneal tissue was then extracted and the BCA
protein concentration determination kit (Biyuntian, China)
was used for protein quantification before protein was
heated to denature. A certain amount of protein was added
to the SDS-PAGE gel wells for electrophoresis before
transferring to membranes. The membranes were then
blocked, and primary antibodies were added. After incu-
bation, membrane washing, secondary antibody incubation,
membrane washing, and other steps, ECL luminescent so-
lution was dropped on the membrane for fluorescence

development. TLR2, TLR4, NF-«B p65, phosphorylated NF-
«B p65 (p-NF-«B p65), IkBa, p-IxBa, and f-actin were
purchased from Cell Signaling Technology, USA.

2.10. Statistical Analysis. Measurement data in this study
were expressed in the form of mean + standard deviation. ¢
test was used for comparisons between the two groups and
ANOVA analysis was used for comparison within groups
under univariate conditions. P <0.05 was considered sta-
tistically significant.

3. Results

3.1. Transmission Electron Microscopy and UV-Visible Spec-
trum Analysis of CeO2 Nanoparticles. The transmission
electron microscope image of CeO2 nanoparticles is shown
in Figure 1(a). The UV-visible spectrum analysis of poly-
phenol CeO2 nanoparticle mixtures was performed every 30
minutes. As shown in Figure 1(b), the surface plasmon
resonance peak observed at 267 nm indicates the formation
of CeO2 nanoparticles.

3.2. FT-IR Analysis of CeO2 Nanoparticles. As shown in
Figure 2, the functional group wavelengths of polyphenol
CeO2 nanoparticles were from 400 cm™" to 4000 cm ™. And
at 3423cm™' (COOH-OH), 2960cm™ (CH), 1618cm™
(amide II band or N-diamine), 1421 cm™" (COH), 1270 cm™*
and 1067 cm™" (thio and vinyl), 916cm™, and 831 cm™
(organic sulfur compounds), CeO2 reached the peak, con-
firming the existence of multiple functional groups in tea
polyphenols. FT-IR analysis of CeO2 nanoparticles syn-
thesized by polyphenols showed that CeO2 nanoparticles
can be combined with compounds such as proteins, phenolic
compounds, and alkaloids. These chemicals play a capping
reagent role in the synthesis of nanoparticles.

3.3. XRD Analysis of CeO2 Nanoparticles. As shown in
Figure 3, the intensity of XRD was recorded from 20° to 80°
at two angles. All the peaks obtained from the diffraction
pattern were well characterized by CeO2 nanoparticles. The
intensities of the narrow-tip diffraction peaks appearing at
260 were 28.02, 33.08, 47.01, 57.45, 59.37, 69.39, and 78.43,
corresponding to the lattice planes 111, 200, 220, 311, 222,
400, and 331 of CeO2 nanoparticles. The above results
showed that CeO2 nanoparticles are spherical. The
Debye-Scherrer equation was adopted to calculate the av-
erage size of the nanoparticles that was 37+ 3 nm [13].

3.4. Number of Leukocytes in Peritoneal Lavage Fluid of Rats in
Each Group. As shown in Figure 4(a), compared with the
control group, the total number of white blood cells in the
peritoneal lavage fluid of the model group was significantly
increased (all P<0.05) and was time-dependent (all
P <0.05); however, there was no significant difference in the
CeO2 group (P> 0.05), whereas compared with the model
group as shown in Figure 4(b), 4(c), and 4(d), pretreatment
with CeO2 significantly reduced the total number of white
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TaBLE 1: Primer sequence.
Primer Forward (5'-3") Reverse (5'-3")
TLR2 TGGAGGTCTCCAGGTCAAATC TTCCGCTGGACTCCAATGTC
TLR4 CCGCTCTGGCATCATCTTCA TGGGTTTTAGGCGCAGAGTT
-actin
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FIGURe 1: Transmission electron microscopy and UV-visible spectrum analysis of CeO2 nanoparticles.
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FIGURE 2: FT-IR analysis of CeO2 nanoparticles.

blood cells (all P <0.05). The changes in the percentage of
neutrophils in each group were consistent with the changes
in the total number of white blood cells, while the percentage
changes in macrophages and lymphocytes were the opposite.

3.5. Expression of Inflammatory Factors in Peritoneal Lavage
Fluid and Serum of Rats in Each Group. As shown in Table 2,

compared with the control group, TNF-a levels in the
peritoneal lavage fluid of the model group rats were in-
creased in a time-dependent manner during the period of
3-48h after Staphylococcus epidermidis  stimulation
(P <0.05); however, compared with the control group, there
was no significant difference in CeO2 group (P > 0.05). On
the other hand, compared with the model group, the ad-
ministration of CeO2 before infection significantly reduced
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FiGure 3: XRD analysis of CeO2 nanoparticles.
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F1GUre 4: Differential counting of leukocytes in the peritoneal lavage fluid of each group of rats: (a) white blood cell count, (b) percentage of

neutrophils, (c) percentage of macrophages, and (d) percentage of lymphocytes. Compared with the control group, *P <0.05, **P < 0.01,

;;’;P <0.001; differences within the model group, &&p < 0,01, &&&p < 0.001; compared with the model group, #p<0.05, ¥ p<0.01,
P <0.001.
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TaBLE 2: TNF-a levels in peritoneal lavage fluid of each group of rats (pg/ml).

Groups Oh 3h 12h 24h 48h

Control 47.78 £3.17 44.02 +2.81 49.47 +5.11 43.01 +8.21 46.28 +4.01

Model 42.84+6.38 130.28 + 10.34**&& 289.33+19.23*++&& 331.90 +22.24**&& 377.84 +25.34+&&

Ce02 4829 +2.34 41.02+7.81 49.65 +2.33 47.01 +4.82 49.52+3.11

CeO2 + model 49.88+2.88 77.12 + 5.34*### 87.32 + 11.34**### 100.24 + 12.54*## 130.23 + 14.23*##%

Note. Compared with the control group, *P <0.05, **P <0.01, ***P <0.001; differences within the model group, &&p < 0.01; compared with the model

group, #* P <0.01, ¥##Pp <0.001.

TNF-alevels (P < 0.05). Table 3 shows that the serum results
were consistent with the results obtained from peritoneal
lavage fluid.

3.6. MPO Activity in Peritoneal Tissue of Rats in Each Group.
As shown in Figure 5, compared with the control group, the
MPO activity in the peritoneal tissue of the model group was
significantly higher (all P <0.05) and was time-dependent
(all P<0.001). No significant difference in the CeO2 group
(P>0.05) was observed compared to the control group.
However, compared with the model group, the adminis-
tration of CeO2 before infection significantly reduced MPO
activity (all P <0.05).

3.7.mRNA Levels of TLR2 and TLR4 in the Peritoneal Tissue of
Rats in Each Group. As shown in Figure 6, RT-PCR results
showed that compared with the control group, mRNA ex-
pression levels of TLR2 and TLR4 in the peritoneal tissue of
the model group rats increased gradually after infection with
Staphylococcus epidermidis (all P <0.05), but there was no
significant difference in CeO2 group (P> 0.05). However,
compared with the model group, mRNA expression levels of
TLR2 (Figure 6(a)) and TLR4 (Figure 6(b)) in the
CeO2 + model group were reduced, and the difference was
significant (all P <0.05). ELISA and RT-PCR results sug-
gested that with the establishment of the model, the in-
flammatory response gradually increased with time.
Therefore, in the western blotting experiment, 48h was
chosen as the final detection time point.

3.8. Expression of TLR2, TLR4, and NF-«B Signaling Pathway
Proteins in the Peritoneal Tissue of Each Group of Rats. As
shown in Figure 7, western blot results showed that com-
pared with the control group, the levels of TLR2, TLR4,
p-NF-«B, and p-IxBa protein in the model group were
significantly increased (all P < 0.05). However, no significant
changes were found in the CeO2 group (P >0.05). Com-
pared with the model group, the levels of TLR2, TLR4,
p-NF-«B, and p-IxBa protein in the CeO2 + model group
were significantly reduced (all P <0.05).

4. Discussion

Peritonitis is a major complication of peritoneal dialysis, a
technique used to treat end-stage renal disease [14]. Among
others, Staphylococcus epidermidis is an important patho-
genic bacterium in the peritonitis with extremely strong

drug resistance, so it is very difficult to completely remove
them. In the occurrence of peritonitis, pathogenic bacteria
can enter the abdominal cavity through the catheter or
catheter outlet, activating peritoneal mesothelial cells and
macrophages, which in turn releases a series of products
including pro-inflammatory mediators to cause an inflam-
matory response [15].

Nanotechnology has shown great potential in improving
the quality of daily life and has been widely used in the fields
of new material production, industry, consumer goods, and
medical applications. Studies have found the positive effects
of CeO2 nanoparticles in antioxidant therapy, neuro-
protection, radiation protection, and eye protection [16].
Meldrum et al. have confirmed that CeO2 nanoparticles can
affect the occurrence of allergic airway diseases by regulating
the pulmonary inflammation caused by exhaust particles
and allergens [17]. With the in-depth study of nano-
medicine, the organic combination of nanoparticles and
bioactive drugs has gradually become a research hotspot.
Green tea polyphenols, as the main component of antiox-
idants, have anti-inflammatory properties [10]. In view of
the anti-inflammatory advantages of CeO2 nanoparticles,
and no related reports on the effects of CeO2 nanoparticles
on peritonitis, in this study, CeO2 nanoparticles were first
biosynthesized based on the literature, and the nanoparticles
were further characterized and identified by transmission
microscope observation, ultraviolet-visible spectrum, in-
frared spectrum, and XRD pattern and then peritonitis
induced by Staphylococcus epidermidis in rats was estab-
lished to explore the role of biosynthesized CeO2 nano-
particles on the inflammatory response to peritonitis.

The NF-«B pathway is a typical proinflammatory sig-
naling pathway, which plays an important role in the
pathogenesis of inflammatory reactive diseases. NF-«B can
be activated through the activation of Toll-like receptors
(TLRs) to upregulate proinflammatory genes including
cytokines, chemokines, and adhesion molecules [18]. TLRs
are single, type I transmembrane glycoprotein that plays an
important defensive role by activating immune cell re-
sponses in both innate and adaptive immune responses [19].
When the ligand binds to TLRs, it can trigger the myeloid
differentiation primary response protein 88-TNFa receptor-
related factor 6-transforming growth factor f-activated ki-
nase 1-IkB kinase protein phosphorylation, leading to ac-
tivation of NF-«B light chain enhancer, thereby promoting
the production of inflammatory factors and inducing an
inflammatory response. In this study, by detecting the
mRNA and protein expression levels of TLR2 and TLR4, we
found that the expression of the two receptors increased to
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TaBLE 3: TNF-a levels in serum of each group of rats (pg/ml).

Groups Oh 3h 12h 24h 48h

Control 7.74+1.26 7.90 +2.36 8.14+2.77 9.04+1.17 8.22+1.77

Model 7.10 + 1.87 15.24 + 3.44*&& 23.22+5.347+&& 27.99 +7.14**&&& 30.22 + 5.8+ &&&

Ce02 6.95+2.70 6.15 +2.66 7.23 +3.01 7.29+1.99 6.90+1.73

CeO, + model 7.04 +2.01 10.12 + 4.24**### 14.23 + 4,997 *<### 16.20 + 4.337*## 18.11 + 5.39***###

Note. Compared with the control group, *P <0.05, **P <0.01, ***P < 0.001; differences within the model group, &&&p < 0.001; compared with the model

group, #* P <0.01, ##P <0.001.
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varying degrees under the condition of peritonitis. By fur-
ther testing the downstream IxBa and NF-«B signaling
pathways, we found their phosphorylation levels were in-
creased, suggesting that this signaling pathway was activated.
In addition, the number of white blood cells in the peritoneal
lavage fluid and the percentage of various types of white
blood cells, the activity of myeloperoxidase, and the protein
expression level of the inflammatory factor TNF-a were also
measured in this study. The white blood cell count and the
proportion of neutrophils can directly reveal the

group, #P <0.05.

inflammatory status of the cells; MPO is a heme protein
synthesized during the myeloid differentiation process. As a
special component in neutrophils, its concentration is re-
lated to the severity of inflammation; TNF-« is a proin-
flammatory factor secreted by monocytes and is known for
its strong inflammatory effect. This study tested the above
indicators to confirm that the peritonitis status can increase
the total number of white blood cells and the proportion of
neutrophils, enhance MPO activity, and induce a significant
increase in TNF-a levels in peritoneal lavage fluid and
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serum. And CeO2 nanoparticles can reduce the levels of the
above indicators to different degrees and thus exert the anti-
inflammatory effects.

In summary, this study found that in the occurrence and
development of peritonitis caused by Staphylococcus epi-
dermidis, CeO2 inhibited the transcription of TLR2 and
TLR4 genes, inhibited the activation of the NF-«B signaling
pathway, and further inhibited its downstream inflamma-
tory factor TNF-a and reduced the number of white blood
cells, thereby mitigating the occurrence of inflammatory
reactions. Therefore, it is suggested that CeO2 plays a
protective role in Staphylococcus epidermidis-induced
peritonitis and provides new ideas for the treatment of this
disease.
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Solid dispersion (SD) is the effective approach to improve the dissolution rate and bioavailability of class IT drugs with low water
solubility and high tissue permeability in the Biopharmaceutics Classification System. This study investigated the effects of
polyethylene glycol (PEG) molecular weight in carrier material PEG palmitate on the properties of andrographolide (AG)-SD. We
prepared SDs containing the poorly water-soluble drug AG by the freeze-drying method. The SDs were manufactured from two
different polymers, PEG4000 palmitate and PEG8000 palmitate. The physicochemical properties of the AG-SDs were charac-
terized by Fourier transform infrared spectroscopy, thermogravimetric analysis, differential scanning calorimetry, powder X-ray
diffraction, scanning electron microscopy, dissolution testing, and so on. We found that AG-PEG4000 palmitate-SD and AG-
PEG8000 palmitate-SD were similar in the surface morphology, specific surface area, and pore volume. Compared with the AG-
PEG4000 palmitate-SD, the intermolecular interaction between PEG8000 palmitate and AG was stronger, and the thermal
stability of AG-PEG8000 palmitate-SD was better. In the meanwhile, the AG relative crystallinity was lower and the AG dis-
solution rate was faster in AG-PEG8000 palmitate-SD. The results demonstrate that the increasing PEG molecular weight in the
PEG palmitate can improve the compatibility between the poorly water-soluble drug and carrier material, which is beneficial to
improve the SD thermal stability and increases the dissolution rate of poorly water-soluble drug in the SD.

1. Introduction

Oral administration is the most common route of admin-
istration due to its convenience, low cost, and flexible design.
However, a major disadvantage of oral administration is the
low bioavailability, usually due to poor water solubility and
low permeability of active pharmaceutical ingredients (API)
[1].

Although Class II drugs in the Biopharmaceutics Clas-
sification System (BCS) have high tissue permeability, their
oral bioavailability is commonly low. This means that bio-
availability is solubility dependent [1]. Therefore, one of the
major challenges of the pharmaceutical industry is to apply
strategies which can improve the solubility of these drugs to

develop such problematic APIs into orally bioavailable and
therapeutic effective drugs [2, 3] Solid dispersion (SD) is one
of the most effective approaches to improve the solubility,
dissolution rate, and the bioavailability of poorly water-
soluble drugs [4-7]. SD has a wide range of advantages, such
as reducing particle size to the molecular level, preventing
the agglomeration of the drug particles by the interactions
between the drug and carrier material, and releasing drug at
supersaturated state, which can improve drug absorption.
Polyethylene glycol (PEG) has a very low melting point
and is easily soluble in water and organic solvents. Therefore,
PEG is suitable for the preparation of SD by the melting
method and the solvent method [8, 9], and it is one of the
most commonly used carrier materials in SD. However, PEG
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is a hydrophilic polymer and most of Class II drugs are
hydrophobic compounds, so the solubility of most drugs in
PEG is very limited. The hydrophobic drug in SD is often in a
supersaturated state and has a tendency to recrystallize in the
preparation process (cooling or solvent removal) and during
storage of SD [10-13]. Therefore, in the previous research
[14], the carbon chain was grafted on PEG to increase the
lipophilicity of the hydrophilic carrier material, and the
effect of the carrier material lipophilicity on the physico-
chemical properties and dissolution behavior of SD was
studied. The results showed that in the andrographolide
(AG)-SD prepared by PEG-saturated fatty acid ester with
different long carbon chains as a carrier material, the
crystallinity and the melting temperature reduced and the
dissolution rate of AG increased with the increase of the
length of carbon chain of PEG-saturated fatty acid ester. This
indicated that the increase of carrier material lipophilicity is
beneficial to the thermal stability of SD, the decrease of
crystallinity, and the increase of dissolution rate of poorly
water-soluble drug in the SD.

Andrographolide (AG), a diterpenoid lactone, is isolated
from the Chinese herb Andrographis paniculata. It has been
proved to have many pharmacological actions, such as
analgesic, antipyretic, anti-inflammatory, antiviral, and
anticancer [15-18]. The potential use of AG has attracted
great attention in recent years. AG has low aqueous solu-
bility (74 ug/ml). The therapeutic use of AG is restricted by
its poor solubility in water, which results in low bioavail-
ability after oral administration. Therefore, AG was still
chosen as a model drug to further study the effect of PEG
molecular weight on the SD properties when PEG fatty acid
was used as the carrier material for preparing SD.

2. Materials and Methods

2.1. Materials. Andrographolide (AG) was purchased from
Hao-Xuan Biotechnology Co., Ltd. (Xi’an, China). The
PEG4000 palmitate and PEG8000 palmitate were synthe-
sized in the laboratory.

2.2. Preparation of Physical Mixture (PM). The physical
mixtures of AG and the carrier material with a batch size of
3 g were prepared by mixing the components with a pestle in
a mortar and using geometric dilution. The mixtures were
sieved using a mesh of 250 ym. The drug: carrier weight ratio
was 1:3 (w/w) [14]. The samples were labeled as AG-
PEG4000 palmitate-PM and AG-PEG8000 palmitate-PM,
respectively. The samples were stored in a desiccator over
silica gel prior to use to decrease the potential effect of
hygroscopicity.

2.3. Preparation of AG-SD by Freeze-Drying Method. The PM
was dissolved in 30% ethanol using a magnetic stirrer. The
solution was frozen at liquid nitrogen for 1h and subse-
quently freeze-dried for 24h at —40°C using a FreeZone
freeze-dryer (Labconco Corp., USA). The powder was col-
lected and then stored in a desiccator over silica gel prior to
use to decrease the potential effect of hygroscopicity. The
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prepared SDs were labeled as AG-PEG4000 palmitate-SD
and AG-PEG8000 palmitate-SD, respectively.

2.4. Fourier Transform Infrared Spectroscopy (FT-IR). A
Spectrum Two FT-IR spectrometer (PerkinElmer Corp.,
USA) was used for collecting the spectra. A small amount of
each sample was placed in a mortar with potassium bromide
and triturated with a pestle, which was compressed into a
disc by using a FW-4A powder compressing instrument
(Uncommon Sci. Tech. Development Co., Ltd., Tianjin,
China). The spectral region from 400 to 4000cm™' was
collected as an accumulation of 64 scans.

2.5. Thermogravimetric (TG) Analysis. TG analysis of SDs
and physical mixtures was determined by a TG/DTA6300
thermal analysis instrument (SII Nano Technology Inc.,
Japan). The samples (~5mg) were placed in open aluminum
pans and heated from 30°C to 500°C at 10°C/min.

2.6. Powder X-Ray Diffraction (XRD). XRD analysis of
samples was conducted by using an X-ray diffractometer (D8
Advance, Bruker) with a copper anode (Cu Ka radiation).
The operating voltage and current were set to 40kV and
40 mA, respectively. The diffraction pattern was measured at
room temperature with 26 scanning from 5° to 55".

2.7. Differential Scanning Calorimetry (DSC). The samples
(~5mg) were placed in standard aluminum pans and sealed.
The crimped pans were heated from 20°C to 270°C at a
scanning rate of 10°C/min using nitrogen gas (20 mL/min)
to purge the DSC. A Diamond DSC instrument (Perki-
nElmer Corp., USA) was calibrated using pure indium
before measurement.

2.8. Scanning Electron Microscopy (SEM). A Quanta 250
scanning electron microscope (FEI Corp., USA) was used to
generate electron micrograph images. The SDs and physical
mixtures were mounted on an aluminum stub using double-
sided adhesive tape. The samples were then sputter-coated
with gold for 60 s. Micrographs with different magnifications
were taken to determine the surface morphology of SDs and
physical mixtures.

2.9. Specific Surface Area and Pore Volume. The surface area
and pore volume of different grades of SDs and physical
mixtures were determined by nitrogen adsorption technique
using a TriStar3000 surface area and pore volume analyzer
(Micromeritics Instrument Corp., USA) [19, 20]. Moisture
was removed from the samples prior to the surface area
measurement by nitrogen flow at room temperature over-
night using a Flow Pre-degasser (Micromeritics Instrument
Corp., USA).

2.10. High-Performance Liquid Chromatography (HPLC)
Analysis. An Agilent 1260 HPLC system (Agilent Corp.,
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USA) with a C;5 column (150 mm x 4.6 mm, 5 ym) was used
for the AG analysis. A mobile phase of methanol and water
(60:40, V: V) was used at a flow rate of 1 mL/min. A UV
detector was utilized, and the absorption peak for AG was
investigated at a maximum wavelength of 225 nm.

2.11. Dissolution Testing. The drug release was performed
using the Chinese Pharmacopoeia paddle method with a
ZRS-8G dissolution tester (Tianda Tianfa Technology Co.,
Ltd., China). The 900 mL redistilled water in the dissolution
vessels was heated and maintained at 37 + 0.5°C. The samples
(0.10 g) were placed into the dissolution vessels at a rotation
rate of 100 rpm. The 1.5mL aliquots were withdrawn at
predetermined time intervals (5, 10, 15, 30, 45, 60, 90, and
120 min) and filtered with a 0.22 ym membrane filter. An
equal volume of fresh medium was added to keep an in-
variable dissolution volume in the meantime. The obtained
filtrates were analyzed according to the aforementioned
HPLC condition.

2.12. Statistical Analysis. The cluster analysis was calculated
using SPSS19.0 software.

3. Results and Discussion

3.1. FT-IR. Figure 1 shows the FT-IR spectra of pure AG,
physical mixtures, and SDs. The —OH absorption peak in
pure AG is at 3317 cm™’, the absorption peak position was
not shifted or shifted slightly in all the physical mixtures, and
the absorption peak position in the AG-PEG4000 palmitate-
SD and the AG-PEG8000 palmitate-SD was blue shifted to
3326 cm™" and 3339 cm ™, respectively. This indicated that
there was an intermolecular interaction between AG and
PEG palmitate after the preparation of SD, which may form
a hydrogen bond. The intermolecular hydrogen bonds be-
tween the drug and the carrier material facilitated the sta-
bility of the SD during storage [21, 22]. Moreover, compared
with AG-PEG4000 palmitate-SD, the blue shift of the ~-OH
absorption peak in AG-PEG8000 palmitate-SD was greater.
This may be due to the increase of the PEG molecular weight
in PEG palmitate, which can increase the lipophilicity of the
carrier material, and thus improve the compatibility of PEG
palmitate with the poorly water-soluble drug AG.

3.2.TG. The TG analysis of pure AG, physical mixtures, and
SDs is shown in Figure 2. The 5% weight-loss temperature
(Ty) of all samples is listed in Table 1. As can be seen from
Table 1, the T; of the prepared SDs and physical mixtures was
significantly higher than that of pure AG. The T; of the SD
was 1°C-3°C higher than the corresponding physical mix-
ture. This indicated that the interaction between AG and the
carrier material in the SD was greater than the physical
mixture. This was due to the fact that AG and carrier ma-
terials are in contact with each other in the molecular form
in the preparation process of SD, which is more advanta-
geous to enhance the intermolecular interaction than the
preparation process of physical mixtures.

(d)
©
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Figure 1: FT-IR spectra of (a) pure AG, (b) AG-PEG4000 pal-
mitate-PM, (c) AG-PEG4000 palmitate-SD, (d) AG-PEG8000
palmitate-PM, and (e) AG-PEG8000 palmitate-SD.

The T; of the physical mixture and SD prepared with
PEG8000 palmitate as a carrier material was significantly
increased as compared to the physical mixture and SD
prepared with PEG4000 palmitate as a carrier material. This
may be due to the higher compatibility of PEG8000 pal-
mitate with poorly water-soluble drug AG, thereby in-
creasing the thermal stability of the SD and physical mixture
prepared with PEG8000 palmitate as the carrier material.

3.3.XRD. To confirm the crystalline structure of AG and the
effect of carriers on it, XRD patterns of pure AG, SDs, and
physical mixtures were studied, which are shown in Figure 3.
The intense diffraction peaks were observed at 9.78, 11.97,
14.78, 15.67, 17.67, 18.44, and 22.62 20 degrees, which
revealed high crystallinity of AG. Both the SDs and physical
mixtures showed the overlap of XRD patterns related to AG.
Compared with physical mixtures, the intensity of AG
diffraction peaks decreased significantly in the prepared SDs.
This indicated that AG was not in the completely crystal state
and was in a partial-amorphous and partial-crystal state in
the as-prepared SDs.

3.4. DSC. The DSC thermograms of pure AG, physical
mixtures, and SDs are shown in Figure 4. Figure 4(a) shows
pure AG to have a sharp melting point of 243°C confirming
its crystallinity. All the two physical mixtures and two SDs
had a strong endothermic peak (T},,;) at about 60°C and a
weak endothermic peak (T},,) near 210°C-230°C. The T,
and T,,, were the endothermic peaks of PEG palmitate and
AG, respectively.

It was observed that the endothermic peak of AG and no
glass transition on DSC thermograms of the SDs indicated
that AG was not in 100% amorphous state in the SDs. The
To of SD was about 8°C lower than the corresponding
physical mixture (see in Figure 4 and Table 1), which in-
dicated that the existential state of AG in SD was different
from that in the corresponding physical mixture. The above
results showed that AG existed in partial-crystal and partial-
amorphous state in the prepared AG-PEG palmitate-SDs.
The result was consistent with that of XRD.
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FIGURE 2: TG curves of (a) pure AG, (b) AG-PEG4000 palmitate-
PM, (c) AG-PEG4000 palmitate-SD, (d) AG-PEG8000 palmitate-

PM, and (e) AG-PEG8000 palmitate-SD.

TasLE 1: T; and T, of pure AG, physical mixtures (PM) and SD.

Sample T (C) Tm (C) Twmp (C)
AG 272 243
AG-PEG4000 palmitate-PM 318 60 228
AG-PEG4000 palmitate-SD 319 57 220
AG-PEG8000 palmitate-PM 323 64 226
AG-PEG8000 palmitate-SD 326 61 218
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FiGure 3: XRD patterns of (a) pure AG, (b) AG-PEG4000 pal-
mitate-PM, (c) AG-PEG4000 palmitate-SD, (d) AG-PEG8000
palmitate-PM, and (e) AG-PEG8000 palmitate-SD.
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FiGure 4: DSC thermograms of (a) pure AG, (b) AG-PEG4000
palmitate-PM, (c¢) AG-PEG4000 palmitate-SD, (d) AG-PEG8000
palmitate-PM, and (e) AG-PEG8000 palmitate-SD.
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Table 1 shows that the T,,, of AG-PEG8000 palmitate-SD
is lower than that of the AG-PEG4000 palmitate-SD, which
indicates that increasing the molecular weight of PEG in the
carrier material can improve the compatibility of the carrier
material with the poorly water-soluble drug AG. Therefore,
the relative crystallinity of AG in SD prepared by PEG8000
palmitate was decreased.

3.5.SEM. In order to determine the surface morphology of
SDs, SEM analysis of the samples was performed. As shown
in Figure 5, pure AG was a smooth block-shaped crystal,
the physical mixtures were an irregular block-shaped
particle with a rough surface, and SD showed sheet-like
particles.

3.6. Specific Surface Area and Pore Volume. Table 2 shows the
specific surface area and pore volume of the physical mix-
tures and SDs. The specific surface area and pore volume of
SDs increased significantly compared to the physical mix-
tures. This was because the SD powders prepared by the
freeze-drying method were loose and showed sheet-like
particles; therefore, they had a larger specific surface area
and pore volume.

3.7. Dissolution Testing. The dissolution of a poorly water-
soluble drug is crucial where it is the rate-limiting step in
the oral absorption process from a solid dosage form
and is an important parameter related to bioavailability
[23-25]. Results of dissolution testing for pure AG,
physical mixtures, and SDs are presented in Figure 6. The
physical mixtures displayed dissolution profiles superior
to that of pure AG, whereas the SDs displayed dissolution
profiles superior to that of pure AG and the physical
mixtures.

In order to further study the effect of carrier material
on the dissolution behavior of AG in the SDs, the dif-
ference factor (f;) [26] was used to compare the disso-
lution curves of AG in AG-PEG8000 palmitate-SD and
AG-PEG4000 palmitate-SD. An f; value between 0 and 15
indicates that the dissolution behavior of the experi-
mental formulation is similar to that of the reference
formulation. The f; is calculated according to the fol-
lowing equation:

— Z?=1|Rt B Ttl
TR

where R, was the dissolution rate of reference formulation
(AG-PEG4000 palmitate-SD) at different time points and T,
was the dissolution rate of experimental formulation (AG-
PEG8000 palmitate-SD) at different time points. The f; value
of AG-PEG8000 palmitate-SD versus AG-PEG4000 palmi-
tate-SD was calculated to be 41. The results showed that
increasing the molecular weight of PEG could improve the
compatibility of the carrier material with the poorly water-
soluble drug AG, thus promoting the dissolution of AG from
SD.

fi (1)
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F1GUre 5: SEM photographs of (a) pure AG, (b) AG-PEG4000 palmitate-PM, (c) AG-PEG4000 palmitate-SD, (d) AG-PEG8000 palmitate-
PM, and (e) AG-PEG8000 palmitate-SD.

TaBLE 2: Specific surface area and pore volume of physical mixtures (PM) and SDs.

Sample Specific surface area (mz/g) Pore volume (x107, m3/g)
AG-PEG4000 palmitate—PM 0.4084 1.784
AG-PEG4000 palmitate-SD 1.7350 7.155
AG-PEG8000 palmitate—PM 0.3340 2.694
AG-PEG8000 palmitate-SD 2.5646 5.376
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F1GURE 6: Dissolution profiles of (a) pure AG, (b) AG-PEG4000 palmitate-PM, (c) AG-PEG4000 palmitate-SD, (d) AG-PEG8000 palmitate-
PM, and (e) AG-PEG8000 palmitate-SD. The error bars represent the standard deviation of measurements in six separate samples (1 =6).



4. Conclusions

In this work, the effects of the PEG molecular weight in
carrier material PEG palmitate on the properties of AG-SD
were investigated. AG-PEG4000 palmitate-SD and AG-
PEG8000 palmitate-SD are similar in surface morphology,
specific surface area, and pore volume. Compared with the
SD with PEG4000 palmitate as a carrier material, the in-
termolecular interaction between PEG8000 palmitate and
AG was stronger and the thermal stability of AG-PEG8000
palmitate-SD was better. In the meanwhile, the AG relative
crystallinity was lower and the AG dissolution rate was faster
in AG-PEG8000 palmitate-SD. The results demonstrate that
increasing the PEG molecular weight in PEG palmitate could
improve the compatibility between the poorly water-soluble
drug and carrier material, which is beneficial to improve the
SD thermal stability and increases the dissolution rate of
poorly water-soluble drug in the SD.
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This study was to explore the therapeutic effect and mechanism of puerarin (PUE) combined with PEGylated nanoparticles
on a rat cerebral infarction cell model. In this context, PEG-PLGA/PUE nanoparticles were prepared by the thin-film
hydration method, and the toxicity of PEG-PLGA/PUE nanoparticles to brain capillary endothelial cell (BCEC) was detected
by MTT. The BCEC/TF cell model was obtained by induction of BCEC cells with TNF-a. The BCEC/TF cell model was
identified by immunofluorescence; the protein expression was detected by western blotting; the expression level of miR-424
in cells was measured by RT-qPCR; the targeting relationship between miR-424 and PDCD4 was confirmed by dual-luciferase
reporter assay. We found that PEG-PLGA/PUE nanoparticles prepared by the thin-film hydration method had uniform
particle size, regular shape, and good stability and were not toxic to cells. The vWF was widely expressed in the cytoplasm in
BCECs. The BCEC/TF cell model was obtained after TNF-a treatment, and tissue factor (TF) was widely expressed on the cell
membrane of BCEC/TF cells. Furthermore, it was observed that the PEG-PLGA/PUE nanoparticles showed better thera-
peutic effect on the BCEC/TF cell model than PUE. PEG-PLGA/PUE nanoparticles and PUE inhibited the expression of
PDCD4 protein by increasing the expression of miR-424 in BCEC/TF cells. In summary, the therapeutic effect of PEG-PLGA/
PUE nanoparticles on the in vitro cell model of cerebral infarction is better than that of PUE. Moreover, PEG-PLGA/PUE
inhibits the expression of PDCD4 protein by lowering the expression level of miR-424 in cells, thereby reducing the hazard of
cerebral infarction.

1. Introduction

Puerarin (PUE), an isoflavone active ingredient extracted
from the rhizoma of legumes Pueraria lobata and Kadsura
kadsura, has antioxidant, cholesterol-lowering, and blood
pressure lowering effects and is commonly used in the
treatment of cardiovascular and cerebrovascular diseases [1].
However, the clinical application of PUE is limited by its low
solubility, short half-life, low concentration in the brain
tissue, and low absolute bioavailability in the human body.

Nano-based drug delivery systems have been used in
recent years to target drugs to specific sites to improve drug
bioavailability. However, ordinary nanoparticles are rapidly
cleared after intravenous injection, and this clearance should

be avoided during drug delivery to tissues other than the
liver. A layer of hydrophilic polymer is formed by physical
adsorption on the surface of ordinary nanoparticles, and
such nanoparticles are called PEGylated nanoparticles.
Polyethylene glycol-poly lactic-co-glycolic acid (PEG-
PLGA) copolymer is used as a nanopolymer carrier and has
the characteristic. The PEG-PLGA polymer is amphiphilic
because of having both hydrophilic and lipophilic sides.
Moreover, possessing good biocompatibility and non-
immunogenicity, it has a broad application prospect in the
field of PEGylated nanoparticles. Based on the above ad-
vantages, PEG-PLGA nanoparticles can therefore prolong
the circulation time of the nanodrug loading system in the
blood, thereby targeting specific tissues or organs and
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exerting sustained release and prolonged efficacy [2]. It has
been documented [3] that PEG-PLGA nanoparticles can
achieve deep penetration and have a long residence time in
tumor tissues. As both the cerebral infarction site and the
tumor tissue have similar inflammatory infiltration, it was
speculated that PEG-PLGA nanoparticles could exert similar
effects at the cerebral infarction site. Therefore, the thera-
peutic effect and underlying mechanism of PUE combined
with PEG-PLGA nanoparticles on a rat cerebral infarction
cell model were explored to provide a new theoretical basis
for the treatment of cerebral infarction.

2. Materials, Objects, and Methods

2.1. Research and Design. This experimental protocol was
designed based on an in vitro control study.

2.2. Research Materials

Animals. Clean SD male rats (50-60 g) were purchased from
Hunan Silaike Jingda Laboratory Animal Co., Ltd.

2.3. Drugs and Reagents

Drugs. Puerarin (purity>98.0%) was purchased from
Shanghai Aladdin Bio-Chem Technology Co., Ltd.

Reagents. PEG-PLGA was purchased from Shanghai Shunna
Biological Technology Co., Ltd.; methanol, 75% ethanol, 4%
paraformaldehyde, and glycerol were purchased from
Shandong Baiyao Chemical Co., Ltd;MTT kit, D-Hanks,
Percoll gradient centrifugation solution, BSA, and collage-
nase II were purchased from Beijing Kanglong Kangtai
Biotechnology Co., Ltd.;polyclonal rabbit anti-human VWF
antibody, rabbit anti-rat TF polyclonal antibody, and DAPI
were purchased from Sangon Biological Engineering
(Shanghai) Co., Ltd.;TNF-a was purchased from Shanghai
Enzyme Lian Biological Technology Co., Ltd.; total RNA
extraction kit and c¢cDNA reverse transcription kit were
purchased from Shanghai Yiyan Biological Technology Co.,
Ltd.; total protein extraction kit, ECL kit, and dual-luciferase
reporter assay kit were purchased from Nanjing Camilo
Biological Engineering Co., Ltd..

2.4. Experimental Method

2.4.1. Preparation of PEG-PLGA/PUE Nanoparticles.
PEG-PLGA/PUE nanoparticles were prepared by the thin-
film hydration method with the following process: a certain
amount of PUE and PEG-PLGA were weighed and com-
pletely dissolved in a certain volume of methanol. The so-
lution was placed in a rotary flask at 35°C and protected by
argon. The heating was stopped when a dry film is formed.
After 10h vacuuming at room temperature, the remaining
organic solvent was removed and the film was hydrated by
adding PBS buffer, which was followed by hydration at
suitable temperature for 60 min, ultrasonic for 20 min, and
standing at room temperature for 1h. Afterwards, the
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precipitate was removed by filtering 3 to 4 times with 0.2 ym
micropores to make the nanoparticles uniform in particle
size, and PEG-PLGA/PU nanoparticles were obtained by
being freeze-dried for 24 h.

2.4.2. Determination of Encapsulation Efficiency and Drug
Loading. The 500 uL of PEG-PLGA/PUE nanoparticles after
micropore filtration was centrifugated at 12000 rpm for
10 min, with high speed and low temperature, and the upper
layer was drug-loaded nanoparticles. The encapsulation
structure of the nanoparticles was destroyed by adding 10
volumes of methanol solution to completely release PUE,
and the drug loading of PUE in the nanoparticles was
measured by HPLC and recorded as M 4. The same
method was used to calculate the total amount of drug in
500 uL of nanoparticles, recorded as M (), and the PUE
encapsulation efficiency was worked out by using the
following formula: PUE encapsulation efficiency =M j,,4/
M—total~

An appropriate amount of PEG-PLGA/PUE nano-
particle lyophilized powder was weighed, with its mass
recorded as W;. The encapsulation structure of the nano-
particles was then destroyed by adding 10 volumes of
methanol to the powder, and the amount of drug in the
nanoparticles was measured by HPLC and recorded as W,
The PUE drug loading was worked out by using the fol-
lowing formula: PUE drug loading = Wo/Wj.

2.4.3. Identification of PEG-PLGA/PUE Nanoparticles.
An appropriate amount of prepared PEG-PLGA/PUE
nanoparticles was diluted with distilled water and evenly
distributed with the use of ultrasound. One drop of
nanoparticle suspension was placed onto a copper grid with
the excess liquid sucked off and dried at room temperature.
The morphology of the nanomicelles was then observed
under a transmission electron microscope when there was
no liquid on the copper grid. The particle size distribution
of the PEG-PLGA/PUE nanoparticles was determined with
a zeta potentiometer (Zetasizer Nano-ZS; Malvern In-
struments). An appropriate number of nanoparticles were
diluted to 10 mg/mL using distilled water, and 0.5 mL of
nanoparticle solution was added to 2.5mL of sodium
sulfate solution at different concentrations. The solution
was allowed to stand for 10 min at 37° C followed by the
measurement of the absorbance of the nanoparticles at
560 nm using a spectrophotometer, by which the stability of
the nanoparticles was evaluated.

2.4.4. MTT Assay for Cell Viability. Cells in the logarithmic
phase of growth were digested with trypsin, and single-cell
suspensions with a cell density of 5x10* cells/mL were
adjusted. The cells were seeded in a 96-well plate at a
concentration of 100 uL per well, and the intervention drug
was added after the cells covered the bottom of the well. Six
replicate wells were set in each group, and a blank control
was set. The cells were incubated for 72 h at 37°C, 5% CO.,.
Afterwards, each well was added 10 yL of 0.5% MTT solution



Advances in Polymer Technology

followed by another 4 hours of incubation. After the blank
control group was set for zero adjustment, the absorbance A
at each wavelength of 570 nm was determined by using a
microplate reader. Cell viability was calculated using the
formula: cell viability (%) = A experimental group/A control
group x 100%.

2.4.5. Isolation and Identification of Rat BCEC Cells.
Isolation. Three-week-old clean SD male rats were sacrificed
by cervical dislocation and immersed in 75% ethanol for
3 min. The rat brain was obtained by isolating the cortex and
rinsed 3 times with ice D-Hanks after the meninges were
removed. The brain tissue cut into a 1 mm?® cube was then
digested with 0.1% collagenase II for 90 min, and the su-
pernatant was removed by centrifugation at 1000 rpm for
20 min at 4 °C. BSA (20%) was added to 1 mL of brain tissue
in the pellet. The solution was again centrifuged at 1000 rpm
for 20 min at 4°C after the precipitate was dispersed. Again
0.1% collagenase was added at 37°C for digestion for 60 min,
and the solution was centrifuged again with the supernatant
discarded. The dispersed precipitate was then spread evenly
on the Percoll gradient solution, and after centrifugation at
4°C for 10min, obvious stratification was observed. The
yellowish-white microvascular fragments were aspirated,
rinsed twice, and cultured with medium for microvascular
endothelial cells containing MVGS at 37°C in 5% CO,.

Identification. Fixation was performed using 4% parafor-
maldehyde at room temperature for 20 min followed by
three times of PBS rinsing, 5min for each time. The cells
were incubated with 10% goat serum for 30 min at 37°C,
cultured with rabbit anti-vWF polyclonal antibody (1 :200)
at 4 ° C overnight, and rinsed 3 times with PBS buffer for
5min each time. The next day, the cells rinsed with PBS
buffer three times for 5 min each were incubated with DAPI
(1 ug/mL) for 10 min at room temperature and then rinsed
with PBS buffer three times for 5min each. The slides were
finally mounted in 50% glycerol and observed using a
confocal laser scanning microscope.

2.4.6. Construction and Identification of the BCEC/TF Model

Construction. The rat BCECs were seeded in 6-well plates
and then incubated with TNF-a (100 ng/mL) after 2d for
12h to stimulate TF expression.

Identification. After fixation with 4% paraformaldehyde,
immunofluorescence staining was performed using rabbit
anti-rat TF polyclonal antibody (1:200) according to the
procedure described previously. A confocal laser scanning
microscope was used for observation after mounting.

2.4.7. Protein Expression Measured by Western Blotting.
Total cellular proteins were extracted using a kit, transferred
to a membrane after sodium dodecyl sulfate polyacrylamide
gel electrophoresis, and blocked with skimmed milk powder
for 1h. Corresponding antibodies were added, and

secondary antibodies were added after the membrane was
washed. Afterwards, ECL was added for color development,
which was photographed using a gel imager for observation.

2.4.8. The Expression Levels of miRNAs Measured by RT-
gPCR. The cells were seeded at a density of 1 x 10/well in a
6-well plate, and after 24 h, the culture medium was discarded
before transfection. After 24 hours of transfection, the total
RNA was extracted using an RNA extraction kit and the RNA
was then reverse-transcribed into c¢cDNA. The upstream
primer of miR-424 was 5'- CAGCAGCAATTCATGTTTT-
GAA-3'; the downstream primer was 5-TTGTCGTC
GTTAAGTACAAAAC-3'; the upstream primer of internal
reference U6 was 5'- CTCGCTTCGGCAGCACA-3';
the downstream primer was 5-AACGCTTCACGAATTT
GCGT -3'. The reaction was performed in 10 yl of 2 x All-in-
One qPCR Mix, 2 yl universal adaptor PCR primer, 2 ul All-
in-One miRNA gPCR primer, 2 ul cDNA, and 4 ul ddH20.
Reaction conditions were as follows: 95°C, 10s; 95°C, 3s;
80°C, 20s; and 72°C, 20s for a total of 40 cycles.

2.4.9. Dual-Luciferase Reporter Assay. Primers for miRNA
and protein mRNA were predicted and designed and were
inserted into pDCD4-wt and pDCD-mut plasmids after
being identified by sequencing. After cotransfection of cells
with 20ng of plasmid, miR-424 mimics and miR-NC
plasmid, fluorescence intensity was measured using the
dual-luciferase reporter assay.

2.5. Statistical Treatment. Statistical analysis was performed
using SPSS 20.0. Data were compared between groups using
t-test and among multiple groups using one-way analysis of
variance, and the specific data were represented by mean-
+ standard deviation.

3. Results

3.1. Characterization and Evaluation of PEG-PLGA/PUE
Nanoparticles. The PUE encapsulation efficiency and drug
loading in PEG-PLGA/PUE nanoparticles were 83.6% and
9.7%, respectively, suggesting that PEG-PLGA/PUE nano-
particles were successfully prepared. Figure 1(a) shows the
determination of PEG-PLGA/PUE nanoparticles by trans-
mission electron microscopy (TEM). Figure 1(b) exhibits
particle size distribution of PEG-PLGA/PUE nanoparticles,
and it can be seen that PEG-PLGA/PUE formed a uniform
monodisperse nanosolution (PDI=0.13) with an average
particle size of 116.4 nm under the influence of water-soluble
vitamin E. Figure 1(c) shows the absorbance value of the
nanoparticle system at 560 nm measured by using a spec-
trophotometer. When the concentration of sodium sulfate
was lower than 0.45mol/L, the absorbance value of the
nanoparticle system did not change significantly, while the
absorbance value of the nanoparticle system rose signifi-
cantly when the concentration of sodium sulfate was greater
than 0.45mol/L. That is, the critical flocculation concen-
tration of PEG-PLGA/PUE nanoparticles was 0.45 mol/L,
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FIGURE 1: Characterization of PEG-PLGA/PUE nanoparticles. (a, b) Size distribution and TEM image of PEG-PLGA/PUE nanoparticles.
(c) Absorbance of nanoparticles. (d) Cell viability (data are shown by mean + SD, N=3).

which was much greater than the electrolyte concentration
in human blood, suggesting that PEG-PLGA/PUE nano-
particles have good stability. Figure 1(d) shows the mea-
surement of cytotoxicity using MTT assay. After 72h of
coincubation of rat BCECs and PEG-PLGA/PUE nano-
particles, the survival rates of rat BCECs were all between
94.1% and 105.6%, indicating that PUE-PEG-PLGA nano-
particles had good biocompatibility.

3.2. BCEC/TF Model Construction and Identification. The
product obtained by centrifugation was inoculated into a 6-
well plate with a medium for microvascular endothelial cells
containing MVGS. After about two weeks, the basically
confluent rat BCECs were in long spindle shape, forming a
tight single-cell layer at the bottom of the plate, and sig-
nificant contact inhibition could be observed. Rat BCECs
were then subcultured. After the third-generation cells were
tused, it was observed that rat BCECs showed “flagstone”
appearance and the cells presented turbulence arrangement.
Immunofluorescence staining results showed that rat BCECs
strongly expressed vVWF, an early vascular endothelial cell
activation marker, mainly in the cytoplasm (Figure 2(a)). Rat
BCECs were treated with TNF-« for 12h, and it was ob-
served that TF was strongly expressed on the cell membrane

of rat BCECs, while there was only trace TF expression in rat
BCECs without TNF-« treatment (Figure 2(b)).

3.3. Evaluation of the Effect of PEG-PLGA/PUE on BCEC/TF
Cells. Thrombomodulin (TM) and interleukin (IL-6) pro-
duce corresponding changes with the occurrence of cerebral
infarction; thus, detection of the expression levels of TM and
IL-6 in BCEC/TF cells by western blotting can reflect the
therapeutic effect of drugs on cerebral infarction. The results
of western blotting showed that the expression of TM and
IL-6 in rat BCEC/TF cells of the control group was the
highest, whereas that of TM and IL-6 in BCEC/TF cells
cocultured with PEG-PLGA/PUE (PUE concentration of
0.5mg/ml) was the lowest (P <0.001), corresponding to a
lower expression of TM and IL-6 in BCEC/TF cells cocul-
tured with PUE (0.8 mg/ml) (P <0.01) (Figure 3). The above
experimental results indicated that PEG-PLGA/PUE
nanoparticles have better efficacy on BCEC/TF cells than
PUE.

3.4. Mechanism of Action of PEG-PLGA/PUE on BCEC/TF
Cells. 'The RT-qPCR results showed that the expression level
of miR-424 in BCEC/TF cells was significantly lower than
that in BCEC cells (P <0.05), but the expression level of
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Figure 2: BCEC/TF model construction and identification. (a) The vVWF expression level. (b) The TF expression level (data are shown by
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FIGURE 3: Expression levels of TM and IL-6 in BCEC/TF cells (data are shown by mean + SD, N=3; *P <0.05 and ***P < 0.001 vs. BCEC/TF

group; ##p <0.01 vs. PUE + BCEC/TF group).

miR-424 in BCEC/TF cells increased after intervention with
puerarin or PEG-PLGA/PUE nanoparticles, and the dif-
ference was statistically significant (P < 0.05). Furthermore,
the expression level of miR-424 was the highest after co-
culture of BCEC/TF with PEG-PLGA/PUE nanoparticles
(Figure 4(a)). The miRDB database predicted that the
programmed cell death factor PDCD4 might be the target
gene of miR-424 (Figure 4(b)), which was confirmed by the
results of the dual-luciferase reporter assay (Figure 4(c)). The
western blotting results showed that the expression of
programmed cell death 4 (PDCD4) was decreased in BCEC/
TF cells transfected with miR-424 mimics vector
(Figure 4(d)). The expression of PDCD4 in BCEC/TF cells
cocultured with PUE or PEG-PLGA/PUE nanoparticles was
also reduced, and the difference was statistically significant
(P<0.05) (Figure 4(e)). In summary, PEG-PLGA/PUE

nanoparticles can effectively enhance the expression of miR-
424 in BECE/TF cells and realize targeted inhibition of the
expression of PDCD4 protein.

4, Discussion

Cerebral infarction is a common and frequent cerebrovas-
cular disease that occurs at any age, and brain tissue necrosis
varies with both the location and the size of thrombus. Most
patients suffer massive cerebral infarction, which commonly
develops in the middle cerebral artery and carotid artery.
Modern pharmacological studies have shown that PUE can
increase cerebral blood flow, dilate brain blood vessels, and
improve brain microcirculation in patients with cerebral
infarction, thereby effectively repairing the cerebral lesions
[4-6]. Although some studies have shown that PUE is more
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FiGURE 4: Mechanism of action of PEG-PLGA/PUE on BCEC/TF cells. (a) Relative expression of miR-424 on cells. (b) Gene sequence
binding site. (c) Relative fluorescence intensity. (d, e) Protein expression level (data are shown by mean + SD, N=3; *P <0.05 vs. BCEC
group; #p<0.05, P <0.01, and *##P <0.001 vs. BCEC/TF group; P <0.05 and #22P < 0.001 vs. miR-NC group).

effective in the treatment of patients with acute cerebral
infarction, its application in clinical practice is still limited
due to poor solubility and extremely low bioavailability in
the human body [7]. The blood-brain barrier (BBB), a
unique protective structure formed by the brain during the
long-term evolution, is formed in close association with
brain capillary endothelial cells and prevents most sub-
stances in the blood from entering the brain, including drugs
acting on brain diseases. Therefore, there is still a lack of
effective drugs for some brain diseases because of the barrier
that impedes the drugs with good activity from reaching the
focus. Tissue factor (TF) is the cellular receptor for coag-
ulation factor VIIa in plasma, and the TF-VIIa complex can
activate FIX and FX to hydrolyze prothrombin to form
thrombin, which in turn coagulates blood. TF is normally
distributed outside the blood circulation, and blood cells
contact TF-expressing cells to initiate the clotting process to
form thrombus only in case of blood vessels and endothelial
disruption. Therefore, TF with the above characteristics has
become a research hotspot for brain-targeted drug delivery
[8, 9], and the BCEC/TF cell model has been a common
model for studying cerebral infarction or cerebral throm-
bosis in vitro. In this study, BCEC cells were obtained by
isolating rat brain tissues and TF-expressing rat BCEC cells
were obtained using TNF-« induction for experiments.
Nanoparticles, as drug carriers, can modulate drug re-
lease rate and enhance drug penetration, thus increasing
drug bioavailability. However, ordinary nanoparticles are
rapidly cleared after entering the human body, which cannot

achieve the desired effect, so nanoparticles with “invisible”
ability have attracted more and more attention from
scholars. Polylactic acid modified by polyethylene glycol
(PEG) makes copolymer of polylactic and polyglycolic acids
(PLGA) amphiphilic, which leads to better hydrophilic
nature of the nanoparticle surface, and can reduce recog-
nition or removal by RES [10]. PEG-PLGA nanoparticles
have longer circulation time in human blood after being
combined with drugs, leading to the greatly improved
bioavailability of drugs [11, 12]. It was speculated that PEG-
PLGA/PUE nanoparticles are more effective than PUE in the
cell model of cerebral infarction in vitro, and it was proved in
this study that PEG-PLGA/PUE nanoparticles had a
stronger inhibitory effect on the expression of TM and IL-6
proteins in rat EC/TF cells than PUE.

MicroRNAs (miRNAs), small noncoding RNA mole-
cules about 22 nucleotides in length, are involved in a variety
of physiological activities in the human body. Studies have
shown that the expression intensity of miR-424 in the serum
of patients with cerebral infarction is lower than that in the
serum of healthy individuals and miR-424 over expression
can inhibit the activation and translation of the GI/S
transforming factor, which can be used as a new intervention
target for cerebral infarction [13]. In this study, we found
that the expression intensity of miR-424 was significantly
reduced in rat BCEC/TF cells, while its expression increased
again after the intervention of PUE and PEG-PLGA/PUE
nanoparticles. The miRDB database prediction results
showed that PDCD4 might be a downstream target gene of
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miR-424, which was confirmed by dual-luciferase reporter
assay. Guo et al. reported that the reduction of PDCD4
expression could promote regeneration while inhibiting
apoptosis of nerve cells, thereby bridging nerve defects in
patients with cerebral infarction [14]. Furthermore, we
found that the expression level of PDCD4 protein in BCEC/
TF cells was significantly higher than that in BCEC cells. The
overexpression of miR-424 was followed by the decreased
expression of PDCD4 protein in BCEC/TF cells.

In summary, the therapeutic effect of PEG-PLGA/PUE
nanoparticles on the in vitro cell model of cerebral infarction
was better than that of PUE, and PEG-PLGA/PUE reduced
the hazard of cerebral infarction by increasing the expression
level of miR-424 in cells while inhibiting that of PDCD4
protein.
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The aim of this study is to explore the protective effects of lentinan on endoplasmic reticulum stress, inflammation, and apoptosis
in sepsis endothelial cells. Firstly, lentinan was extracted, purified, and analyzed. When the concentration of lentinan was in the
range of 0.04-4 M, there was no obvious effect on the morphology of HUVECs. When the concentration reached 10 M, the cells
were obviously contracted and necrotic. CCK-8 cell activity experiment showed that when the concentration of lentinan reached
4 uM, the cell activity decreased significantly (P < 0.001), and it was in a dose-dependent manner. Then, the cells were divided into
the control group (0 #uM lentinan), sepsis group, sepsis + lentinan 1.2 yM group, and sepsis + lentinan 2 uM group. Enzyme-linked
immunosorbent assay showed that lentinan could significantly reduce the expression of TNF-a, IL-13, and IL-6 in sepsis en-
dothelial cells (P <0.001). In addition, flow cytometry and TUNEL staining showed that compared with the control group, the
apoptosis of cells in the sepsis group increased significantly (P < 0.001), and lentinan could inhibit apoptosis (P < 0.001). In terms
of mechanism research, the mRNA and protein expression of endoplasmic reticulum stress-related protein in endothelial cells
were detected by real-time fluorescent quantitative PCR (qQPCR) and Western blotting, respectively. It was found that the
expression of SIRT1, the upstream factors of endoplasmic reticulum stress in sepsis cells, was obviously inhibited (P < 0.001), and
the expression of CHOP, GRP78, IREl«, and ATF6 was significantly increased (P < 0.001), However, the pretreatment of lentinan
could significantly reverse the above changes (P < 0.001). Besides, lentinan could also reduce the expression of phosphorylated p65
protein (the activation marker of NF-xb) and iNOS. Conclusion. When sepsis occurs, lentinan can protect endothelial cells from
ERS inflammation and apoptosis induced by sepsis. Thus, lentinan is expected to be a new target for the treatment of sepsis-
induced endothelial damage.

1. Introduction

Sepsis is a complex systemic inflammatory response syndrome
(SIRS). It is one of the critical causes of death in patients in the
intensive care unit. It can affect the heart, liver, kidney, lung,
and other organ systems leading to the occurrence of multi-
organ dysfunction syndrome (MODS) [1]. Although life
support system technology is continuously optimized with the
advancement of science and technology, the prognosis of
sepsis, especially septic shock, is still very poor. The current
treatment mainly involves the broad-spectrum antibiotics for
infectious pathogens. However, this method largely ignores the
development of sepsis, which could lead to inflammatory
damage to cells and other serious complications.

When sepsis occurs, bacterial endotoxin activates
monocytes to produce proinflammatory cytokines and
chemokines, induces endothelial cells to transition to the
proinflammatory stage, and can activate endothelial cells to
produce inflammatory cytokines, such as tumor necrosis
factor a (TNF-a), interleukin 1/ (IL-1f), increased caspase-3
activity, thereby promoting the occurrence of apoptosis,
necrosis, and other reactions in endothelial cells [2]. In
addition, the release of early response cytokines can lead to
the production of anti-inflammatory mediators, such as
compensatory anti-inflammatory response syndrome
(CARS), which can cause vascular instability and micro-
vascular occlusion, and ultimately lead to organ dysfunction
and failure [3]. In the occurrence and development of sepsis,
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SIRS and CARS are parallel to each other [4]. Therefore,
effective treatment should be targeted at the early proin-
flammatory-anti-inflammatory stage of sepsis to prevent
organ damage caused by the activation of endothelial cells.

When looking for anti-inflammatory drugs to treat
sepsis, mild natural compounds caught our attention. For
example, Dagmar et al. studied the effect and mechanism of
Sini decoction, Baihu decoction, and Xuebi decoction in the
treatment of sepsis endothelial cell model and found that the
above traditional Chinese medicine has anti-inflammatory
and antiapoptotic effects in sepsis [5]. It is well known that
natural compounds containing B-glucan can be used to
improve human health. For example, lentinan containing
1,3-B-glucan is an active ingredient extracted from lentinan.
Various studies have shown the anti-inflammatory, anti-
bacterial, and anticancer potential of lentinan [6, 7]. For
example, through in vitro experiments, Nishitani et al.
confirmed that lentinan can affect the expression of IL-8 and
TNFR1 in intestinal epithelial cells, thereby exerting anti-
inflammatory activity [8]. Mizuno also reported a similar
discovery that lentinan can downregulate the IL-8 mRNA
expression of TNF-a-induced Caco-2-expressing leukocytes
[9]. However, in terms of sepsis research, there are few
studies on lentinan, for instance, Wang et al. established a
mouse model of burn sepsis and found that lentinan
polysaccharides play a protective role by inhibiting the
expression of inflammatory factors [10]. Therefore, this
study intends to establish a model of endothelial cells with
sepsis in vitro with the pretreatment of lentinan to inves-
tigate whether lentinan treatment has a protective effect on
sepsis endothelial cells and explore its potential mechanism.

2. Materials and Methods

2.1. Extraction of Polysaccharides. Lentinan was extracted by
water extraction and alcohol precipitation [11]. After the
filtrate was obtained, it was concentrated, alcoholized with
95% ethanol overnight, and dried after centrifugation to
obtain the crude lentinan powder, followed by the freeze-
thaw classification, deproteinization, and purification of the
crude lentinan, and finally obtained lentinan powder [12].

2.2. Determination of Polysaccharide Content. The total
sugar and reducing sugar content were measured by the
phenol-sulfuric acid method and the 3, 5-dinitrosalicylic
acid colorimetry, respectively. The polysaccharide content
(%) =total sugar content (%) — reducing sugar content (%)
[13].

2.3. Polysaccharide Purity Identification and Component
Analysis. Lentinan (3 mg) was dissolved in 1 ml of deionized
water, and the purity was determined by high-performance
liquid chromatography (HPLC, type 1260, Agilent, USA)
with SHODEX SB-806HQ column (8.0 mm x 300 mm) and
RID-10A parallax refractometer. In addition, gas chroma-
tography (GC, Shimadzu, Japan) was used with a capillary
column DB-1 (0.25 mmx30m) and an FID detector to
detect the components of lentinan.
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2.4. Cell Culture. Primary human umbilical vein endo-
thelial cells (HUVECs) were isolated from human um-
bilical veins within 10 hours after delivery. This study was
approved by the ethics committee of the hospital, and the
umbilical cord was provided by volunteers with signed
informed consent. The umbilical vein was perfused with
M199 (M199/HEPES/PS) containing 0.02M HEPES and
100 mM penicillin-streptomycin, and endothelial cells
were obtained by digestion. HUVECs were cultured in
M199 medium containing 0.02 M HEPES, 20% fetal bovine
serum, 100 mM double antibody, 10 yg/mL epidermal cell
growth supplement (ECGS, BD Biosciences, USA), and 15
IU/ml heparin (Baxter, Austria). HUVECs cells between
passages 4-7 were used in subsequent experiments. Hu-
man mononuclear cell line THP-1 was purchased from
ATCC (USA) and cultured in RPMI-1640 medium
(Sigma-Aldrich, USA) containing 10% fetal bovine serum,
0.02mM HEPES, and 100 mM double antibody at 37°C

2.5. Observation of Morphological Changes of HUVECs
Treated with Lentinan. HUVECs cells were seeded in a 24-
well cell culture plate and cultured to 60-80% confluency
and were treated with lentinan at concentrations of 0, 0.04,
0.4, 0.8, 1.2, 2, 4, and 10 uM. 24 h later cell morphology was
observed with an optical microscope (Leica CRT6000,
Germany).

2.6. Cell Viability Assay. Cell counting kit-8 (CCK-8,
Donjindo, Japan) method was used to evaluate the prolif-
eration activity of HUVECs. Specifically, cells were first
seeded in a 96-well tissue culture plate at a density of 1 x 10*
cells/well, and the next day, cells were treated with 0, 0.04,
0.4, 0.8, 1.2, 2, 4, and 10 uM lentinan for 24 h. After the
treatment, 10 uL of CCK-8 solvent was added to the cell
culture medium for 1 hour, and the cell viability was
evaluated by measuring the absorbance of the cells at
450 nm, and the cell viability was expressed using the fol-
lowing formula: cell viability=0D value of treated cells/
average OD value of control cell x 100%.

2.7. Preparation of Conditioned Medium (CdM) for HUVECs
Stimulation and Lentinan Treatment. THP-1cells were
seeded into a 24-well cell culture plate at a density of 1 x 10°
cells/well; after 10-h culture, 10 ng/mL lipopolysaccharide
was added; and the cells were cultured in the original culture
environment for another 4h. Subsequently, the cell sus-
pension was centrifuged at 1000 g for 5 minutes, and the
obtained CdM was stored at —80°C until use. This method of
obtaining TNF-«a by treating mononuclear cells with lipo-
polysaccharide has been researched and confirmed, and the
method is extensively used [14]. For stimulation, HUVECs
were inoculated into T25 cell culture flasks (Corning, USA)
and were treated with 1.2, 2 yM lentinan for 24 h. After the
treatment, the cells were washed with 3 mL M199/HEPES/PS
and then stimulated with 5mL CdM for 24 h.
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2.8. Analysis of Changes in Protein Expression with Western
Blotting. Cell proteins were extracted using RIPA lysis
buffer (Biyuntian, Beijing). The BCA™ Protein Detection Kit
(Takara, Japan) was used to measure total protein concen-
tration via the comparison with protein standards. A 20 ug
protein sample was then added to a prepared SDS-PAGE gel
for electrophoretic separation. After separation, proteins
were transferred to a PVDF membrane. After blocking,
primary antibodies including CCAAT enhancer-binding
protein (CHOP) (ab10444, Abcam, UK), glucose-regulating
protein 78 (GRP78) (ab21685, Abcam, UK), inositol-re-
quiring enzyme la (IREla) (ab37117, Abcam, UK), acti-
vating transcription factor 6 (ATF6) (65880, cell signaling
technology, UK), SIRT1 (8469, cell signaling technology,
UK), NF-«B phosphorylation p65 (ab97726, Abcam, United
Kingdom), p65 (ab16502, Abcam, United Kingdom), in-
ducible nitric oxide synthase (iNOS) (EPR16635, Abcam,
United Kingdom), and internal reference protein f-actin
(ab8277, Abcam, United States) were added and incubated
overnight. The next day, the primary antibody was removed,
and an HRP-conjugated secondary antibody was added at
room temperature for incubation. After washing, images
were developed with ECL luminescent liquid (Biyuntian,
China).

2.9. RNA Extraction and Measurement of mRNA Expression
with Real-Time Quantitative PCR (qPCR). Total cellular
RNA was extracted by TRIzol (Invitrogen, USA) method,
and the cellular RNA concentration was measured spec-
trophotometrically. Reverse transcription into cDNA
(Takara, Japan) was performed according to the instructions,
and qPCR was performed by SYBR Green (Takara, Japan)
method. The experimental data were analyzed by the relative
Ct value method (272" method) for relative quantitative
comparative analysis, and -actin was used as the reference
gene. The target primer sequences are shown in the following
Table 1.

2.10. Detection of Cytokines. Enzyme-linked immunosor-
bent assay (ELISA, Baosai, China) was used to determine the
levels of inflammatory factors including tumor necrosis
factor o (TNF-«), interleukin 15 (IL-1f), and IL-6.

2.11. Detection of Apoptosis by Flow Cytometry and TUNEL
Staining. The Annexin V (FITC)/propidium iodide (PI)
method was used to detect apoptosis. Apoptosis detection kit
was purchased from Beijing Baosai Biotechnology Co., Ltd.
Specifically, cells were seeded at a density of 1 x 10” cells/well
in a 6-well plate for culture. After treatment, cells were
washed twice with prechilled PBS and centrifuged and
resuspended in binding buffer. Then, 5uL of Annexin
V-FITC solution was added and gently mixed, after which
the samples were incubated for 15 minutes in the dark. Then,
5 uL of the PI solution was added. Apoptosis was detected by
flow cytometry (Beckman, USA). In terms of TUNEL
staining, cells were treated according to TUNEL’s instruc-
tions (Biyuntian, China), observed under a laser confocal

microscope, and each field was randomly selected under a
high-power microscope (x400) to count the number of
apoptotic cells and the total number of cells.

2.12. Statistical Analysis. Statistical analysis was performed
using SPSS IBM Statistics 21 (US) software. All results were
expressed as mean + standard deviation. T-test was used for
comparison between two groups, and univariate analysis of
variance was used for comparison between multiple groups.
P <0.05 was considered statistically significant.

3. Results

3.1. Purity Determination and Component Analysis of
Lentinan. The lentinan was analyzed by HPLC and showed
a single narrow symmetrical peak with a relative molecular
weight of about 7037 Da, see Figure 1.

The polysaccharide content of lentinan was 43.71%,
determined by phenol-sulfuric acid and the 3,5-dini-
trosalicylic acid colorimetric methods. Gas chromatography
analysis showed that it is composed of various monosac-
charides including glucose, galactose, and mannose, fucose,
and its molar ratio was 9.28:3.57:1.92:1.03, respectively, as
shown in Figure 2.

3.2. Effects of Lentinan on HUVECs Activity. Lentinan was
added to the culture medium at a final concentration of 0
(control group), 0.04, 0.4, 0.8, 1.2, 2, 4, and 10 uM, and cells
were incubated for 24 h. The morphological changes of the
cells were observed under a light microscope. As shown in
Figure 3, compared with the control group, the morphology
in the lentinan treatment groups with concentrations of 0.04,
0.4, 0.8, 1.2, 2, and 4uM did not change significantly,
whereas the cells in the 10 uM group atrophied, degenerated,
and showed the state of cell death.

3.3. Concentration-Dependent Effect of Lentinan on HUVECs
Activity. The CCK-8 assay was used to detect activity
changes of HUVEC: treated with different concentrations of
lentinan. As shown in Figure 4, compared with the control
group, when the concentration of lentinan was 0.04, 0.4, 0.8,
1.2, and 2uM, there was no significant difference in cell
viability (P >0.05). However, when the concentration of
lentinan reached 4 uM, the cell viability was significantly
lower than that of the control group (P < 0.001), which was
further reduced (P<0.001) when the concentration of
lentinan was 10 M. Therefore, in subsequent experiments,
1.2 and 2 uM lentinan were used to treat cells.

3.4. Lentinan Reduces Endoplasmic Reticulum Stress Response
in HUVECs with Sepsis. To investigate whether the protective
effect of lentinan on sepsis endothelial cells is related to en-
doplasmic reticulum stress, we examined the mRNA and
protein expression levels of endoplasmic reticulum stress-re-
lated factors using the qPCR and Western blotting methods,
respectively. The qPCR results (Figure 5(a)) showed that
compared with the control group, the expression of CHOP,
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TaBLE 1: The primer sequences.

Gene Forward primers (5'-3") Reverse primers (5'-3')
CHOP GGAAACAGAGTGGTCATTCCC CTGCTTGAGCCGTTCATTCTC
GRP78 CATCACGCCGTCCTATGTCG CGTCAAAGACCGTGTTCTCG
IREl«x CACAGTGACGCTTCCTGAAAC GCCATCATTAGGATCTGGGAGA
ATF6 TCCTCGGTCAGTGGACTCTTA CTTGGGCTGAATTGAAGGTTTTG
SIRT1 TAGCCTTGTCAGATAAGGAAGGA ACAGCTTCACAGTCAACTTTGT
B-actin CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT
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Ficure 1: HPLC result of lentinan.
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FIGURE 2: Gas chromatogram of lentinan.

GRP78, IREla, and ATF6 in sepsis cells was significantly in-
creased (P <0.001). However, when the cells were pretreated
with 1.2 and 2 M lentinan, expression levels of these factors
were significantly reduced (P <0.001). The Western blotting
results (Figure 5(b)) were consistent with the qPCR results
(P <0.001). SIRT1 is a key medium for reducing endoplasmic
reticulum stress. In this study, the mRNA (Figure 5(c)) and
protein (Figure 5(d)) expression levels of SIRT1 were therefore
also measured. The results showed that SIRT1 expression of
endothelial cells was inhibited (P < 0.001) in sepsis. However,
when HUVECs were pretreated with 1.2 and 2 yM lentinan, the
inhibitory effect of SIRT1 expression was reversed (P < 0.001).
The above results suggest that lentinan can inhibit endoplasmic
reticulum stress response by upregulating SIRT1 expression in
HUVEC:s in vitro sepsis model.

3.5. Lentinan Inhibits the Production of Inflammatory Cyto-
kines in Sepsis Endothelial Cells. To explore the protective
mechanism of lentinan on endothelial cells, we quantified
the inflammatory cytokines released by HUVECs cells. The
ELISA results (Figure 6(a)-6(c)) showed that compared with
the control group, CdM has a stronger activation effect on
the secretion of TNF-q, IL-1f3, and IL-6 inflammatory cy-
tokines (P <0.001). However, pretreatment with 1.2 and
2uM lentinan cells significantly inhibited the secretion of
inflammatory cytokines (P <0.001). In addition, we found
that sepsis state can increase the expression of the inflam-
matory factor upstream mediator p65-phosphorylated
protein and the downstream target iNOS protein, and
pretreatment with lentinan can reverse this change
(Figure 6(d)).
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F1Gure 3: Concentration-dependent cytotoxic effects of lentinan on HUVECs. Figures A-H are HUVECs treated with lentinan at con-
centrations of 0, 0.04, 0.4, 0.8, 1.2, 2, 4, and 10 uM, respectively. Scale bar =25 ym.
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F1GURE 4: Viability of HUVECs treated with different concentra-
tions of lentinan. Lentinan concentrations were 0 (control group),
0.04, 0.4, 0.8, 1.2, 2, 4, and 10 yM, and the values were expressed as
mean + standard deviation (n=4). Compared with the control
group, ***P <0.001.

3.6. Lentinan Inhibits Sepsis Endothelial Cell Apoptosis.
To study the effects of lentinan on the cell apoptosis,
Annexin V-FITC/PI double staining and TUNEL staining

were used to detect the apoptosis of endothelial cells in the
control group, sepsis group, sepsis + LNA 1.2 uM group, and
sepsis + LNA 2 uM group. Figure 7(a) shows that compared
with the control group, the apoptotic rate of the sepsis group
was significantly increased (P <0.001), which was signifi-
cantly reduced when 1.2 and 2uM of lentinan were ad-
ministered (P <0.001). Figure 7(b) shows that the TUNEL
results are consistent with the flow cytometry results
(P <0.001). These results suggest that lentinan can protect
cells from sepsis-induced apoptotic damage.

4. Discussion

Endothelial cell activation and dysfunction is an important
feature of sepsis and can play a key role in the development
of sepsis. In this study, the HUVECs model of sepsis was
established in vitro to investigate the inhibitory effect of
lentinan on endothelial cell injury induced by sepsis. We
found that a low concentration of lentinan had no obvious
toxic effect on HUVECs. However, when the concentration
of lentinan exceeded 2 uM, the cell viability was significantly
reduced, and the cytotoxicity of lentinan was dose-depen-
dent. We found that when HUVEC:s pretreated with 1.2 and
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FIGURE 5: Lentinan reduces endoplasmic reticulum stress response in sepsis HUVECs. (a, b) mRNA and protein expressions of CHOP,
GRP78, IRElw, and ATF6 in endothelial cells of the control group, sepsis group, sepsis + LNA 1.2 uM group, and sepsis + LNA 2 uM group
were measured by qPCR and Western blotting. (c, d) mRNA and protein expression of SIRTI in endothelial cells of the control group, sepsis
group, sepsis + LNA 1.2 yuM group, and sepsis + LNA 2 uM group were measured by qPCR and Western blotting. Values are expressed as
mean + standard deviation (n=3). Compared with the control group or sepsis model group, **P <0.01, ***P <0.001.

2uM lentinan and then stimulated with sepsis CdM, len-
tinan significantly reduced the expression of inflammatory
factors such as TNF-a, IL-1f, and IL-6 in sepsis, thereby
reducing the inflammatory response. In addition, we found
that treatment with a certain level of lentinan can inhibit
endoplasmic reticulum stress in the cells; specifically, we
found reduced expression of ER stress-related factors in-
cluding CHOP, GRP78, IREla, and ATF6. The inhibitory
effect may be due to the regulation of lentinan on SIRT1
expression. Endoplasmic reticulum stress is known to cause
apoptotic responses. This study also found that lentinan can
inhibit the apoptotic response of sepsis cells and reduce the

inflammatory factor upstream regulatory mediator phos-
phorylation of p65 protein (NF-«B activation marker), and
downstream targets iNOS.

Sepsis is known to be a proinflammatory and anti-in-
flammatory coexisting complex SIRS. Endoplasmic reticu-
lum stress plays an important role in it. Some studies have
found that endoplasmic reticulum stress is involved in the
occurrence and development of sepsis [15]. Endoplasmic
reticulum stress can induce the release of proinflammatory
factors by activating downstream signaling pathways of the
inflammatory response [16], and cascade activation of in-
flammation further aggravates programmed cell death and
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FIGURE 6: Lentinan reduces the inflammatory response of endothelial cells in sepsis. (a—c) Levels of TNF-a, IL-1f3, and I1-6 secreted by
HUVECs cells in the control group (lentinan 0 M), sepsis group (sepsis group), sepsis +lentinan 1.2 yM group (sepsis+LNA 1.2 uM
group), and sepsis + lentinan 2 uM group (sepsis + LNA 2 uM group); (d) detection of the p65 protein phosphorylation level and iNOS
protein expression level by Western blotting. Values are expressed as mean + standard deviation (n =4). Compared with the control group

3k 3k ok 3k 3k sk sk 3k 3k
3k 3k ok 3k 3k k % 3k 3k
200 - 400 -
* %k % * %k ok
_,_
~ 150 300
£ E
= £
2100 - — 2200 4 ==
= — ©
= =
= 50 100
.
0 - 0 - —
2SS LS E %2 L5 .= s £ 5=
R T =] oy R7 I T =] 5y ‘B
N o 1) %) N o S) \n 2
L — L~ U L — L~ U L —_
w Z w < w T w < w Z
< Z, < Z, =<
Z = Z = Z
— — —
() (c)
* % %
p-p65 — -— -
* % %
. - - 1.5 * k%
p65 “5 * % %
=}
g 10
2] B —
INOS | s S S — ¢z o
o v
5 é * % %
[ S =¥
. = 0.5 -
fractin | eumme———— £
&
R 00
g & &« &g p-p65/p65 iNOS/B-actin
) N
<ZC E mm Control =3 Sepsis + LNA (1.2uM)
—

(d)

or the sepsis model group, ***P < 0.001.
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FIGURE 7: Lentinan inhibits apoptosis of endothelial cells in sepsis and expression of apoptosis-related proteins p65 and iNOS. In the control
group, sepsis group, sepsis + LNA 1.2 uM group, and sepsis + LNA 2 yM group, (a) the flow cytometry Annexin V-FITC/PI double-labeling
method was used to detect apoptosis and (b) TUNEL staining was used to detect apoptosis. Red dots denote that the nucleus stained
positively by the TUNEL method, blue the nucleus of DAPI staining, while purple double staining. Values are expressed as mean + standard
deviation (n=3). Compared with the control group or sepsis model group, **P <0.01 and ***P <0.001.

tissue damage. Lentinan is a biological response modifier,
which has the effect of reducing oxidative damage. At
present, no significant adverse reaction has been reported in
the human intake of lentinan [17]. Previous studies have
found that lentinan can improve the immune defense system
of mice by regulating inflammatory cytokines and chemo-
kines [18]. In addition, it has been reported that lentinan can
regulate the immune response by changing the structure and
composition of the intestinal microbial community [18].
Zhang et al. demonstrated that lentinan can protect car-
diomyocytes, inhibit apoptosis, and reduce hypoxia-induced
cell damage by regulating microRNA-22/SIRT1 in primary
neonatal rat cardiomyocytes [19]. However, no studies have
reported the role and mechanism of lentinan in sepsis en-
dothelial cells.

The endoplasmic reticulum stress signaling pathway is
closely related to cellular inflammation, and downstream
signaling pathways activated by endoplasmic reticulum
stress can strongly stimulate the production of proin-
flammatory cytokines [20]. As important regulators of en-
doplasmic reticulum stress, CHOP, GRP78, IREla, and
ATF6 have all been shown to play a role in regulating ap-
optosis [21]. Therefore, we established a model of sepsis
endothelial cell in vitro, tested the expression of endoplasmic
reticulum stress-related proteins under the intervention of
lentinan, and demonstrated that lentinan can reduce en-
doplasmic reticulum stress response by inhibiting the ex-
pression of endoplasmic reticulum stress-related proteins
such as CHOP, GRP78, IRElq, and ATF6. In addition, as a
downstream response to endoplasmic reticulum stress, the
inflammatory response is an important cellular response
process. Our study found that lentinan can significantly

reduce the production of inflammatory factors including
TNEF-a, IL-1p, and IL-6, thereby reducing the inflammatory
response. Furthermore, apoptosis is one of the cell outcomes
caused by sepsis. In this study, flow cytometry and TUNEL
staining were also used to detect apoptosis, and it was found
that lentinan can significantly inhibit apoptosis and reduce
the expression of the related protein.

Therefore, we believe that lentinan can protect endo-
thelial cells and reduce damage when sepsis occurs in the
body, and lentinan is expected to become a new target for
treating endothelial damage caused by sepsis.
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Objective. To study the effects of Huaier polysaccharide SP1 on the proliferation, apoptosis, migration, and invasion of gastric
cancer cell line MGC-803 and the underlying mechanism. Methods. MGC-803 cells were cultured in vitro and treated with SP1.
The effects of SP1 on the proliferation, apoptosis, migration, and invasion of MGC-803 cells were detected by CCK-8 assay, flow
cytometry analysis, and Transwell assay, respectively. Western blot and gqRT-PCR were used to detect the expression of related
genes. Results. Our study showed that Huaier polysaccharide SP1 could inhibit proliferation, migration, invasion, and promote the
apoptosis of MGC-803 cells in vitro in a dose-dependent manner. Huaier polysaccharide SP1 could inhibit the activation of TGF-
B/ISMAD signal pathway by upregulating SMAD?7 expression, thereby downregulating the expression of SOX4, ZEB2, MMP9,
Snail, and Slug. Conclusion. Huaier polysaccharide SP1 can regulate the proliferation, apoptosis, migration, and invasion of gastric
cancer cells by promoting the expression of SMAD7 and inhibiting the activation of TGF-B/SMAD signal pathway as well as the

expression of the downstream oncogenes.

1. Introduction

Gastric cancer, one of the common malignancies in the
world, has seen great development in its therapeutic strat-
egies such as radical surgery, traditional chemotherapy,
radiation therapy, and targeted therapy in recent years.
However, it still has a high mortality rate [1, 2], which is
mainly because there is no better treatment for patients with
advanced and/or metastatic gastric cancer, and systemic
chemotherapy remains the main option [3, 4]. As con-
ventional chemotherapeutics are causing higher drug re-
sistance, and cytotoxic and serious side effects [5, 6], it is of
great significance to find a novel, highly effective anticancer
drug with few side effects for treating gastric cancer and
reducing the chemotherapy-induced adverse effects.

Trametes robiniophila Murr, also called Huaier, is a
Chinese medicinal fungus [7]. Recent studies have found
that polysaccharides extracted from Huaier have inhibitory
effects on various tumor cells such as those of breast cancer
[7, 8], liver cancer [9, 10], and clear cell renal cell carcinoma
(CCRCC) [11]. Moreover, Huaier polysaccharides exert
anticancer effects in various ways. For example, Luo et al.
reported that Huaier polysaccharide SP1 caused apoptosis in
breast cancer MCF-7 cells by downregulating MTDH
protein [8]; Li et al. proved that Huaier polysaccharides
suppressed liver cancer growth and metastasis by inhibiting
angiogenesis [9]; Fang et al. found that Huaier polysac-
charide HP-1 inhibited the progression of CCRCC by
inhibiting epithelial-mesenchymal transition and improved
the efficacy of sunitinib [11]. So far, there have been no
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studies on Huaier polysaccharides in gastric cancer, and the
underlying mechanism remains unknown.

According to the method of Luo et al. [8], we extracted
Huaier polysaccharide SP1 from Trametes robiniophila
Murr, explored its function in gastric cancer cell line MGC-
803, and further explained the corresponding mechanism,
thus providing a theoretical basis for the application of
Huaier polysaccharide SP1 as a chemotherapeutic agent in
the treatment of gastric cancer.

2. Materials and Methods

2.1. Extraction and Identification of Huaier Polysaccharide
SP1. Huaier polysaccharide SP1 was extracted according to
the method reported by Luo et al. [8]. First, sandy and beige
powdered water-soluble crude polysaccharide (SCP) was
isolated and purified from the fruiting bodies of Trametes
robiniophila Murr. Next, SCP was further purified by DEAE
cellulose and agarose CL-6B gel filtration chromatography to
obtain polysaccharides with different average molecular
weight distributions. The water-soluble neutral fraction SP1
was collected and lyophilized for further study, and the
products were identified by high-performance liquid
chromatography. A single peak indicated the homogeneity
of the products, with an average molecular weight of ap-
proximately 56 kDa (Figure 1). Gas chromatography analysis
showed that SP1 was composed of galactose, arabinose, and
glucose in a molar ratio of 3.1:1.1:1.1:3.3.

2.2. Cell Culture and Treatment. Human gastric cancer cell
line MGC-803 was purchased from ATCC, USA. The MGC-
803 cell line was routinely cultured with DMEM high
glucose medium containing 10% fetal bovine serum, 100 y/
ml penicillin, and 100g/ml streptomycin. The cells were
cultured in a humidified incubator containing 5% carbon
dioxide at 37 C.

2.3. Cell Viability Test. MGC-803 cells were seeded in 96-
well plates at a density of 3000 cells/well and preincubated
for 24 hours. Different concentrations of SP1 were then
added, and CCK-8 reagent (Dojindo, Japan) was added at 24,
48, and 72 h respectively. The absorbance (A) at 450 nm was
measured on a spectrophotometer. Relative cell activi-
ty = (the treatment group value—the blank background
value)/(the control group value-the blank background
value) x 100%.

2.4. Cell Migration Assay. Cell migration ability was detected
using a scratch assay. MGC-803 cells treated with different
concentrations of SP1 were cultured to a confluency rate of
95%. A straight line was scratched on the cells perpendicular
to the culture plate with a tip, followed by PBS washing to
remove detached cells. Serum-free DMEM high glucose
medium with different concentrations of SP1 was then
added. The cells were cultured in a cell culture incubator and
photographed at 24 hours. Cell mobility was calculated.
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FiGure 1: Identification of Huaier polysaccharide SP1 by high-
performance liquid chromatography.

Relative cell mobility=(0h scratch width —after-culture
scratch width)/0h scratch width x 100%.

2.5. Apoptosis Detection. MGC-803 cells were seeded in 12-
well plates and treated with different concentrations of SP1
for 72h in an incubator. Cells were collected, washed twice
with PBS, and stained using the Annexin V-FITC/PI Ap-
optosis kit. Samples were analyzed on a flow cytometer.
Apoptosis rate (%) = early apoptosis rate (%) + late apoptosis
rate (%).

2.6. Cell Invasion Assay. Cell invasion ability was measured
using a Transwell assay. A 100l mixture of matrix gel
(Corning, USA) and serum-free DMEM medium (1: 8) was
coated on the upper transwell chamber (Corning). The cells
(5x10*) were seeded in the upper chamber with DMEM
containing no serum 4 h after the matrix gel had solidified,
and DMEM medium containing 10% fetal bovine serum was
added to the lower chamber. The cells were cultured for 24
hours, fixed with methanol and stained with crystal violet,
and cells on the lower surface of the membrane were
photographed and counted using a microscope.

2.7. Western Blot. The proteins extracted with RIPA lysate
were quantified using a BCA protein assay kit, and equal
amounts of proteins were electrophoresed on 10% SDS-
PAGE followed by immunoblotting on nitrocellulose
membranes. Membranes were blocked with 5% skim milk
for 2h at room temperature and then incubated with pri-
mary antibodies overnight at 4 C. After incubation with
HRP-conjugated secondary antibodies, the proteins were
visualized on an ECL gel imaging system. Primary antibodies
were purchased from Abcam.

2.8.qRT-PCR. Total cellular RNA was extracted with TRIzol
reagent (Takara, Japan), and cDNA was synthesized using
Prime Script RT reagent kit (Takara). All reactions were
performed with the use of TagMan Gene Expression Assay
system (Applied Biosystems, USA) and TagMan Universal
PCR Master Mix reagents (Thermo Fisher Scientific, USA).
The relative gene expression levels were calculated using the
2724 method with B-actin as an internal reference. All
experiments were repeated at least three times. All primers
used in the experiments are listed in Table 1.
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TaBLE 1: qQRT-PCR Primer sequence.

Reverse primers (5'-3')

Genes Forward primers (5'-3")

SMAD7 TTCCTCCGCTGAAACAGGG CCTCCCAGTATGCCACCAC
SOX4 GACCTGCTCGACCTGAACC CCGGGCTCGAAGTTAAAATCC
ZEB2 CAAGAGGCGCAAACAAGCC GGTTGGCAATACCGTCATCC
MMP9 GGGACGCAGACATCGTCATC TCGTCATCGTCGAAATGGGC
Snail TCGGAAGCCTAACTACAGCGA AGATGAGCATTGGCAGCGAG
Slug CGAACTGGACACACATACAGTG CTGAGGATCTCTGGTTGTGGT
B-actin CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT
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FIGURE 2: Results of relative cell viability of MGC-803 cells treated with different concentrations of SP1 (0, 25, 50, 100, 200, 400, and 800 ug/
ml) for 24, 48, and 72 hours, respectively. Compared with 0 yg/ml SP1-treated (control) group, *P < 0.05; &p < 0.05 for comparison between
groups under different concentrations of SP1 treatment.

2.9. Statistical Analysis. Data were presented as mean-
+standard deviation, and each experiment was indepen-
dently repeated at least three times. Statistical analysis was
performed using SPSS 20.0 software. Comparisons between
the experimental and control groups were performed using
Student’s t-test and one-way ANOVA. P <0.05 was con-

sidered statistically significant.

3. Results

3.1. SP1 Inhibited MGC-803 Cell Proliferation. Figure 2
showed that MGC-803 cells had a dose-dependent inhi-
bition on the growth of MCF-7 cells after exposure to
different concentrations of SP1 (25, 50, 100, 200, 400, and

3.3. SP1 Inhibited Migration of MGC-803 Cells. As shown in
Figure 4, the scratch assay revealed that MGC-803 cells
treated with 25, 50, 100, and 200 ug/ml of SP1 showed a
marked decrease in cell migration in a dose-dependent
manner (P <0.05), suggesting that SP1 could inhibit MGC-
803 cell migration.

3.4. SP1 Inhibited MGC-803 Cell Invasion. As shown in
Figure 5, the transwell assay revealed that MGC-803 cells

800 ug/ml) for 24, 48, and 72 hours (P <0.05). As the SP1

concentration increased to 50 yg/ml, cell viability decreased
significantly over all time periods. However, the decreasing
trends of cell viability were similar at a concentration above
200 ug/ml. Therefore, SP1 could suppress MGC-803 cell

proliferation.

3.2. SP1 Promoted Apoptosis in MGC-803 Cells. As shown in

treated with 25, 50, 100, and 200 ug/ml of SP1 showed a
significant decrease in cell invasion in a dose-dependent
manner (P <0.05), demonstrating that SP1 could inhibit
MGC-803 cell invasion.

3.5. SPI1 Inhibited the Activation of the TGF-§/SMAD Sig-
naling Pathway. After treatment of MGC-803 cells with
200 ug/ml of SP1 for 72h, we found that SP1 could sig-
nificantly elevate SMAD7 mRNA and protein levels

(Figures 6(a) and 6(b)), which in turn inhibited the ex-
pression of TGF-BRI. Meanwhile, SP1 could significantly
reduce the phosphorylation levels of SMAD2 and SMAD3,

Figure 3, flow cytometric analysis revealed that MGC-803
cells after exposure to different concentrations of SP1 (25,

50, 100, and 200 ug/ml) for 72 hours showed significantly
increased proportion of apoptosis with increasing doses of
SP1 (P <0.05), indicating that SP1 could promote MGC-803

cell apoptosis.

and downstream proteins of TGF-BRI (Figure 6(b)).

3.6. SP1 Inhibited the Expression of Downstream Oncogenes in
the TGF-B/SMAD Signaling Pathway. We examined mRNA
and protein expressions of the proliferation, apoptosis,

migration, and invasion-related downstream genes in the
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FIGURE 3: Apoptosis of MGC-803 cells treated with different concentrations of SP1 (0, 25, 50, 100, and 200 ug/ml) for 72 h was detected by

flow cytometry. Compared with 0 ug/ml SP1-treated (control) group, *P < 0.05;

concentrations of SP1 treatment.
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(0, 25, 50, 100, and 200 pug/ml) for 24 h Compared with 0 yg/ml SP1-treated (control) group, *P <0.05; &

groups under different concentrations of SP1 treatment.

TGF-B/SMAD signaling pathway including SOX4, ZEB2,
MMP9, Snail, and Slug and found that these gene expression
levels were inhibited by SP1 (Figure 7).

4, Discussion

There is increasing evidence that herbs have antitumor ef-
fects. Huaier is a common medicinal fungus that has been
used in traditional Chinese medicine for more than 1000
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FIGURE 4: Scratch assay was used to detect the change of cell migration ability in MGC-803 cells treated with different concentrations of SP1
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P <0.05 for comparison between

years [12]. Moreover, it has attracted more and more at-
tention due to its antitumor and immune-promoting
functions as well as negligible side effects. In this study, we
isolated purified polysaccharide SP1 from Huaier and
demonstrated that SP1 could exert antitumor effects by
inhibiting the TGF-f signaling pathway.

In vitro studies revealed that Huaier polysaccharide SP1
could significantly inhibit the proliferation, migration, and
invasion while it could promote the apoptosis of MGC-803
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FIGURE 6: (a) The expression of SMAD7 mRNA in MGC-803 cells of the control group (SP1 0 yg/ml) and SP1 treatment group (200 pg/ml)
for 72 h was detected by qRT-PCR. (b) The protein level of SMAD7 in MGC-803 cells of the control group (SP1 0 ug/ml) and SP1 treatment
group (200 ug/ml) for 72h was detected by Western blot. Compared with the control group, *P <0.05.

cells. However, there have been no studies on the effects of
Huaier polysaccharides in gastric cancer, so we have proved
for the first time that Huaier polysaccharide SP1 has a
significant anticancer effect on gastric cancer and can be
used as a chemotherapeutic or adjuvant drug in the treat-
ment of gastric cancer. Through oral administration, Huaier
polysaccharide SP1 can directly enter the stomach and act on
gastric cancer, which may have better antitumor effects.

So far, the explanation for the mechanism of Huaier
polysaccharides against cancer is still insufficient. In this
study, we found that SP1 could inhibit the activation of TGF-
BISMAD signaling pathway by upregulating the expression
of SMAD7. TGF-f, transforming growth factor S, is a
pleiotropic cytokine that signals via membrane receptors
and intracellular SMAD proteins, which then enter the
nucleus after receptor activation and act as transcription
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F1GURE 8: The effects of SP1 regulating TGF-f/SMAD signaling on
gastric cancer cell proliferation, apoptosis, migration, and invasion.

factors. The TGF-/SMAD signaling pathway plays a critical
role in such malignant progressions of cancer cells as sur-
vival, EMT, migration, and invasion [13, 14]. Upon acti-
vation of transforming growth factor beta receptor 1 (TGEF-
BR1), the receptor-regulated SMAD proteins, SMAD2, and
SMAD3 are recruited and phosphorylated for activation.
Activated SMAD2 and SMAD3 continue to form oligomeric
SMAD complexes with SMAD4, which together translocate
into the nucleus, bind to DNA, and regulate the expression
of target genes [15]. SMAD?7 as a negative regulator of the
TGF-/SMAD signaling pathway can interact with TGF-fR1
in the cytoplasm, leading to TGF-R1 degradation [16]. In
this study, we found that SP1 could significantly increase the
levels of SMAD7 mRNA and proteins and inhibit the ex-
pression of TGF-BRI, thus reducing the phosphorylation
levels of downstream SMAD2 and SMAD3 of TGF-SRI.
Meanwhile, our study found that SP1 could inhibit the
mRNA and protein expression of proliferation, apoptosis,
migration, and invasion-related genes SOX4, ZEB2, MMP9,
Snail, and Slug, which are all downstream molecules of

TGF-/SMAD signaling pathway [17, 18]. SOX4, a member
of the C-subfamily of SOX transcription factors, promotes
tumorigenesis by enabling cancer cells to survive, migrate,
and invade [19]; MMP9, a member of the matrix metal-
loproteinase (MMP) family, plays an important role in tu-
mor migration and invasion, angiogenesis, and apoptosis
[20]; the transcription factors Snail and Slug are important
molecules in the EMT process, which can promote tumor
invasion and metastasis, and facilitate cell survival by reg-
ulating the cell cycle and apoptosis [21, 22]. Therefore, we
suggest that SP1 regulates the proliferation, apoptosis, mi-
gration, and invasion of gastric cancer cells by inhibiting the
TGF-B/SMAD signaling pathway and the expression of
downstream molecules Sox4, Zeb2, Mmp9, Snail, and Slug
(Figure 8).

In this study, we extracted the polysaccharide SP1 from
Huaier and confirmed by in vitro experiments that SP1
could inhibit the activation of TGF-S/SMAD signaling
pathway and the expression of downstream oncogenes
SOX4, ZEB2, MMP9, Snail, and Slug by facilitating the
expression of SMAD?7, thereby regulating the proliferation,
apoptosis, migration, and invasion of gastric cancer cells,
which provided a theoretical basis for the use of SP1 in the
treatment of gastric cancer.
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Objective. The effects of Ganoderma lucidum polysaccharide (GLP) on the proliferation and migration of oral squamous cell carcinoma
(OSCC) cells (HSC-3) were investigated in this study. Methods. Oral squamous cell carcinoma (OSCC) cells (HSC-3) were cultured in
vitro and were treated with different concentrations of GLP. CCK-8 assay and scratch assay were then used to detect the inhibitory effect
of GLP on these cells. qRT-PCR and western blot were used to measure the expression changes of the genes involved in the miR-188 and
B-catenin signaling pathways. Results. GLP had significant cytotoxicity to HSC-3 cells and was capable of inhibiting the proliferation and
migration of HSC-3 cells. GLP upregulated the expression of miR-188 in HSC-3 cells and via which inhibited the proliferation and
migration of HSC-3 cells. In addition, miR-188 inhibited the activation of the -catenin signaling pathway through its target BCLO.
Conclusions. GLP inhibited the proliferation and migration of OSCC cells (HSC-3) by regulating the miR-188/BCL9/f-catenin signaling

pathway. The results in this study provided a theoretical basis for the treatment of OSCC with GLP.

1. Introduction

Oral squamous cell carcinoma (OSCC) is a malignant tumor
that occurs in the oral cavity and is the eighth most common
type of cancer in the world [1]. In China, the incidence of
OSCC is about 3-6 per 100,000 people, and this number is
increasing every year. Smoking, alcoholism, and chewing
betel nut are believed to play an important role in the eti-
ology of oral cancer. At present, although surgery, radio-
therapy, and chemotherapy have made some progress in the
treatment of OSCC, the mortality rate of OSCC is still high
[2], in which tumor metastasis is the leading cause of death
in OSCC patients [3]. Therefore, further research concerning
the new or adjuvant treatment of OSCC to improve the
prognosis of patients is urgently needed.

Ganoderma lucidum has been widely used as an aux-
iliary drug for antitumor therapy in clinical practice [4],
and polysaccharide is one of the main bioactive

components of Ganoderma lucidum. It has many biological
functions such as improving immune function, preventing
oxidative damage, and protecting the liver, while with little
toxicity [5, 6]. Recently, the direct inhibitory effect of
Ganoderma lucidum polysaccharide (GLP) on tumors has
received extensive attention, for example, in colorectal
cancer, GLP can promote the apoptosis of colorectal cancer
cells by mediating the MAPK/ERK signaling pathway to
regulate autophagy [7]; in prostate cancer, GLP can induce
PC-3 cells apoptosis through NAG-1 [8] and can also
inhibit prostate cancer cell migration through the arginine
methyltransferase 6 signaling pathway [9]; in liver cancer,
GLP can enhance the radiosensitivity of the liver cancer cell
line HepG2 through the Akt signaling pathway [10].
However, the role of GLP in OSCC is unclear. Therefore, in
this study, we investigated the effect of GLP on OSCC cells
in vitro and explored the associated underlying
mechanisms.


mailto:gangzz1977@126.com
mailto:xky7026@163.com
https://orcid.org/0000-0001-9088-8450
https://orcid.org/0000-0002-0123-0743
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/7472314

2. Material and Methods

2.1. Cell Culture and GLP Processing. Human oral squamous
cell carcinoma HSC-3 cells were purchased from ATCC,
USA, and the medium was DMEM containing 10% fetal calf
serum and cells were cultured at 37°C with 5% CQO,. The cells
in each group were treated with different concentrations of
GLP including Omg/mL (control group), 0.5mg/mL,
1.0mg/mL, 2.0mg/mL, 4.0mg/mL, and 8.0mg/mL, re-
spectively. The preparation of GLP followed the method of
Chen et al. [11]. The gas chromatographic analysis of GLP is
shown in Figure 1. The monosaccharide composition of GLP
is glucose and galactose, and the ratio of the amount of
substance is 16.8:1.0.

2.2. Cell Transfection. One day before transfection, the cells
were seeded into the culture plate in an appropriate number.
According to the instructions, miR-188 mimics and miR-
188 inhibitor were transfected into the cells using the
Lipofectamine 3000 transfection reagent. The final con-
centration of miR-188 mimic transfection is 50 nM, and the
final concentration of miR-188 inhibitor transfection is
100 nM.

2.3. Cell Activity Measured with CCK-8 Assay. HSC-3 cells
were seeded in 96-well plates at approximately 5,000 cells per
well and cultured for 24 h. After that, different treatments
were applied to each group. After 24, 48, and 72h, 10 ul of
the CCK-8 reagent (Dojindo, Japan) was added to each well
and mixed. The cells were then incubated for an appropriate
period of time, and the absorbance at 450 nm was measured
with a microplate reader. Inhibition rate = [(absorbance of
control well —absorbance of the experimental well)/(ab-
sorbance of control well — absorbance of the blank well)] =

100%.

2.4. In Vitro Scratch Assay. HSC-3 cells were seeded in a 12-
well plate and cultured to form a monolayer, and a line was
drawn in the layer using a pipette tip and then rinsed with
PBS and treated accordingly. Scratches at different time
periods were photographed using a microscope and statis-
tical analysis was performed using Image] software.

2.5. miRNA Sequencing and Target Prediction. Total RNA
was extracted from cells using the Trizol reagent (Invi-
trogen), followed with high-throughput sequencing of
miRNAs on the Illumina platform. The expression profiles of
miRNAs were analyzed using Cluster 3.0 software, and
targets for miRNAs were predicted on the microRNA.org
website.

2.6.qRT-PCR. Total RNA was extracted from the cells using
the Trizol reagent (Invitrogen), and the RNA concentration
was determined with a spectrophotometer. Reverse tran-
scription was performed using the PrimeScript RT reagent
kit (Takara). The resulting cDNA was then subjected to qRT-
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FIGURE 1: Gas chromatographic analysis of GLP.

PCR analysis using the SYBR Premix Ex Taq kit (Takara). U6
snRNA was used as an internal reference for the quantifi-
cation of miR-188 expression, and for the mRNA expres-
sion, -actin was used as an internal reference. The relative
expression level of the target gene was calculated by the
2722T method. Primer sequences are as follows: miR-188-F:
ATGTACACAAGCACACCTTCTCATT; miR-188-R: TC-
AGAAAGCTCACCCTCCACCAT; U6-F: CTCGCTTCGG-
CAGCACACA; U6-R: AACGCTTCACGAATTTGCGT;-
c-Myc-F:  CAAGAGGCGAACACACAACGT; c-Myc-R:
GGGCCTTTTCATTGTTTTCCA; CCND1-F: CTGGAGG-
TCTGCGAGGAACA; CCNDI-R: CTTAGAGGCCACG
AACATGCA; Slug-F: CATGCCTGTCATACCACAAG;
Slug-R: GGTGTCAGATGGAGGAGGG; Vimentin-F: AA-
AGTGTGGCTGCCAAGAAC; Vimentin-R: AGCCTCA-
GAGAGGTCAGCAA; B-acti-F: GGCTCCGGCATGTG-
CAAG; f-acti-R: CCTCGGTCAGCAGCACGG.

2.7. Construction of Dual-Luciferase Reporter. The BCL9 3'-
UTR sequences containing the wild type (wt) or mutant
(mut) miR-188 binding site were synthesized and
inserted into the pGL3 luciferase vector (Promega). The
luciferase plasmid and miR-188 mimics or NC were
cotransfected into cells using the Lipofectamine 2000
reagent (Invitrogen). After 48 h, luciferase activity was
measured using the dual-luciferase reporter system
(Promega) and Renilla luciferase activity was used as an
internal reference.

2.8. Western Blot. Total cellular proteins were extracted
with RIPA lysate, and nuclear proteins were extracted
using the Nuclear and Cytoplasmic Extraction Reagent
kit (Thermo Scientific). Western blot was performed
using the standard method. The antibodies used in this
experiment were purchased from Cell Signaling
Technology.

2.9. Statistical Analysis. Data were analyzed using SPSS 18.0
software and expressed as mean+standard deviation.
P <0.05 was considered statistically significant.
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3. Results

3.1. GLP Inhibited HSC-3 Cell Activity. As shown in Figure 2,
compared with the control group, the inhibition rates of
GLP (0.5, 1.0, 2.0, 4.0, 8.0 mg/mL) on the HSC-3 cells at 72 h
were 44.0, 58.3, 59.7, 62.7, 71.7, and 93.3%, respectively. Also
the IC50 for GLP at 24 h, 48 h, and 72 h were 5.43, 3.26, and
0.91 mg/mL, respectively. The results showed that GLP
significantly reduced cell viability (P <0.05) in a dose- and
time-dependent manner, indicating that GLP has potent
cytotoxicity against HSC-3 cells.

3.2. GLP Inhibited HSC-3 Cell Migration. As shown in
Figure 3, the migration ability of HSC-3 cells was reduced in
a dose-dependent manner (P <0.05) after treatment with
different concentrations of GLP for 48 h compared with the
control group. Therefore, GLP had a significant inhibitory
effect on the migration of HSC-3 cells.

3.3. GLP Upregulated the Expression of miR-188. After the
treatment of HSC-3 cells with 1.0mg/ml GLP for 48h,
cellular RNAs were extracted for high-throughput se-
quencing of miRNA. The result showed that the expression
level of miR-188 was significantly increased (Figure 4).
Furthermore, HSC-3 cells were also treated with different
concentrations of GLP and the sequencing results were
verified via qQRT-PCR. The results confirmed that GLP
upregulated the expression of miR-188 in a dose-dependent
manner (P <0.05) (Figure 4).

3.4. GLP Regulated HSC-3 Cell Proliferation and Migration
via miR-188. Recovery experiments showed that transfec-
tion of the miR-188 inhibitor in GLP (1.0 mg/mL) treated
cells significantly reversed GLP-induced inhibition on cell
proliferation (Figure 5(a)) and migration (Figure 5(b))
(P <0.05), which indicated that GLP inhibited the prolif-
eration and migration of HSC-3 cells via miR-188.

3.5. miR-188 Regulated BCL9/B-Catenin Pathway in HSC-3
Cells. With microRNA.org, we found that BCL9 is a po-
tential target for miR-188 (Figure 6(a)) and that was sub-
sequently validated with the luciferase reporter gene
(Figure 6(b)). In addition, we also found that miR-188
inhibited the activation of the S-catenin signaling pathway
by downregulating the expression of BCL9, which in turn
caused a decrease in the level of -catenin in the nucleus
(Figure 6(c)). Not surprisingly, the expression (mRNA and
protein) of genes involved in the downstream of the
p-catenin pathway including c-Myc, CCND1, Vimentin, and
Slug was all downregulated by miR-188 (Figures 6(d) and
6(e)). The results mentioned above suggested that miR-188
regulated the BCL9/fB-catenin pathway in HSC-3 cells.

4. Discussion

Studies have shown that GLP can exert antitumor effects by
inhibiting tumorigenesis, tumor growth, and metastasis, as

HSC-3
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Ficure 2: Cytotoxic effects of GLP on HSC-3 cells.

well as regulating immunity [12, 13]. However, there are a
few research studies focusing on the effects of GLP in OSCC.
The present study investigated the antitumor effect and
corresponding mechanism of GLP in the OSCC cell line
HSC-3.

Firstly, we demonstrated that GLP is cytotoxic
to HSC-3 and can significantly inhibit HSC-3 cell
proliferation and migration. Our results demon-
strated that GLP has a significant antitumor effect in
OSCC cells.

Secondly, we explored the mechanism of the antitumor
effects of GLP. We found that GLP promoted the ex-
pression of miR-188 in HSC-3 cells. Studies have shown
that GLP can regulate the expression of some miRNA and
exert its antitumor effect through these miRNAs [14, 15].
With the help of high-throughput sequencing, we found
that GLP induced changes in miRNA expression in HSC-3
cells, and we subsequently focused on miR-188 in the
present study. miR-188 has shown anticancer effects in
many tumors, including OSCC [16]. The results of our
experiments showed that GLP can inhibit HSC-3 cell
proliferation and migration by upregulating the expression
of miR-188.

There are few studies focusing on miR-188 in OSCC;
therefore, we further explored the role of miR-188 in OSCC.
We found and confirmed that BCL9 is a direct target for
miR-188 and that miR-188 can inhibit the expression of
BCL9 by binding to its’ 3'-UTR. The BCL9 gene was
originally discovered in lymphoblastic leukemia cells, which
typically are overexpressed in a variety of malignancies and
can activate the Wnt/f-catenin signaling pathway to pro-
mote cell proliferation, migration, invasion, and metastasis
[17]. Our results showed that by inhibiting BCL9, miR-188
can inhibit the activation of the -catenin signaling pathway
and thus inhibits the expression of genes involved in the
downstream of the f3-catenin signaling pathway including c-
Myc and CCND1, Vimentin and Slug, as shown by Zhuang
et al. [18].
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5. Conclusion

Taken together, our results demonstrated that GLP can
inhibit the proliferation and migration of OSCC cells
(HSC-3) by regulating the miR-188/BCL9/f-catenin sig-
naling pathway. Therefore, the results in this study pro-
vide a theoretical basis for the treatment of OSCC with
GLP.

Data Availability

The data used to support the findings of this study
are available from the corresponding author upon
request.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.
Acknowledgments

This work was supported by the National Natural Science
Foundation (grant no. 81771568).

References

[1] J. Ferlay, H.-R. Shin, F. Bray, D. Forman, C. Mathers, and
D. M. Parkin, “Estimates of worldwide burden of cancer in



2008: GLOBOCAN 2008,” International Journal of Cancer,
vol. 127, no. 12, pp. 2893-2917, 2010.

[2] S. Gupta, W. Kong, Y. Peng, Q. Miao, and W. J. Mackillop,
“Temporal trends in the incidence and survival of cancers of the
upper aerodigestive tract in Ontario and the USA,” Interna-
tional Journal of Cancer, vol. 125, no. 9, pp. 2159-2165, 2009.

[3] J. Wikner, A. Grobe, K. Pantel, and S. Riethdorf, “Squamous cell
carcinoma of the oral cavity and circulating tumour cells,” World
Journal of Clinical Oncology, vol. 5, no. 2, pp. 114-124, 2014.

[4] Z.Xu, X. Chen, Z. Zhong, L. Chen, and Y. Wang, “Ganoderma
lucidum polysaccharides: immunomodulation and potential
anti-tumor activities,” The American Journal of Chinese
Medicine, vol. 39, no. 1, pp. 15-27, 2011.

[5] K. Pan, Q. Jiang, G. Liu, X. Miao, and D. Zhong, “Optimi-
zation extraction of Ganoderma lucidum polysaccharides and
its immunity and antioxidant activities,” International Journal
of Biological Macromolecules, vol. 55, pp. 301-306, 2013.

[6] L. Guo, J. Xie, Y. Ruan et al., “Characterization and immu-
nostimulatory activity of a polysaccharide from the spores of
Ganoderma lucidum,” International Immunopharmacology,
vol. 9, no. 10, pp. 1175-1182, 2009.

[7] H. Pan, Y. Wang, K. Na et al., “Autophagic flux disruption
contributes to Ganoderma lucidum polysaccharide-induced
apoptosis in human colorectal cancer cells via MAPK/ERK
activation,” Cell Death ¢ Disease, vol. 10, p. 456, 2019.

[8] K. Wu, K. Na, D. Chen, Y. Wang, H. Pan, and X. Wang,
“Effects of non-steroidal anti-inflammatory drug-activated
gene-1 on Ganoderma lucidum polysaccharides-induced ap-
optosis of human prostate cancer PC-3 cells,” International
Journal of Oncology, vol. 53, no. 6, pp. 2356-2368, 2018.

[9] X. Zhao, D. Zhou, Y. Liu et al., “Ganoderma lucidum poly-
saccharide inhibits prostate cancer cell migration via the
protein arginine methyltransferase 6 signaling pathway,”
Molecular Medicine Reports, vol. 17, no. 1, pp. 147-157, 2018.

[10] Y. Yu, L. Qian, N. Du, and Y. Liu, X. Zhao, X. Zhang,
Ganoderma lucidum polysaccharide enhances radiosensitivity
of hepatocellular carcinoma cell line HepG2 through akt
signaling pathway,” Experimental and Therapeutic Medicine,
vol. 14, no. 6, pp. 5903-5907, 2017.

[11] Y. Chen, M.-Y. Xie, S.-P. Nie, C. Li, and Y.-X. Wang, “Pu-
rification, composition analysis and antioxidant activity of a
polysaccharide from the fruiting bodies of Ganoderma
atrum,” Food Chemistry, vol. 107, no. 1, pp. 231-241, 2008.

[12] X.-L. Zhu, A.-F. Chen, and Z.-B. Lin, “Ganoderma lucidum
polysaccharides enhance the function of immunological ef-
fector cells in immunosuppressed mice,” Journal of Ethno-
pharmacology, vol. 111, no. 2, pp. 219-226, 2007.

[13] B. Boh, “Ganoderma lucidum: a potential for biotechnological
production of anti-cancer and immunomodulatory drugs,”
Recent Patents on Anti-Cancer Drug Discovery, vol. 8, no. 3,
pp. 255-287, 2013.

[14] TJ. Shen, H.-S. Park, Y.-M. Xia, G.-S. Kim, and S. W. Cui, “The
polysaccharides from fermented Ganoderma lucidum mycelia
induced miRNAs regulation in suppressed HepG2 cells,”
Carbohydrate Polymers, vol. 103, pp. 319-324, 2014.

[15] A. Li, X. Shuai, Z. Jia et al., Ganoderma lucidum polysac-
charide extract inhibits hepatocellular carcinoma growth by
downregulating regulatory T cells accumulation and function
by inducing microRNA-125b,” Journal of Translational
Medicine, vol. 13, no. 1, p. 100, 2015.

[16] L. Wang and H. Liu, “MicroRNA-188 is downregulated in oral
squamous cell carcinoma and inhibits proliferation and in-
vasion by targeting six1,” Tumor Biology, vol. 37, no. 3,
pp. 4105-4113, 2015.

Advances in Polymer Technology

[17] C. Yang, Y. Xu, F. Cheng et al., “miR-1301 inhibits hepato-
cellular carcinoma cell migration, invasion, and angiogenesis
by decreasing Wnt/f-catenin signaling through targeting
BCLY,” Cell Death & Disease, vol. 8, no. 8, p. €2999, 2017.

[18] L. K. Zhuang, Y. T. Yang, X. Ma et al, “MicroRNA-92b
promotes hepatocellular carcinoma progression by targeting
smad7 and is mediated by long non-coding RNA XIST,” Cell
Death and Disease, vol. 7, no. 4, p. €2203, 2016.



Hindawi

Advances in Polymer Technology
Volume 2020, Article ID 1763245, 6 pages
https://doi.org/10.1155/2020/1763245

Research Article

WILEY

Hindawi

Altered Frequency of NK Cells and Treg Cells by
Astragalus Polysaccharide Combined with Budesonide

in Asthma Model Mice

Wei Zhang ' and Kuifen Ma (>*

'Department of Respiratory Medicine, Affiliated Hangzhou First People’s Hospital, Zhejiang University School of Medicine,

Hangzhou 310006, China

*The First Affiliated Hospital of Medical School of Zhejiang University, Hangzhou 310003, China

Correspondence should be addressed to Wei Zhang; bobbyzw@163.com

Received 21 August 2019; Accepted 28 October 2019; Published 12 January 2020

Guest Editor: Jianxun Ding

Copyright © 2020 Wei Zhang and Kuifen Ma. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Objective. We investigated the efficacy of astragalus polysaccharide (APS) combined with budesonide and the effect on expressions of
peripheral NK cells and Treg cells and the molecular mechanism in mice with bronchial asthma. Methods. In this study, we established
a mouse model of asthma. Four groups of BaLB/C mice were developed; control group had no asthma induction, and the other three
groups of mice were sensitized by OVA (Ovalbumin), OVA + budesonide, and OVA + APS + budesonide. Flow cytometry was used
to determine the proportion of NK cells and Treg cells. Levels of cytokines IL-4 and IL-10 were detected using RT-PCR and ELISA.
Results. Asthma mice treated with APS +budesonide showed alleviated airway resistance compared to model mice (P < 0.05). The
percentage of dendritic cells (DCs) was reduced (P < 0.05), while anti-inflammatory NK cells and Treg cells significantly increased
after APS+budesonide treatment (P < 0.05). Further, APS +budesonide treatment resulted in improvements in IL-4 and IL-10
mRNA and protein levels (P < 0.05). Conclusion. APS combined with budesonide medication may regulate expressions of DCs

cells and related cytokines, reliving clinical symptom of bronchial asthma.

1. Introduction

Bronchial asthma is a common chronic airway inflammatory
disease, and its pathogenesis includes a variety of cells and
components. Based on epidemiological survey data, elderly
people have a higher incidence of asthma [1]. At present, the
main treatment is drug therapy, which can be classified as
control patient’s condition and relief symptoms. Long-term
oral or intravenous use of glucocorticoid can cause
immunosuppression and Cushing’s syndrome and other side
effects. Inhalation of common doses of glucocorticoid
generally does not cause adverse reactions [2]. But after
glucocorticoids inhalation, approximately 80-90% of the drug
is deposited in the pharynx and swallowed into the
gastrointestinal tract, eventually depositing glucocorticoid will
cause pharyngeal or systemic adverse reactions.

Over the last decades, traditional Chinese medicine
extracted from the root of Astragalus membranaceus was
documented to have biological activities. Astragalus

polysaccharide (APS), the extraction, is a polysaccharide
consisting of glucose and arabinose sugar, possessing very
low toxicity, with a wide range of immune enhancement and
antiviral effect, which can relieve the plant hemagglutination
(PHA) toxicity and resist the inhibitory effects of
immunosuppressive drugs such as prednisolone and
cyclophosphamide [3]. The therapeutic implication of APS
has been confirmed in patients with lung cancer [4].
Budesonide, which is a commonly used inhaled hormone,
has fewer systemic adverse reactions. However, there are a
few clinical studies on the combined therapy for adult
asthma.

Given the NK cells and regulatory T cells contribute to
asthma pathogenesis, it is believed that combination of APS
and budesonide may influence immune cell counts. In this
study, the effects of APS combined with budesonide on pul-
monary function and immune response in mice with bron-
chial asthma were observed, aiming to provide theoretical
basis for clinical treatment.
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2. Methods and Materials

2.1. Animals and Study Design. Forty female BaLB/c mice
(8.7+3.4g) purchased from Shanghai Lab Animal Research
Center (Shanghai, China) were divided into 4 groups: control
group (n = 8), untreated asthma group (n = 8), budesonide
group (n = 8) and APS+budesonide group (n = 8). Mouse
model of asthma were induced as previously [5]. Briefly, 25 ug
OVA (SIGMA-ALDRICH, 0O1641) dissolved in 200uL PBS
were injected intraperitoneally into the mice except those in
control group. Mice in the control group were injected with
same volume of PBS. On day 14, mice in the non-control group
were kept in a closed container and inhaled 6% OVA solution
by ultrasonic atomization to induce asthma 30 min/day for
7 days while mice in the control group inhaled PBS. On day
15, control and untreated asthma group was administered
with atomized PBS; budesonide group, 3 ug/day budesonide;
APS +budesonide group, 100 mg/kg body weight/day APS
injected intraperitoneally and 3 yg/day budesonide inhaled.
On day 29, mice were sacrificed to evaluate airway response
and other biomarkers.

2.2. Bone-Marrow-Derived DCs (BMDCs) Generation. The
tibial and femoral bone marrow was isolated from the mice
and the BMDCs were prepared as previous reported [6].
Isolated BMDCs were cultured in RPMI-1640 containing
5% fetal bovine serum and stimulated with 1000 U/mL IL-4
and 500 U/mL granulocyte-macrophage colony-stimulating
factor (GM-CSF). On day 7, non-adherent cells were
harvested.

2.3. Flow Cytometric Analysis of NK, DCs and Treg Cells. A
FC500 (Beckman Coulter, USA) was used to analyze the
proportions of NK, DCs and Treg cells. The data was analyzed
with CXP analysis software 2.3. NK cells were stained with
FITC-CD16 and PE-CD56 (eBioscience, SanDiego, CA).
The BMDCs were stained with rat anti-mouse monoclonal
antibodies to FITC-CD11c and PE-CD86 (B7-2) (eBioscience,
SanDiego, CA). Treg cells were stained with FITC-CD4 and
PE-CD25 (eBioscience, SanDiego, CA).

2.4. Determination of Airway Hyper-Responsiveness. Airway
hyper-responsiveness was measured using the FinePointe™ RC
animal airway resistance and pulmonary compliance system
(BUXCO, USA). On day 28, 60 mg/kg pentobarbital sodium
was injected intraperitoneally, then a tracheal incision was
performed. Respiratory frequency was set at 160 times/min.
Mice were inhaled with 10uL acetylcholine, at ascending
concentrations of 0mg/mL, 1mg/mL, 2mg/mL, 4mg/mL,
8 mg/mL. The maximum airway resistance within 3 minutes
was recorded.

2.5. Quantitative RT-PCR. Total RNA from the lung tissue was
extracted using Trizol reagent (Takara, Dalian, China),and cDNA
was synthesized using the Prime Script® RT reagent kit (Takara,
Dalian, China), according to the manufacturer’s instructions.
Real-time RT-PCR was performed using SYBR® Premix Ex
TapTM II (Takara). The primers used are as follows: IL4 (120 bp),
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forward prime, 5'-CATCGGCATTTTGAACGAG-3/, reverse
prime, 5'-TTGGAAGCCCTACAGACGAG-3'; IL10 (165bp),
forward prime, 5'-TAACTGCACCCACTTCCCAG-3/, reverse
prime, 5'-AAGGCTTGGCAACCCAAGTA-3'; GAPDH
(104bp), forward prime, 5'-CGTGTTCCTACCCCCAATGT-3/,
reverse prime, 5'-TGTCATACTTGGCAGGTTTCT-3'. All
experiments were conducted in triplicate and repeated three
times. The PCR data were analyzed using the QuantStudio 7
Flex detection system (Applied Biosystems Co., Foster City,
CA, USA). Cycle threshold (CT) values were calculated using
the comparative CT (AACT) method, and the relative amount
of target mRNA (27**“") was obtained by normalizing to
endogenous GAPDH levels.

2.6. ELISA Assay. Bronchoalveolar lavage fluid (BALF) was
collected and analyzed for interleukin-4 (IL-4) and IL-10
contents by enzyme-linked immunosorbent assay (ELISA),
according to the manufacturer’s guidelines.

2.7. Statistical Analyses. All data were analyzed using SPSS13.0
software. The data are expressed as mean * standard deviation.
The inter-group comparisons of means were performed using
univariate analysis of variance and pairwise comparison
between groups, with P < 0.05, P < 0.01 or P < 0.001 as
significantly different.

3. Results

3.1. Body Weight and Airway Resistance in Mice with Asthma

Influences by APS and Budesonide. Compared to control
group, mice in model group, and drug treated group had
a loss and slight fluctuation in body weight (Figure 1(a)).
Airway hyper-responsiveness was assessed in 4 groups. In
untreated group, mice exposed to OVA showed significant
airway resistance at acetylcholine concentrations of 1, 2, 4, and
8 mg/mL (P < 0.01; Figure 1(b)). To verify airway resistance,
the airway resistance after acetylcholine challenge between
untreated model mice and various treatment groups was
compared. The mice of three various treated groups exhibited
significantly less airway resistance at an acetylcholine
concentration of 1, 2, 4, and 8 mg/mL (P < 0.05; Figure 1(b)).
The mice in APS+budesonide showed significantly lower
airway resistance than that in budesonide group (P < 0.05;
Figure 1(b)).

3.2. Percentage of DCs, NK Cells, and Treg Cells Influences by

APS and Budesonide. The frequency of NK cells and Treg cells
in BALF has been analyzed. Compared with healthy controls,
animals with experimental asthma showed attenuated DCs
and attenuated cell numbers of NK cells and Treg cells
(P < 0.05; Figure 2). However, the percentages of NK cells
and Treg cells, were markedly increased in mice with drug
treatment whether combined with APS (P < 0.05; Figure 2).
The frequency of DCs in untreated asthma group was elevated
when compared to control group (P < 0.05; Figure 2). By
comparison, frequency of DCs in two treated groups was
significantly alleviated (P < 0.05; Figure 2). In addition, the
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FIGURE 1: Body weight and airway resistance effected by APS and budesonide treatment. (a) The body weight change of mice in 4 groups (n=8
per group) was monitored within 28 days. (b) Airway resistance in mice was measured after treatment. Mean + SD is presented for each group.
*P < 0.01, compared with control group; *P < 0.05, compared with untreated asthma group; “P < 0.05, compared with budesonide group.

frequency of DCs in APS + budesonide group was significantly
lower than that in budesonide group (P < 0.05; Figure 2).

3.3. mRNA Levels of IL4 and IL10 in Mice Influences by APS and

Budesonide. AsNK cells in the lungs have been considered to
be regulators of Th1 or Th2 cytokine production, we analyzed
the mRNA levels of inflammatory mediators: IL4 and IL10 in
lung tissues of mice. Th2 cytokines IL4 and anti-inflammatory
cytokines IL10 in mice model of asthma were significantly
increased, compared to control group (P < 0.05; Figure 3).
Administration of budesonide significantly reduced the mRNA
levels of IL4 in mice with asthma (P < 0.05; Figure 3). Levels
of IL4 and IL10 in APS +budesonide group were significantly
decreased compared to budesonide group (P < 0.05; Figure 3).

3.4. Cytokine Levels in APS and Budesonide Treated Mice. Levels
of the important Th2 cytokine IL-4 and inflammatory cytokine
IL-10 in BALF and the spleen were measured by ELISA.
As shown in Figure 4, levels of these cytokines in BALF
significantly declined in APS+budesonide—treated mice,
when compared with budesonide treated mice (P < 0.05;
Figure 4). Levels of IL-4 and IL-10 in spleen were consistent
with that in BALE.

4. Discussion

The etiology of asthma is complex, and airway hyperrespon-
siveness is the characteristic pathological manifestation of
asthma. Leukotriene, a metabolite of arachidonic acid, is
widely present in the airway of patients with bronchial asthma
and mediates and induces inflammatory reactions. Previous
clinical practice has shown that the clinical effect of mon-
telukast alone as a leukotriene regulator in the treatment of

bronchial asthma needs to be further improved. Polysaccharide
served as anti-tumor drug has been well studied in various
types of tumor cells [7, 8]. In the present study, we established
a murine asthmatic model and demonstrated that asthma
model mice, challenged with APS and budesonide, exhibited
improved airway hyper-responsiveness.

Current studies have confirmed that the pathogenesis of
bronchial asthma is closely related to cellular immune dys-
function. The cell types involved in the pathological process
of asthma include Th2 cells, Th17 cells, NK cells, antigen pre-
senting cells, B cells, etc. [9-13]. As an important natural
immune cell, NK cells are the third type of lymphocytes along
with T cells and B cells. Recent studies have shown that com-
pared with healthy controls, NK cells isolated from the periph-
eral blood of asthmatic patients have a reduced killing ability
against tumor cell lines, although they secrete more cytotoxic
regulators [14]. The airway inflammatory immune response
of bronchial asthma is associated with decreased cytotoxicity
of NK cells and increased leukocyte count. Some studies have
confirmed that NK cell subsets are significantly reduced in
patients with allergic asthma, suggesting that the occurrence
of asthma is related to the inhibition of NK function [15].
Moreover, the NK cells content in the remission phase of
asthma was higher than that in the acute attack phase [16, 17].
NK cells is a necessary factor for naive T cells differentiating
to Th2 cells.

Treg plays an important role in balancing the inflamma-
tory response and regulating the immune response. Studies
have found that in allergic patients, Treg content is reduced
and function is impaired. In addition, Treg cells can negatively
feedback regulate T cells through a variety of inhibitory mech-
anisms, such as down-regulating the expression of T cytokines
and inhibiting the activation and differentiation of T cells [18].
DCs can be directly activated and indirectly activated by
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FIGURE 2: Flow cytometric analysis of DCs, NK cells, and Treg cells. (a-c) The percentage of DCs, NK cells, and Treg cells. (d-f) Results from
gated cells were visualized by bar charts as percentages of DCs, NK cells, and Treg cells. Mean + SD is presented for each group. “P < 0.01,
compared with control group; *P < 0.05, compared with untreated asthma group; “P < 0.05, compared with budesonide group.

epithelium when inhaling harmless allergens, which are suffi-
cient to initiate Th2 immunity. Our results shed light upon
how the polysaccharide influence the asthma model mice.
Using the OVA-induced asthma model, our data showed that
combination of APS and budesonide modulated the propor-
tion of DCs, NK cells, and Treg cells. Notably, APS and budes-
onide had significant decrease of DCs compared to budesonide
alone, suggesting the reliving immune response in treat-
ed-asthma mice.

It is documented that patients with asthma often had
increased frequencies of IL-4-producing NK cells [19].

Impaired capacity of DCs to activate T cells results in incom-
plete maturation of specific inhibitory cytokines such as
IL-10, which will suppress T-cell immune reactivity [20-22].
In this study, we observed the mRNA levels of IL-4 and IL-10
were alleviated by APS and budesonide treatment.
Furthermore, both local (BALF) and systemic (spleen) levels
of IL-4 and IL-10 in mice treated with APS and budesonide
were significantly lower than in untreated model mice.
Therefore, it is possible that APS and budesonide suppressed
the production of IL-4 and IL-10 in gene and protein
levels.
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FIGURE 3: APS and budesonide suppressed mRNA levels of inflammatory mediators. Relative expression of IL4 and IL10 mRNA levels were
measured by RT-PCR and is represented above. Every independent experiment was triplicated. Mean+SD is presented for each group.
*P < 0.01, compared with control group; “P < 0.05, compared with untreated asthma group; “P < 0.05, compared with budesonide group.
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group; “P < 0.05, compared with budesonide group.

Taken together, these findings suggest that budesonide
with or without APS treatment might induce protective immu-
nity against asthma by the regulation of DCs, NK cells and
Treg cells through IL-4 and IL-10 production. Apart from that,
combination of APS and budesonide shows benefits in improv-
ing airway pressure maybe due to the modulation of DCs, IL-4
and IL-10, which provide a new strategy in the therapy of
asthma.
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This study investigates the effects of direct and indirect dispersion methods for lovastatin solid dispersion (LSD) in alginate
(AG)/chitosan (CS) composites on the characteristics and properties of the AG/CS/LSD composites. The preparation
method significantly influences the structure, morphology, and LSD size distribution of the composites as well as the drug
release of LSD from the samples. The differences in dispersion methods for LSD lead to differences in the interaction
between the components, the structure, and the control drug release of LSD. Lovastatin was released from the samples
containing LSD in two stages (a fast release stage and a slow release stage), and the drug release content prepared using the
indirect method is lower than that prepared using the direct method in the same buffer solution. After 32 h of testing, the
released LSD content from the indirect and direct LSD dispersion methods in pH 2 and pH 7.4 buffer solutions was 87-94%
and 41-61%, respectively. Drug release kinetics from the above samples in solutions with different pH values was also

set up.

1. Introduction

Lovastatin, a natural product with a potential inhibitory
effect on HMG-CoA reductase, was synthesized in 1979 and
first applied in medicine in 1987. It is absorbed rapidly in the
small intestine if administered orally. The plasma concen-
tration of lovastatin reaches its maximum within 4 h. It has a
short half-life of 3h and a low bioavailability of 5% [1].
Lovastatin is widely used to lower cholesterol and reduce the
risk of cardiovascular diseases. As lovastatin has poor
aqueous solubility, researchers face a great challenge to
develop suitable and viable methods and technologies for the

preparation of drug samples to enhance the saturation
solubility and dissolution velocity of drugs. This shall allow
for the achievement of optimum absorption in the systemic
circulation as well as bioavailability of drugs in therapy.
Basavaraj et al. used nanotechnology to reduce the
particle size of lovastatin from micron size to nanosize level
by precipitation process without the use of surfactants or
stabilizers [2]. The authors showed methanol and acetone to
be suitable solvents for the preparation of lovastatin
nanocrystal, at 3 mM concentration of drug. The dissolution
rate of nanocrystal drug in methanol and acetone was
doubled due to the contact of the drug particles with a larger
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surface area of the dissolution medium, and oral bioavail-
ability in biological fluid of nanocrystal drug was increased
as compared to the pure lovastatin. Inclusion complex
techniques were also used for the preparation of lovastatin
systems by kneading method through the combination of
excipients (B-cyclodextrin, hydroxypropyl-f-cyclodextrin,
randomly methylated B-cyclodextrin, etc.), with lovastatin at
different drug-carrier ratios. The solubility of lovastatin in
these systems was 2.4 to 3.4 times higher than regular drug
formulation [1, 3, 4]. Another technique used for increasing
the solubility of lovastatin is the solubilization of surfactant
by microemulsion or self-microemulsifying drug delivery
system methods. The solubility of the drug in these systems
was 1.3 to 2.27 times higher than raw lovastatin [5, 6].
Liquisolid compaction and mesoporous carrier techniques
have been studied for the improvement of the solubility of
lovastatin [7-10]. These are novel techniques, with complex
requirements. The solubility of lovastatin in these systems
was increased from 1.8 to 3.42 times.

Solid dispersion is the most popular technique for the
preparation of lovastatin systems, with the solubility of
lovastatin being 1.2-2.9 times higher than that of pure
lovastatin [1]. Solid dispersions in which the drug may be
present in the amorphous state offer an attractive means of
increasing the solubility and, therefore, potentially in-
creasing the oral bioavailability of these complex com-
pounds. The advantages of the solid dispersion technique are
the reduction of particle size of drug crystals, improvement
of the drug wettability, and enhancement of the degree of
porosity. Amongst the various methods (such as solvent
evaporation, melt/cool, coprecipitation, dropping, fusion,
physical mixture, kneading, freeze-drying, carrier, grinding,
and hot-melt extrusion) and carrier options (for example,
modified locust bean gum, sodium starch glycolate, cro-
spovidone, poloxamer F68, polyethyleneglycol, soluplus,
acetylsalicylic acid, and mannitol), solid dispersion tech-
nique has the potential to prepare lovastatin system for
effective therapy [11-14]. In this technique, there are
physicochemical interactions between lovastatin and car-
riers that help to deposit the drug on the surface of carriers.

Owing to the variation of the solid dispersion technique,
we chose this technique to investigate the solubility of
lovastatin in simulated body fluids. The materials as ex-
cipients including chitosan (CS), alginate (AG), crosslinking
agent, and gelation agent are used in this study. Chitosan
and AG are suitable due to their nontoxic, biocompatible,
and biodegradable nature. Moreover, chitosan has a high
specific area and high drug loading capacity and can interact
with AG by electrostatic binding which occurs between
protonated amine group of chitosan and COO™ group of AG
[15-22]. AG dissolves well in water and is used in drug
preparation as a stabilizer and emulsifier or for coating. The
combination of chitosan with AG in the lovastatin solid
dispersion could provide a good solubility of lovastatin in
water and buffer solutions. Sodium tripolyphosphate (STPP)
is a crosslinking agent for chitosan, and calcium chloride
(CaCly) is a gelation agent for AG in the lovastatin solid
dispersion. This study focuses on investigating the charac-
terizations and solubility of lovastatin in simulated body
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fluids in two systems prepared according to two methods:
directly combined and indirectly combined dropping
methods. The aim is to provide detailed evaluation of the role
of excipients and preparation method on the solubility of
lovastatin. In the direct dropping method combined with
solvent evaporation, we first add lovastatin, STPP, and CaCl,
solution into the AG solution, following which we add this
mixture solution into chitosan solution. The solution is then
centrifuged to obtain the solid residue which is then freeze-
dried to obtain a powder containing solid dispersion lov-
astatin (D-LSD) with the random dispersion of components.
For the indirect dropping method, we first add the lovastatin
and CaCl, solution into the AG solution. Following this, the
mixture solution is centrifuged and freeze-dried to obtain
the AG/lovastatin powder. Thereafter, the AG/lovastatin
powder is covered by chitosan and STPP solution using 3D
liquid printer to form chitosan-coated AG/lovastatin solid
dispersion (ID-LSD) with bilayer structure on lovastatin.

2. Materials and Methods

2.1. Materials. The following materials and chemicals were
purchased from Sigma-Aldrich Co.: AG (AG, viscosity of
300-500mpa-s), AG (CS, deacetylation >75-85%,
PDI = 1.61 x 10° Da), lovastatin (LVS, purity >98%), and
sodium tripolyphosphate (STPP, purity >85%). Some other
chemicals are analysis reagents, which were used as received.

2.2. Preparation of Composites of Alginate (AG)/Chitosan
(CS)/Lovastatin (LVS) Using Different Methods of LVS
Dispersion

2.2.1. Direct Combination Dropping Method. The composites
of AG/CS/LSD were prepared using the direct combination
dropping method to form D-LSD samples as follows. Firstly,
some separated solutions were produced, including 0.05g of
STPP in 10 mL of distilled water (solution S1), 15 mL of CaCl,
0.002M (solution S2), 0.02g of LVS in 10mL of ethanol
(solution S3), 0.1 g of AG in 50 mL of distilled water (solution
S$4), and 0.1 g of CS in 50 mL of acetic acid 1% (solution S5).
Secondly, solutions S1, S2, and S3 were mixed together to
obtain a homogenous solution (solution S$6). Under ultra-
sonicating at 20000 rpm, solution S6 was dropped into S4 to
form solution S7 and kept in this status for 30 min before
dropping into S5 to form solution S8, which was ultra-
sonicated at 20000 rpm for 60 min before centrifuging to
obtain the solid part. The solid part was freeze-dried on a
FreeZone 2.5 machine (Labconco, USA) to obtain a composite
powder containing solid dispersion lovastatin (D-LSD). The
schematic diagram of the preparation procedure of D-LSD
samples is shown in Figure 1. The ratio of components and
abbreviation of samples is listed in Table 1.

2.2.2. Indirect Combination Dropping Method. The com-
posites of AG/CS/LVS were prepared by the indirect com-
bination dropping method to form ID-LSD samples as follows.
Firstly, some individual solutions were produced as follows:
15 mL of CaCl, 0.002 M (solution S1), 0.02g of LVS in 10 mL
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CaCl, + H,O STPP + H,O Lovastatin + C,H;OH
(S2 solution) (S1 solution) (S3 solution)

y ! ]

l Ultrasonicating

S6 solution

Dropping
Ultrasonicating

Alginate + H,0O
(S4 solution)

l Ultrasonicating

. S7 solution
Dropping T

Chitosan + CH;COOH
(S5 solution)

Ultrasonicating v
S8 solution

Centrifuging
lyophilizing

D-LSD samples

F1GURE 1: Schematic diagram describing the process of preparing
the D-LSD samples.

of ethanol (solution S2), 0.1 g of AG in 50 mL of distilled water
(solution S3). Secondly, S2 was dropped into S3 and ultra-
sonicated for 30 min to obtain a homogenous solution (so-
lution S4). Following this, S4 was heated to 60-70°C and kept
at this state for 30 min. At the same time, S1 was dropped into
S4 to form AG gelation. This solution was then cooled to room
temperature before centrifuging it to obtain the solid part. The
solid part was freeze-dried on a FreeZone 2.5 machine
(Labconco, USA) to obtain AG/LVS beads in powder.

Following this, 0.01 g of CS and 0.005g of STPP were
dissolved in 4 mL of acetic acid 1% (solution S5), and 0.1 g of
the AG/CS beads dispersed into S5 to form solution S6. A
total of 2mL of S6 was pumped into the piston of the 3D
liquid printer. Printing process was performed by compiling
a g-code script designed for printing to control the nozzle
moving in three coordinate axes to cover the surface of the
10 x 10 cm glass sheet that was heated to 75°C. The print ink
(solution S6) was driven out of the printer head to form a
6 x 6 cm printed area. The printer control was performed by
the Repetier-Host software on the computer. The printing
process was carried out for 60 min at a speed of 5 mm/s. The
width of the printing line was 0.6 mm, and the thickness of
the printed layer was 0.2mm. A total of 2mL of the
remaining S6 was carried out in a manner similar as above.
The 3D liquid printer system connected to the computer is
presented in Figure 2. The CS-coated AG/LVS beads were
obtained in powder and signed as ID-LSD. The schematic
diagram for the preparation procedure of ID-LSD samples is
presented in Figure 3. The ratio of components and ab-
breviation of ID-LSD samples having a core-shell structure
prepared by print ink solution and 3D liquid printer
technique are presented in Table 2.

2.3. Characterization. Infrared (IR) spectra of the samples of
AG/CS/LVS composites were recorded by using a Nicolet
iS10 (Thermo Scientific, USA) at room temperature in the

range of 400-4000 cm ™" with the resolution of 8§ cm™". The
sample was pressed with KBr to form a pellet before being
taken to the IR chamber. Field-emission scanning electron
microscope (FESEM) images of samples were taken by using
an S-4800 FESEM instrument (Hitachi, Japan). Mean di-
ameter, size distribution, and zeta potential of the samples
were determined according to the dynamic light scattering
(DLS) method by using a Zetasizer Ver 6.20 particle size
analyzer (Malvern Instruments Ltd.). The samples were
distributed in distilled water by ultrasonic stirring before
being taken to the DLS chamber. Differential Scanning
Calorimetry (DSC) of the samples was measured on a DSC-
131 (SETARAM) in a temperature range from room tem-
perature to 400°C, at a heating speed of 10°C/min in an argon
atmosphere. Ultraviolet-visible spectroscopy (UV-Vis,
Cintra 40, GBC, USA) was used to determine the drug
loading capacity and drug release content from the inves-
tigated samples.

2.4. Determination of Drug Loading Capacity. 0.01 g of the
sample was dispersed in 200 mL of ethanol, and this solution
was stirred continuously for 3 h at 37°C. Then, 10 mL of this
solution was withdrawn to record the UV-Vis spectrum.
From the absorbance value, drug loading capacity was
calculated based on the calibration equation of lovastatin in
ethanol (y=0.301x + 31269, with x being the concentration
of lovastatin solution and y being absorbance,
Apnax = 245.547 nm, linear regression coefficient R* = 0.9931).

2.5. In Vitro Drug Release Study. The release content of
lovastatin from samples was determined by UV-Vis spec-
troscopy as follows: 0.01 g of samples was added into 200 mL
of buffer solutions (simulated gastric fluid (SGF) and sim-
ulated intestinal fluid (SIF)), and the solution was stirred at a
speed of 400 rpm for 32 hours at 37°C. A sample (5 ml) of the
solution was withdrawn from this solution at hourly in-
tervals. The samples were replaced with fresh medium at the
same volume. Absorbance values of these solutions were
measured by using a UV-Vis spectrophotometer. The per-
centage drug release was calculated according to the fol-
lowing equation:

0 ; my

% lovastatin = — - 100, (1)

mO

where m; and m, are the drug contents at ¢ time and initial
time, respectively. m, was determined based on the cali-
bration equations of lovastatin in SGF (y=6187x+0.011,
Aoy =229.97 nm, R>=0.996) and SIF (y=3197.2x+0.0188;
A = 239.147 nm, R*=0.996).

2.6. Drug Release Kinetics Study. Drug release kinetics of
LVS from the LSD samples evaluated according to the drug
release content versus testing time is a popular kinetic model
and is as follows:

(i) Zero-order kinetics (ZO): W, =W, + K, - t(2)

(ii) First-order kinetics (FO): logC =logC, - K, -
£/2.303(3)
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TaBLE 1: Ratio of components and abbreviation of D-LSD samples.

No. STPP weight (g) CaCl, 0.002M volume (mL) Alginate weight (g) Chitosan weight (g) Lovastatin weight (g) Signed samples

1 0.05 15 0.10 0.10 — D-LSD1
2 0.05 15 0.10 0.10 0.01 D-LSD2
3 0.05 15 0.10 0.10 0.02 D-LSD3
4 0.05 15 0.10 0.10 0.03 D-LSD4
(1) Piston (3) Nozzle
(2) Cylinder for containing liquid sample (4) Heated bed
F1GuUrEe 2: The 3D liquid printer system connected to a computer.
Lovastatin + C,H;OH
(S2 solution)
Dropping
Ultrasonicating
Alginate + H,0O
(S3 solution)
Ultrasonicating
. Heating to 70°C
CaCl,+ H,0 | Dropping
202 $4 solution
(S1 solution)
ID-LSD1 and ID-LSD2
samples
J/ Ultrasonicating
Chitosan + CH;COOH
+ STPP (S5 solution)
3D ID-LSD 3 and
L - an
samples
FIGURE 3: Schematic diagram describing the process of preparing the ID-LSD samples.
TaBLE 2: Ratio of components and abbreviation of ID-LSD samples.
No STPP weight ~ CaCl, 0.002M volume  Alginate weight —Chitosan weight Lovastatin weight ID-LSD weight  Signed
' (g) (mL) (g) (g) (g) (g) samples
1 — 15 0.10 — 0.01 ID-LSD1
2 — 15 0.10 — 0.02 ID-LSD2
3 0.05 — — 0.01 — 0.10 (ID-LSD1) ID-LSD3
4 0.05 — — 0.01 — 0.10 (ID-LSD2) ID-LSD4
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(iii) Hixson-Crowell model (HC): W(l)/3 - th =
K;-t(4)

(iv) Higuchi model (HG): W, = K, - t'2(5)

(v) Korsmeyer-Peppas model (KP): M,/M =

K- (6)

where ¢ is the testing time, K is the drug release constant, # is
the diffusion constant, W, is the weight of drug at the ¢ time,
W, is the weight of drug at the initial time, M;/M, is the
drug released into the medium, C, is the concentration of
drug at the initial time, and C is the concentration of drug at
the ¢ time.

3. Results and Discussion

3.1. Photo of LSD Samples. Figure 4 presents the photos of
LSD samples prepared using direct and indirect dropping
methods. The photos clearly indicate that the colors of these
samples were not similar. The ID-LSD2 sample was white in
color as it consisted of AG and LVS. The D-LSD3 and ID-
LSD4 samples were light yellow in color owing to the
presence of chitosan.

3.2. Morphology of LSD Samples. The SEM images of LVS,
D-LSD, and ID-LSD samples are shown in Figure 5. The LVS
has a crystal-bar shape with sizes ranging from 100 to
300 um [23].

Figure 5 presents the FESEM images of the D-LSD and
ID-LSD samples with different LVS contents. It is worth
noting that the morphology of LVS had changed in terms of
size and shape owing to variations in face dimensions or the
appearance/disappearance of some crystal faces [23]. The
size of LVS in the D-LSD samples decreased after loading to
the AG/CS composites. The LVS was coated by polymers;
thus, we did not observe any appearance of LVS bars in the
structures of the D-LSD samples. This can be attributed to
the formation of hydrogen bonds and electrical interactions
between hydroxyl, amine, and carbonyl groups of AG and
CS with hydroxyl and carbonyl groups of LVS. In contrast,
for the ID-LSD1 and ID-LSD2 samples, the LVS became bar
shaped with size ranging from 500 to 3000 nm. The surface
of the LVS bars was coated by a thin AG film. As coated by
CS (ID-LSD3 and ID-LSD4), the LVS/AG bars were entirely
covered by CS layers to form a bilayer structure on the
surface of the LVS bars. There was a difference in the
morphologies of the D-LSD and ID-LSD samples due to the
preparation methods. This variation could cause a modifi-
cation in the relative crystal degree as discussed later.

3.3. Functional Groups in LSD Samples. The functional
groups of LSD samples were indicated in their IR spectra
(Figures 6 and 7). In the IR spectra of D-LSD samples
(Figure 6), there was a vibration of -CH, -OH, -NH, -C=0,
and -C-O groups. The IR spectra of ID-LSD1 and ID-LSD2
were different from the IR spectra of ID-LSD3 and ID-LSD4
because of the CS coating on their surface (Figure 7). The
wavenumbers characterized for vibrations of some main
functional groups such as -CH, -OH, -NH, -C=0, and -C-O

groups in CS, AG, LVS, D-LSD, and ID-LSD samples are
listed in Table 3. The shift of position of peaks for -OH, -NH,
-C=0, and -C-O groups on the IR of D-LSD and ID-LSD
samples as compared with the corresponding peaks on the
IR spectrum of AG, CS and LVS confirmed the existence of
hydrogen bond and charge interactions between AG, CS,
and LVS in investigated samples, as well as the resonance of
functional groups. Moreover, the preparation method also
affected the functional groups of LSD samples by a slight
difference in wavenumbers of functional groups as listed in
Table 3.

3.4. Thermal Behavior of LSD Samples. DSC parameters of
the D-LSD and ID-LSD samples are listed in Table 4. It can
be seen that most LSD samples had the melting temperature
that was lower and melting enthalpy that was higher than the
equivalent for AG, CS, and LVS. This was caused by the
interactions between AG, CS, and LVS. The melting enthalpy
of samples was increased remarkably with rising LVS
content due to the presence of crystal structure in LVS (D-
LSD3 and D-LSD4, ID-LSD1 and ID-LSD2, and ID-LSD3
and ID-LSD4). This phenomenon provides further evidence
of the effect of LVS crystal structure on the melting of AG
and CS. The melting enthalpy of the ID-LSD samples was
higher than that of D-LSD samples. This shows that the
preparation method can have an impact on the arrangement
of LVS crystal structure in investigated samples [23].

3.5. Size Distribution of LSD Samples. Table 5 and Figure 8
describe the size distribution of LSD samples. The size
distribution of D-LSD1 samples ranged from 190.1 nm to
615.1 nm, with the average particle size of 341.3 + 34.7 nm.
As loading LVS, the average particle size of D-LSD2,
D-LSD3, and D-LSD4 samples increased but some smaller
particles (around 100 nm) were observed at the same time,
with the particle intensity percentage of ca. 13%. The in-
crease of particle size followed a general trend for polymer/
drug systems because of the appearance of drug-drug and
drug-polymer interactions [24].

The preparation method also affected the size distribu-
tion of LSD samples. For ID-LSD1 and ID-LSD2, the particle
size was 160.7 + 4.1 nm and 188.8 + 2.9, respectively. For ID-
LSD3 and ID-LSD4, the particle size was 615.1 + 17.7 nm and
645.7 £26.1 nm, respectively. Coating AG/LVS particles by
CS was the main reason for the increase in particle size of ID-
LSD samples. The transition of zeta potential of ID-LSD3
and ID-LSD4 to a more positive potential as compared to
zeta potential of ID-LSD1 and ID-LSD2 also confirmed the
coating of CS onto AG/LVS particles due to CS protonated
in acidic environment (zeta potentials of ID-LSDI, ID-
LSD2, ID-LSD3, and ID-LSD4 are —-6.8mV, —-14.8mV,
5.45mV, and -9.02 mV, respectively).

3.6. Drug Release of LSD Samples in Different Simulated Body
Fluids. Figures 9 and 10 present the drug released content
from LVS control, D-LSD, and ID-LSD samples in pH 2 and
pH 7.4 solutions. It is clear from the figures that the
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FIGURE 4: Photos of the LSD samples prepared using different methods: (a) D-LSD3, (b) ID-LSD2, (c) and ID-LSD4.

preparation method had a strong effect on the drug release
content from LSD samples. The drug content released from
D-LSD samples was much higher than that from the ID-LSD
samples at the same testing time. The main reasons for this
were the nature of the polymer, combined way of polymers
in processing as well as interactions between the drug and
polymers. In the D-LSD samples, AG, CS, and LVS were
combined, so when D-LSD samples were added into buffer
solutions, polymers could swell and dissolve. Hence, LVS
placed near the surface of particles would be first diffused
into solution, and then, it was the turn of LVS inside of
particles. For the ID-LSD samples, LVS was carried by AG
before coated with CS; therefore, when taking the ID-LSD
samples into buffer solutions, CS layer could limit the dif-
fusion of drug from particles into solutions. As a result, the
drug release content from ID-LSD particles was smaller than
that from D-LSD samples.

As can be seen from Figures 9 and 10, there was almost
no release of LVS from the LVS control in pH 2 solution
(only reaching 4.1% after 9 testing hours) and a very fast
release in pH 7.4 solution. In contrast, the LVS released from
LSD samples in both pH 2 and pH 7.4 solutions and the
release of LVS from LSD samples in pH 7.4 solution was
much slower than that from the control solution. It was due
to the difference in the structure and morphology of LSD
sample from LVS control sample. This result confirms that
LSD system helped to improve the solubility of LVS in a
different pH solution, leading to the enhancement in bio-
availability of LVS in treatment.

Again, as can been seen from Figures 9 and 10, LVS
released from the LVS control was released in one stage
but LVS released from the LSD samples was released in
two stages: a fast release stage for the 10 starting hours of
the test and a slow release stage in the following hours.
After 10h of testing, the LVS content reached 82.59-
92.55% and 41.24-57.19% corresponding to the D-LSD
samples and ID-LSD samples, respectively. With in-
creasing LVS content in LSD samples, there is a decreasing
trend of the LVS released content. This may be due to the
drug-drug interaction leading to the agglomeration of
drug in particles when using high drug content, resulting
in lowering the diffusion ability of drug from particles into
solution.

Figures 9 and 10 also show that pH of the solution had a
slight effect on the drug release content from LSD samples.

In pH 2 solution, the amine groups in CS were protonated by
a proton in the acid environment to form a proton layer
around particles leading to the prevention of the release of an
LVS part into the solution [16, 25]. Moreover, calcium ion
cross-linked with the AG exchanging with ion H" leading to
the carrier material being converted to water-soluble alginic
acid. Sodium ion cross-linked with the chitosan exchanging
with ion H" but the protonation of amine groups in CS
prevailed. Therefore, the drug release content from LSD
samples in pH 7.4 solution was higher than that in pH 2
solution.

The LVS content released from ID-LSD3 and ID-
LSD4 samples in both investigated pH solutions was
generally higher than that from ID-LSD1 and ID-LSD2
samples. For ID-LSD3 and ID-LSD4 samples, the CS
content was higher and the drug release was lower. In case
of using a higher LVS content (0.03 g of LVS in ID-LSD
sample), the drug release content from ID-LSD samples
in both pH 2 and pH 7.4 solutions is lower than 20% after
32h of testing. This is a reason why we do not report
about the ID-LSD samples containing 0.03 g of LVS in
this article. The drug release from ID-LSD samples was
quite complex, and we investigated the reasons behind
this phenomenon.

3.7. Drug Release Kinetics of LSD Samples in Different Sim-
ulated Body Fluids. Tables 6 and 7 show the LVS release
constant and regression coefficient obtained from kinetics
equations reflecting LVS released from the samples in pH
2 and pH 7.4 solutions. Zero-order release kinetics de-
scribes the process of constant drug release from a drug
delivery system when the level of the drug in the blood
remains constant throughout the delivery. First-order
release kinetics states that change in concentration with
respect to change in time is dependent only on concen-
tration. Hixson-Crowell’s cube root equation is a math-
ematical model used to describe powder dissolution or
drug release from specific formulations where there is a
change in surface area and diameter of particles or tablets.
Hence, particles of regular area are proportional to the
cube root of its volume. The Higuchi models described the
rate of drug release from matrix devices where the drug
loading exceeds the solubility in the matrix medium.
Korsmeyer—Peppas model derived a simple relationship
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Figure 5: SEM images of (a) lovastatin, (b, ¢) D-LSD1, (d, e) D-LSD2, (f, g) D-LSD3, (h, i) D-LSD4, (k, 1) ID-LSD1, (m, n) ID-LSD2, (o, p)
ID-LSD3, and (g, r) ID-LSD4.
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FIGURE 6: IR spectra of the D-LSD samples.
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FIGURE 7: IR spectra of the ID-LSD samples.
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TaBLE 4: DSC parameters of D-LSD and ID-LSD samples.

Sample  Endothermic peak (°C) Melting enthalpy (AH, J-g ")
AG 119.7 358.6
CS 106.8 48.0
LVS 174.6 90.3
D-LSD3 85.3 236.7
D-LSD4 93.8 405.6
ID-LSD1 106.9 547.0
ID-LSD2 104.9 631.1
ID-LSD3 100.6 497 .4
ID-LSD4 98.3 584.1

TaBLE 5: Size distribution of D-LSD and ID-LSD samples.

Vibration
Sample Wavenumbers (cm™!)
V.oH; V-NH2 V.cH V.c=0 OnH2 V.c-o

AG 3448.16 2923.65 1626.64 — 1032.10
CS 3442 .46 2924.08 1644.18 1418.87 1027.40
LVS 3540.99 2965.06 1702.02 — 1074.50
D-LSD1 3439.20 2964.77 1613.75 1416.66 1080.70
D-LSD2 3448.76 2930.00 1629.72 1414.02 1075.60
D-LSD3 3444.02 2928.96 1625.30 1414.77 1076.06
D-LSD4 3440.85 2930.04 1629.72 1414.02 1075.60
ID-LSD1 3426.62 2930.06 1622.16 1423.94 1081.54
ID-LSD2 3441.26 2926.46 1621.47 1426.97 1082.90
ID-LSD3 3460.66 2926.28 1630.28 1426.79 1088.00
ID-LSD4 3460.66 2924.26 1619.98 1422.89 1092.69

equation which described which type of dissolution was
followed by a drug release from a polymeric system. The
LVS was released from the samples in two stages: rapid

Main
Size distribution particle  Average particle size
Sample .
range (nm) size (nm)
nm %
D- 190.1-615.1 341.3 100 341.3+34.7
LSDl ES S . . . L .
D-
LSD2 295.3-712.4 449.9 100 449.9+47.3
D-
LSD3 58.8-825 994 13.8 99.4+10.1
D- 460.8 86.2 460.8 + 68.5
LSD4 68.1-825 118.7 13.3 118.7+12.9
420.5 86.7 420.5+70.9
ID-
LSD1 122-190 160.7 100 160.7 +4.1
ID- 142-220 188.8 100 188.8+2.9
LSD2 ’ T
ID- 53-712 615.1 100 615.1+17.7
LSD3 ' o
1D 459-825 645.7 100 645.7 +26.1
LSD4 ' e
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FIGURE 8: Size distributions of the LSD samples.
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FIGURE 9: LVS release content from D-LSD and ID-LSD samples in pH 7.4 solution.

TABLE 6: Release constant (k) and regression coefficient (R?) obtained from kinetic equations reflecting LVS release from D-LSD and ID-LSD

samples in pH 7.4 solution.

Samol 70 FO HG HC KP
amp € 2 2 2 2 2
k R k R k R k R k n R
Disp;  [Faststage 3107 0.9281 -0.1457 0.8359 0.0001 09774 -1.10"° 09281 0.6521 0.2276  0.9825
Slow stage 61077  0.9286 -0.0016 0.9315 510°° 0.8963 -2107 09286 0.0307 0.8620 0.8654
D.lspy  [Faststage 4107 0.8506 -0.0898 0.7988 0.0002 09275 -1.10" 0.8506 0.4051 0.3820  0.9537
Slow stage 91077 0.9938  -0.0013 0.9939 810°° 09888 -3107 09938 0.0256 0.8668 0.9785
D.Lsps  [Fast stage 7107 09278 -0.1336 0.8698 0.0003 0.9659 -2.10"> 0.9278 0.5851 0.2287  0.9821
Slow stage  2.10™°  0.9740 -0.0026 0.9729 210> 09855 -81077 0.9740 0.0517 0.7411  0.9215
D.Lsp]  [Faststage  0.0001  0.8039  -02226  0.8487 0.0004  0.8783 -3107°  0.8039 0.8007 0.0652 0.9876
Slow stage  2.10°° 09821 -0.0044 0.5808 210> 0982 -71077 09821 01477 02593  0.8233
D.LsDy [Faststage  0.0001 09446  -0.1847  0.9016  0.0004  0.987 -4107° 09446 07243  0.1013  0.9963
Slow stage  1.107°  0.9551  -0.0053  0.6684 107° 09576 -41077 09551 01549  0.4023  0.8447
D.Lsp3  Fast stage 7107° 09865 -0.1751 0.8396 0.0003 09894 -210" 0.9700 0.7865 01743  0.9916
Slow stage  2.107° 09618  0.0014  0.8254 2107 09548 -6.1077 09618 0.0497 0.8201  0.9460
[D.Lsp4 [Faststage  0.0002 09283 01805 0.8938  0.0007 ~ 0.9830 -5107°  0.9283 0.7779 0.0713  0.9994
Slow stage  4.10™°  0.9929 -0.0033 0.7872 410> 09843 -110"° 09929 0.1160 03259  0.9135

Z0 : zero-order kinetics; FO: first-order kinetics; HG : Higuchi model; HC: Hixson-Croswell model; KP : Korsmeyer—Peppas model.

release for the first 10 testing hours and slow release in the
following hours. In both pH 7.4 and pH 2 solutions, LVS
content released from the D-LSD and ID-LSD samples
tfollowed Korsmeyer-Peppas model (diffusion/relaxation
model) for fast stage (R*>0.95) and Hixson-Croswell
model for slow stage (R*>0.92). It means that in the fast
release stage during the first 10 testing hours, the
mechanism for LVS release from the D-LSD and ID-LSD
samples into solution pH 7.4 was quite complex and
combined by processes of polymer swelling, polymer
dissolution, and drug diffusion, among others. These
results agree with the LVS release process published in
some studies [26, 27]. In the slow release stage, LVS
content was released from a system having a change on
surface area and a diameter of particles according to the
erosion mechanism. Comparing regression coeflicients

obtained from zero-order kinetics and first-order kinetics,
the release of LVS from the LSD samples was complied
with zero-order kinetics. It confirms that the LVS release
rate was constant over a period of testing time [28].

4. Conclusions

In conclusion, we successfully prepared the composites of
AG/CS/LVS by using combination dropping methods to
form D-LSD samples based on a one-step and two-step
procedure, with LVS, AG, CS, CaCl,, and STPP being used
as components. For ID-LSD samples, for the first time, we
used print ink solution and 3D liquid printer technique to
prepare AG/CS/LVS composites having core-shell structure.
The difference in combination of components leads to the
formation of indirect LSD and direct LSD samples. The ID-
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Ficure 10: LVS release content from D-LSD and ID-LSD samples in the pH 2 solution.

TaBLE 7: Release constant (k) and regression coefficient (R?) obtained from kinetic equations reflecting LVS release from D-LSD and ID-LSD

samples in pH 2 solution.

Sampl 70 FO HG HC KP
amp € 2 2 2 2 2
k R k R k R k R k n R
D.isp;  [Fast stage 2107°  0.9856 -0.0978 0.9483 0.0001 09942 -8.10°° 09856 0.4118 0.3447  0.9868
Slow stage 3107 09286 -0.0008 0.9301 3107° 0.8963 -1.1077 09286 0.0162 0.8855 0.8635
D.ispy  [Fast stage 5107° 09868 -0.1334 0.9369 0.0002 0.9902 -2.10"° 0.9868 0.5650 0.2384  0.9859
Slow stage  1.107° 09905 -0.0018 0.9899 1107 09970 -4.107 09905 0.0359 0.8173  0.9967
D.sps  [Faststage 6107  0.9986 -0.1313 0.9699 0.0003 0.9759 -210"> 09986 0.5452  0.2018  0.9799
Slow stage  2.10° 09506 -0.0019 09524 2107 09270 -6.10"7 0.9506 0.0374 0.7619  0.9018
D.Lsp] Faststage  0.0001 09445 01141  0.8909 0.0005 09816 -4107° 09445 0.4716 01201  0.9775
Slow stage  2.10°° 09830 -0.0012 0.7870 210> 09794 -61077 09830 0.0844 02725 0.9253
ID.Lspy Faststage  0.0001 08626 -01702 09571  0.0006 09365 -5107°  0.8626 0.6489  0.1213  0.9828
Slow stage 6107 07560 -0.0030 0.8133 5107° 07999 -2.1077 0.7560 0.1205 0.4222  0.9422
ID.Lsp3  [Fast stage 5107 09579 -0.1698 0.9181  0.0002 09892 -2.10° 0.9579 0.5584 0.3504  0.9979
Slow stage 210  0.8189  0.0063 0.7140 1107 0.8602 -510"" 0.8189 0.0977 0.8786  0.8041
ID.Ispy Faststage 00002 09881 01191 09566 0.0007 09816 -5107°  0.9881 0.4619 0.0616  0.9897
Slow stage  9.107°  0.8987 -0.0026 0.7216 71070 09291 -3.10° 0.8987 0.0426 0.1644 0.7707

Z0: zero-order kinetics; FO: first-order kinetics; HG : Higuchi model; HC : Hixson-Croswell model; KP : Korsmeyer-Peppas model.

LSD samples had an average particle size in the range of
160.7 £ 4.1-645.7 £ 26.1 nm while the D-LSD samples had a
smaller average particle size from 99.38+10.Inm to
460.8 + 68.5nm. The FTIR spectra of LSD samples showed
that LVS, CS, and AG interact together, and some peaks at
the same position overlapped. The different preparation
methods also influenced changes in crystal structure and
morphology of LSD samples. The D-LSD samples had more
regular morphology than the ID-LSD samples. The LVS
released from the D-LSD and ID-LSD samples in pH 2 and
pH 7.4 solutions was released in two stages: a rapid release
for the first 10 testing hours and a slow release in the fol-
lowing hours. The LVS release content from D-LSD samples
was higher than that from the ID-LSD samples. The LVS
release content reached 82.59-92.55% and 41.24-57.19%
corresponding to the D-LSD samples and ID-LSD samples

after 10 testing hours, respectively. The Korsmeyer—Peppas
model and Hixson-Croswell model were the most suitable
for LVS release in fast stage and slow stage, respectively. The
LVS releases process from LSD samples complied with the
zero-order kinetics by release rate which was constant over a
period of testing time. In general, the one-step method could
make D-LSD samples have a more uniform distribution,
better interaction of the components, higher drug release
content, and better drug release control than ID-LSD
samples prepared by the two-step method. These results
provide an opportunity to use the D-LSD systems in future
applications.

Data Availability

Data are provided in the Supplementary Information files.
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Objective. To explore the effects and mechanism of ginsenoside Rg3 nanoparticles on the malignant behavior of non-small-cell
lung cancer. Methods. The nanoparticle carriers were prepared by using an electrostatic system, and the coverage of ginsenoside
Rg3 was determined by HPLC after coating the nanoparticle carriers with the ginsenoside Rg3 monomer. The proliferation of
H125 cells was measured using MTT assay, and the Transwell assay was used to detect the invasiveness of H125 cells. Cell scratch
test was used to determine the migration ability of H125 cells, and Western blotting was used to measure the expression level of
PTEN in H125 cells; the expression level of miR-192 in H125 cells was measured via RT-qPCR, and the apoptosis level of H125
cells was detected by Tunel assay. Results. Firstly, gelatin nanoparticles and hyaluronic acid nanoparticles were uniformly
distributed, uniform in size and spherical in shape, and after coating ginsenoside Rg3, the sizes of the nanoparticles were
significantly increased. Secondly, the expression level of miR-192 was upregulated in H125 cells, which could be effectively
inhibited by the treatment of Rg3 monomer and HA-Rg3 nanoparticles. Thirdly, the knockdown of miR-192 significantly
inhibited H125 cell proliferation, invasion, and migration and also enhanced H125 cell apoptosis. In addition, PTEN was
demonstrated as a target gene of miR-192. Finally, by inhibiting the expression level of miR-192 in H125 cells, the Rg3 monomer
and HA-Rg3 nanoparticles upregulated the expression of PTEN and thus exerted its antitumor effect; the effects of HA-Rg3 were
comparatively more significant than those of the Rg3 monomer. Conclusions. The Rg3 monomer and HA-Rg3 nanoparticles
mitigated the malignant behavior of human non-small-cell lung cancer H125 cells through the miR-192/PTEN molecular axis,
and HA-Rg3 nanoparticles showed better antitumor effects.

1. Introduction

With the aging of the population and the deterioration of the
living environment, lung cancer has become one of the most
common malignant tumors worldwide, and both morbidity
and mortality are on the rise. It has become a malignant
tumor with the highest morbidity and mortality in China with
about 80% to 85% of them being non-small-cell lung cancer
[1]. Ginsenoside Rg3 is one of the active ingredients in the
ginseng extract. According to clinical evidence, ginsenoside
Rg3 can inhibit malignant behaviors of tumors such as tumor
invasion and metastasis, can alleviate the toxic effects of
chemoradiotherapy, and also can sensitize tumors to anti-
tumor drugs. However, the ginsenoside Rg3 monomer has

low solubility in the human body, thus resulting in low ef-
fectiveness. Several studies indicated that the nanometer-sized
particle carrier can improve the solubility of the drug,
therefore increasing the body’s absorption and improving the
bioavailability of the drug.

MicroRNAs (miRNAs) are a class of noncoding single-
stranded RNA molecules that affect various biological be-
haviors. The mechanism of action is mainly through the
interaction with 3’-UTR to affect the mRNA expression of
target genes. Many studies have shown that [2] the change of
miRNA expression will lead to the upregulation or down-
regulation of its target gene mRNA expression and then
affect cell proliferation and apoptosis. In addition, the ab-
normal expression of miRNAs can also induce a series of
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human diseases, including cancer. Previous studies have
shown that miR-192 expression is significantly increased in
non-small-cell lung cancer tissues. It is thus speculated that
miR-192 is related to the occurrence and development of
non-small-cell lung cancer. The tumor suppressor gene
phosphatase and tensin homolog (PTEN) is a dual-specific
protein and lipid phosphatase, which can block the PI3K
signaling pathway by activating AKT to inhibit cell prolif-
eration and survival. Therefore, PTEN has a certain inhib-
itory effect on cancer [3]. Through prediction, it was found
that PTEN may be a downstream target gene of miR-192. It
is, therefore, speculated that miR-192 might affect the oc-
currence and development of non-small-cell lung cancer by
regulating the expression of PTEN. Therefore, in this study,
the nanoparticle carriers covered with ginsenoside Rg3
monomer were prepared to investigate its effect on the
malignant behavior of human non-small-cell lung cancer
cell line H125 and its underlying mechanism.

2. Material and Methods

2.1. Cell Lines and Reagents. In this study, human normal
lung epithelial cells BEAS-2B were purchased from the
Chinese Academy of Sciences Cell Bank, and human non-
small-cell cancer cells H125 were purchased from FuHeng
Cell Center, Shanghai, China. Ginsenoside Rg3 (Shenyi
Capsule) was purchased from Jilin Yatai Pharmaceutical Co.,
Ltd.; fetal bovine serum and DMEM medium were pur-
chased from Suzhou Laisa Biotechnology Co., Ltd.; the MTT
kit was purchased from Beijing Kanglong Kangtai Bio-
technology Co., Ltd.; the Transwell chamber was purchased
from American BD Company; the Tunel kit and RIPA cell
lysate were purchased from Shanghai Biyuntian Biotech-
nology Co., Ltd.; the Lipofectamine 2000 kit and reverse
transcription kit were purchased from Shanghai Kemin
Biotechnology Co., Ltd.; the ECL development kit was
purchased from China Solarbio, and the dual-luciferase
reporter gene detection kit was purchased from Beijing
YuanPingHao Biotechnology Co., Ltd.

2.2. Preparation of Nanoparticles. Gelatin and hyaluronic
acid nanoparticles were prepared in an electrostatic field
preparation system. In addition, 4 uL of the prepared gin-
senoside Rg3 solution (25 mg/mL) was separately added to
996 uL of prepared gelatin and hyaluronic acid nanoparticles
(final concentration of ginsenoside Rg3 was 100 ug/mL) for
their coating in the electrostatic field preparation system.
The coverage of ginsenoside Rg3 was then determined by
HPLC.

2.3. Cell Culture and Transfection. H125 cells were seeded in
the DMEM medium (containing 10% fetal bovine serum,
100 U/L penicillin, and 100 mg/L streptomycin) and cul-
tured in a constant temperature incubator at 37°C with 5%
CO,. miR-192 inhibitor, miR-NC, pc-PTEN, pc-NC, and sh-
PTEN were provided by Shanghai Jima. The cells in the
logarithmic growth phase were transfected with miRNA
mimics and siRNAs according to the Lipofectamine 2000 kit.
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After 48h of transfection, the cells were harvested for
subsequent experiments. The primer sequences used in this
study are shown in Table 1.

2.4. MTT Experiment. The single-cell suspension was pre-
pared by trypsinization of H125 cells in the logarithmic
growth phase. The cell concentration was adjusted to 5 x 10
cell/well and inoculated into a 96-well plate. The cells were
then cultured in an incubator at 37°C with 5% CO,. After
24N, the cells were treated according to the experimental
design and then cultured at 37°C with 5% CO, for 24 h. The
cells were washed twice with PBS buffer solution and then
cultured in a DMEM medium containing 10% fetal calf
serum for 48 h. 20 L (5 mg/L) MTT solution was added to
each well, and the proliferation activity of H125 cells was
measured in strict accordance with the instructions of the
MTT kit.

2.5. Transwell Experiment. The upper chamber of the
Transwell chamber was coated with Matrigel, and the H125
cells in the logarithmic growth phase were taken and seeded
at a concentration of 1 x 10> cell/well in the upper chamber
of the Transwell chamber containing a serum-free medium.
The DMEM medium containing 10% fetal bovine serum was
added to the lower chamber. The cells were removed 24 h
after inoculation, fixed with formaldehyde, stained with
crystal violet for 5min, washed 3 times with PBS buffer,
photographed, and counted.

2.6. Cell Scratch Test. 5x 10 cells were added to each well of
a 6-well plate. When the cell fusion rate reached 95%, the cell
membrane was streaked and washed slowly with PBS buffer
3 times, the delineated cells were removed, and serum-free
medium was added. The plate was incubated in a 37°C, 5%
CO? incubator for 24 h and photographed after 24 h, and the
scratch distance was determined using Image].

2.7. Western Blotting. H125 cells were transferred to EP
tubes, lysed on ice for 30 min using the RIPA cell lysate, and
then centrifuged at 14,000 rpm for 5min at 4°C. The su-
pernatant was extracted and a loading buffer was added to
the supernatant. The sample was then denatured at 100°C for
10 min and then stored at —20°C. 25 ug of protein sample was
then loaded and electrophoresed at 40 A for 100 min. After
that, it was then transferred to the membrane at 100V for
90 min. After adding the primary antibody, the membrane
was incubated at 4°C overnight and then incubated at room
temperature for 2h after the addition of the secondary
antibody. Image development was performed strictly based
on the ECL kit instructions and the grayscale analysis of
protein bands was performed using Image] software.

2.8. RT-qPCR. H125 cellular RNA was extracted and 2 yL of
the extracted RNA was added to 98 yL of ddH,O to measure
the RNA content and purity based on the absorbance value
obtained through an ultraviolet spectrophotometer. The
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TaBLE 1: Primer sequences.

TaBLE 2: RT-qPCR reaction system (20 uL).

Gene name Primer sequence Reagent Volume (uL)
miR-192 5'-GGGCTGACCTATGAATTG-3’ SYBR premix Ex Taq (2x) 10
5'-CAGTGCGTGTCGTGGAGT-3' Forward primer (5 pmol/L) 1
Us 5'-ACGATGCACCTGTACGATCA-3' Reverse primer (5 pmol/L) 1
5'-TCTTTCAACACGCAGGACAG-3' cDNA 0.5
RNase-FREE WATER 7.5

cDNA was then synthesized according to the instructions of
the reverse transcription kit. The PCR reaction was carried
out according to Table 2; specifically, the reaction conditions
were as follows: 95°C, 10 min; 95°C, 20s; 60°C, 1 min, for a
total of 40 cycles.

2.9. Detection of Apoptosis by Tunel Assay. After the treated
sample was rinsed with PBS buffer, the liquid surrounding
the sample was removed. 100 L of the TdT enzyme reaction
solution was added to each sample, the reaction was carried
out in the dark at 37°C for 60 min, and then the diluted SSC
solution was added to terminate the reaction. After rinsing
with PBS buffer, the samples were blocked in 0.3% hydrogen
peroxide/PBS and incubated for 4 min at room temperature.
100 yL of the streptavidin-HRP working solution was then
added, and the reaction was carried out at 37°C for 60 min.
The BAD chromogenic solution was added, followed by
rinsing the cells with PBS buffer 3 times, and then sealed with
a neutral resin and observed under a microscope.

2.10. Dual-Luciferase Reporter Gene Assay. After the 3'-UTR
fragment of PTEN gene was amplified and inserted into the
double luciferase reporter gene plasmid, the positive clone
was screened, followed by sequencing, amplification, and
purification of the plasmid. The miR-192 plasmid and the
empty vector were obtained in a similar manner. The
plasmid of the reporter gene, miR-192, and empty vector
were cotransfected with well-grown H125 cells, and the cells
were then cultured in a constant temperature incubator at
37°C, with 5% CO, for 24h. After that, the protein was
purified, and the substrate was added; luciferase activities
were measured by using a fluorescence counter.

2.11. Statistical Analysis. SPSS (version 22.0) statistical
software was used for the data analysis, the data obtained in
this study were expressed as X + s, the t-test was used for
comparison between groups, and the comparison among
multiple groups was analyzed by one-way ANOVA. The
difference was statistically significant when P <0.05 or
P<0.01.

3. Results

3.1. Nanoparticle Detection and Vector Screening. The pre-
pared gelatin nanoparticle carriers and hyaluronic acid
nanoparticle carriers were found uniformly distributed,
uniform in size and spherical in shape under the electron
transmission microscopy, and the particle sizes of the
nanoparticle carriers were 4.5+0.75nm and 16.4+4.2nm,

respectively. As shown in Figures 1(a) and 1(b), the results
of MTT experiments showed that cell viability of H125
cells was significantly reduced when cocultured with 20 yL
gelatin nanoparticle carrier suspension (P <0.05), while
similar significantly reduced cell viability of H125 cells
was observed, and when cocultured with 40 L hyaluronic
acid nanoparticle carrier suspension (P<0.05). After
coculture of H125 cells with gelatin polymer or HA
polymer, the activity of H125 cells is similar to that of
gelatin or HA nanoparticles; see Figure 1(c). After coating
ginsenoside Rg3, Gelatin-Rg3 nanoparticles and hyalur-
onic acid HA-Rg3 nanoparticles showed a small amount
of particle agglomeration, and the particle sizes of the
nanoparticles were significantly different from that before
coating (P < 0.01); the particle sizes were 40.3 + 5.8 nm and
31.2+8.4nm, respectively. The coverage of ginsenoside
Rg3 on gelatin and hyaluronic acid nanoparticles mea-
sured by HPLC was 13.715 + 1.985% and 36.410 + 6.472%,
respectively. Therefore, to reduce the impact of nano-
particle carriers on H125 cells, HA-Rg3 nanoparticles
were selected for subsequent experiments.

3.2. Effect of HA-Rg3 Bio-Polymerized Nanoparticles on the
Expression Level of miR-192. As shown in Figure 2(a), the
expression level of miR-192 in H125 cells was significantly
higher than that of BEAS-2B cells. However, the expression
levels of miR-192 in HI125 cells were significantly down-
regulated after cocultured with ginsenoside Rg3 and HA-Rg3
bio-polymerized nanoparticles (P < 0.05), and the expression
levels of miR-192 achieved lowest when HI125 cells were
cocultured with HA-Rg3 (P < 0.01) as shown in Figure 2(b).

3.3. Effect of miR-192 on Malignant Behavior of H125 Cells.
The results of RT-qPCR showed that the expression level of
miR-192 in HI125 cells was significantly downregulated
compared with the control group after the transfection of
miR-192 inhibitor (P < 0.01), as shown in Figure 3. And the
knockdown of miR-192 significantly inhibited the activity of
H125 cells (P <0.01) as shown in MTT (Figure 4(a)), sig-
nificantly inhibited the invasion of H125 cells (P <0.05) as
shown in Transwell results (Figure 4(b)), and also signifi-
cantly inhibited the migration ability of H125 cells (P < 0.05)
as shown in the results of cell scratch assay (Figure 4(c)).
Furthermore, knockdown of miR-192 also significantly
promoted the apoptosis of H125 cells (P <0.01) as shown in
Figure 4(d).

3.4. PTEN Is the Target Gene of miR-192. By using the
ENCORI database, we predicted that the 3'-UTR end of
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PTEN mRNA has a partial base sequence binding to the 5'-
UTR end of miR-192 as shown in Figure 5(a). Western
blotting results (Figure 5(b)) showed that the expression
level of PTEN was significantly downregulated in H125
cells (P <0.05), whereas the knockdown of miR-192 sig-
nificantly enhanced the expression of PTEN in H125 cells
(P <0.05). Moreover, as shown in Figure 5(c), the results of
the dual-luciferase assay verified that PTEN is the target
gene of miR-192.

3.5. Mechanism of Action of HA-Rg3 Bio-Polymerized
Nanoparticles on Non-Small-Cell Lung Cancer. The MTT
assay showed that the proliferation activity of H125 cells in
group I and group II was significantly lower than that in the
NC group (P <0.01), and the proliferation activity of H125
cells in group III and IV was significantly inhibited
(P <0.001), whereas the proliferation activity of H125 cells in
the V group was not significantly different from that in the
NC group. Moreover, the activity of H125 cells in group II was
significantly inhibited when compared with group I (P < 0.05)
as shown in Figure 4(a). Transwell results (Figure 4(b))
showed that the invasiveness of H125 cells in group I, 1L, III,
and IV was inhibited compared with the NC group, and the
difference was statistically significant (P < 0.05), whereas the
invasion of H125 cells in group V was not significantly dif-
ferent from that of the NC group, and the invasiveness of
H125 cells in group II was significantly lower than that of
group I (P<0.05). The scratch test results (Figure 4(c))
measuring the cell migration ability also showed that H125
cells in group I, IL, III, and IV was inhibited compared with
the NC group, and the difference was statistically significant
(P <0.05); the H125 cells in group V was not significantly
different from that of the NC group, and the migration ability
of H125 cells in group II was significantly lower than that of
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group I (P<0.05). The apoptosis results of Tunel assay
(Figure 4(d)) showed that the number of apoptosis of H125
cells in group I, group II, group III, and group IV increased in
different degrees compared with the NC group, and the
difference was statistically significant (P < 0.05). There was no
significant difference in the number of apoptosis of H125 cells
in the V group compared with the NC group, and again the

number of apoptosis of H125 cells in group II was signifi-
cantly lower than that of group I (P <0.05).

4. Discussion

Lung cancer is primary bronchial carcinoma, of which non-
small-cell lung cancer is the most common type of cancer,
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accounting for 75% to 80% of the total number of lung
cancer patients [4]. Due to the lack of early specific
symptoms, lung cancer often develops into the advanced
stage at the clinical diagnosis. Although surgery can be used
to treat early-stage lung cancer, 70% of patients cannot be
cured [4]. Recently, radiotherapy and chemotherapy are
becoming mainstream methods for the treatment of lung
cancer. However, with that comes the toxic side effects and
higher recurrence rate, and it is also demanding in terms of
the patient’s physical quality. In recent years, the advantages
of traditional Chinese medicine in cancer treatment have
gradually gained attention, which can reduce the side effects
of radiotherapy and chemotherapy on patients, prolong the
quality lifespan of patients, and alleviate the drug resistance
in the cancer treatments [5-7].

Ginsenoside Rg3 is the active ingredient extracted from
ginseng. The main component of which is tetracyclic tri-
terpenoid saponin, which can inhibit the formation of tumor
blood vessels, block the invasion and metastasis of tumors,
and improve the immunity and quality of life for the cancer
patients. Wu et al. [8] reported that ginsenoside Rg3 can
inhibit the proliferation of thyroid cancer in vitro and in vivo
and significantly inhibit the metastasis of thyroid cancer. Dai
et al. [5] showed that ginsenoside Rg3 could enhance the
anticancer activity of gefitinib and enhance the sensitivity of
non-small-cell lung cancer to gefitinib. At present, the “Senyi
Capsule” containing ginsenoside Rg3 has been approved for
marketing in China and has been used for clinical treatment
of cancer, which has achieved a certain curative effect.
However, the low solubility of monomeric ginsenoside Rg3
in the human body results in its low bioavailability thus its
effectiveness. Because of the small particle diameter, the
nanocarrier has been believed to be beneficial to increase the
stability, solubility, and ultimately bioavailability of the drug
in the human body. Studies have shown that biomimetic
50 nm nanoparticles coated with paclitaxel can prevent the
drug from being absorbed by the normal lung cells of the
human body because of its surface characteristics, which
ultimately can more effectively deliver drugs and improve

the bioavailability of the drug [9]. The results of our study
showed that the hyaluronic acid nanoparticles coated with
ginsenoside Rg3 showed better antitumor effect in vitro,
compared with ginsenoside Rg3 monomer. It also more
effectively inhibited the proliferation, invasion, and mi-
gration of H125 cells as well as promoting the apoptosis of
H125 cells. Although ginsenoside Rg3 has certain antitumor
curative effects, its mechanism of action has not yet been
tully understood. Therefore, it is necessary and urgent to
explore the mechanism of action of ginsenoside Rg3 and its
biopolymer nanoparticles on non-small-cell lung cancer.

MicroRNAs (miRNAs) are a class of noncoding single-
stranded RNA molecules consisting of approximately 22
nucleotides that regulate the expression of proteins in plants
and animals. Studies have shown the abnormal expression of
various miRNAs in cancer tissues or patients’ serum. For
example, the expression level of miR-125b in patients’ serum
can be used as a biomarker for the diagnosis and prognosis
of epithelial ovarian cancer [10]. The expression levels of
miR-21-5p, miR-141-3p, and miR-205-5p in urine can be
used as biomarkers for the diagnosis of prostate cancer and
bladder cancer [11]. By reviewing the literature, miR-192
was found upregulated in non-small-cell lung cancer and
can be used as a biomarker for the diagnosis of non-small-
cell lung cancer [I12]. By summarizing the literature
reviewed, it is speculated that miR-192 can affect various
biological behaviors in H125 cells by regulating PTEN ex-
pression. The results in this study showed that the expression
of miR-192 was upregulated in H125 cells and the knock-
down of miR-192 significantly inhibited the malignant bi-
ological behavior of H125 cells. By double luciferase reporter
gene experiments, PTEN was revealed as a downstream
target of miR-192.

In summary, HA-Rg3 nanoparticles have more advan-
tages in inhibiting H125 cell proliferation, invasion, mi-
gration, and promoting HI125 cell apoptosis than
monomeric ginsenoside Rg3. Further research indicates that
ginsenoside Rg3 monomer and HA-Rg3 nanoparticles may
inhibit non-small-cell lung cancer by downregulating the
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expression level of miR-192 in H125 cells and thus pro-
moting the expression of PTEN in H125 cells.
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Current research work was carried out for gastro-protective delivery of naproxen sodium. Polyethylene glycol-g-poly (methacrylic
acid) nanogels was developed through free radical polymerization technique. Formulation was characterized for swelling behaviour,
entrapment efficiency, Fourier transform infrared (FTIR) spectroscopy, Differential scanning calorimetry (DSC), and Thermal
Gravimetric Analysis (TGA), Powder X-ray diffraction (PXRD), Zeta size distribution, and Zeta potential measurements, and in-
vitro drug release. pH dependent swelling was observed with maximum drug release at higher pH. PXRD studies confirmed the
conversion of loaded drug from crystalline to amorphous form while Zeta size measurement showed size reduction. On the basis
of these results it was concluded that prepared nanogels proved an effective tool for gastro-protective delivery of naproxen sodium.

1. Introduction

Naproxen, a propionic acid derivative, is widely used either in
the form of free acid or sodium salt in the treatment of
musculoskeletal and joint disorders. It is also used in
management of headache including migraine, dysmenorrhoea,
soft-tissue disorders, postoperative pain, and acute gout as
well as antipyretic agent [1]. Along with the benefits, there are
many gastro intestinal risk factors associated with chronic use
of these agents, such as mucosal damage and development of
peptic ulcers [2]. The inhibition of biosynthesis of endogenous
prostaglandin by nonsteroidal anti-inflammatory drugs
(NSAIDs) is the primary mechanism that leads to damage of
the gastric mucosa [3]. Secondary to this mechanism, acid-
mediated direct topical effect of NSAIDs also resulted into
breakdown of mucosal defence by depletion of the mucus
barrier [4-6]. Different strategies have been reported to
modify the local damage of the gastric mucosa caused by
NSAIDs thus reducing the complications. These include;

prodrug formulation, complex formation with biocompatible
materials, and varying the route of drug delivery thus
decreasing local contact of these agents to the gastric mucosa
[7-10]. Targeted delivery of NSAIDs to the intestine in the
form of delayed release formulations provided the change in
absorption site for these agents from stomach to intestine with
reduced frequency of gastric ulceration [11]. Furthermore,
decreasing the particle size and changing the drug from
crystalline to amorphous form is also effective in order to
minimize NSAIDs related complications to the gastric mucosa
[5,12].

Previously various techniques have been studied for gas-
tro-protective delivery of NSAIDs [13]. In many studies appli-
cation of nanogels carrier systems has been reported as tool for
controlled and targeted delivery of pH sensitive therapeutic
agents i.e. peptides and proteins through oral route in order to
bypass gastric environment [14]. Due to this characteristic,
nanogels carrier system is getting the attention of researchers
for targeted delivery of NSAIDs. Nanogels are nano-scale
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hydrogels particulate systems (hydrogel nanoparticles) that pos-
sess the characteristics of hydrogels as well as of nanoparticles
at the same time [15, 16]. Furthermore, these systems are also
a preferred tool for reducing the particle size of the drug [17,
18]. This novel drug delivery approach provided the enhance-
ment in bioavailability of drugs as well as reduction in drug
related side effects [14, 19, 20]. Moreover, Chemical cross-link-
ing in nanogels enable these systems to retain their mechanical
stability thus stably holding the loaded drug [21]. Many
researchers have formulated nanogels drug carrier systems that
are sensitive to external stimuli especially pH and temperature
by employing several natural and synthetic biodegradable pol-
ymers. By modifying the properties of polymeric networks
through conjugation with pH sensitive moiety, these systems
have been enabled to release the active pharmaceutical moiety
at specific pH in order to achieve targeted drug delivery [14].

Poly ethylene glycol (PEG) is a nontoxic, water soluble
polymer that exhibits the resistance to recognition by the
immune system and presented rapid clearance from the body.
Due to these advantages, PEG based nanogels are considered
good candidates as biomaterials for drug delivery. These sys-
tems have been used in drug delivery, wound healing, and a
variety of other biomedical applications. These drug delivery
systems are often used in combination with other polymers in
order to prepare an appropriate biomaterial. Previously these
systems have been studied extensively for targeted delivery of
peptides and protein through oral route. PEG based systems
also have been used as controlled release devices. The rate of
drug release from these systems was found to be dependent
not only on the method of preparation, but also on the
crosslinking density, molecular weight of the PEG anionic
chains, and drug solubility [22].

In the present work, PEG-6000 based pH sensitive nano-
gels are synthesized by grafting with methacrylic acid. These
pH sensitive nanogels are then employed as a carrier system
for targeted delivery of naproxen sodium in order to bypass
gastric release of the drug. Such formulations will be helpful
to provide gastro-protective effect through site specific drug
delivery with reduced complications associated with chronic
use of NSAIDs.

2. Materials and Methods

2.1. Chemicals. Naproxen sodium was obtained as a gift
from the Global Pharmaceuticals Islamabad, Pakistan,
PEG-6000 was gifted from the Trison Research Laboratories
(Pvt.) Ltd., Sargodha, Pakistan, methacrylic acid and methylene
bisacrylamide was purchased from Merck KGaA, Darmstadt,
Germany. All other chemicals used were of analytical grade.

2.2. Preparation of Nanogels Particulate System of PEG and

MAA. The polymer was mixed with monomer in different
molar ratio. Methylene bisacrylamide was added as a cross
linking agent in a suitable amount. This mixture was added
to a three necked reaction flask supplied with inlet of nitrogen
and continuous stirring on a hot plate magnetic stirrer
at temperature 37°C. Nitrogen was purged continuously
through this mixture for 30 minutes in order to remove
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the dissolved oxygen. Potassium persulfate (KPS) was then
added to the mixture with continuous stirring in order to start
polymerization. Formed mixture was poured to a test tube,
sealed with aluminium foil and allowed to stand in a water
bath at 70°C for 6 hrs. After completion of polymerization
reaction, the prepared hydrogel was removed from the test
tubes, cut into small slices, and washed with water-methanol
mixture 50:50 thrice. Small slices of hydrogel were crushed in
wet form and passed through suitable sieve in order to achieve
particulate system of uniform size. Particulate systems were
dried at 50°C in a hot air oven until constant weight and stored
for further analysis [23-25]. Chemical structure of individual
ingredients and formulations are presented in Figure 1. In a
similar way with varying concentration of polymer, monomer,
and cross linking agent, 9 formulations were prepared as
presented in Table 1.

2.3. Drug Loading. The drug solution was prepared in 0.1 M
phosphate buffer of pH 6.8 (USP). A known quantity of dried
nanogels particulate were accurately weighed and immersed
in the drug solution and placed at 25°C. After 48 hrs, pH of
the solution was decreased to 1.2 by the addition of 0.1 M
HCL solution for the locking of the drug loaded nanogels.
The mixture was filtered and the residue was also washed with
100mL of distilled water to remove unentrapped drug. Drug
loaded nanogels were dried at low temperature in a hot air
oven and stored for further analysis [26-28].

3. In-Vitro Characterization of Nanogels
Particulate Systems

3.1. Product Yield. Product yield for different formulations
was determined in order to evaluate the efficiency of the
process with the help of Equations (1) and (2) [17],

Product yield = 100 — Mass loss, (1)
Mo — Ml
Mass loss (%) = ————— x 100, (2)
MO
where, M = initial weight of all ingredients, M, = final weight
of nanogels.

3.2. Calculation of Entrapment Efficiency. A known quantity
of drug loaded nanogels were pulverized and added to 10 mL
of 6.8 pH buffer solution and was subjected to stirring for 24
hrs at room temperature. The resulting suspension was filtered
and the residue was washed with the same buffer solution. The
filtrate drug contents were measured with the help of a double
beam UV/Vis spectrophotometer at 332 nm. The entrapment
efficiency and the percentage drug loading was calculated with
the help of Equations (3) and (4) [29],

Amount of drug in particles

Drug loading(%) = 100,
rug loading(%) Amount of drug loaded particles
3)
Actual loading
Ent t effici %) = 100.
ntrapment efficiency(%) Theoretical loading X
(4)
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FIGURE 1: Proposed structure of PEG-g-poly (methacrylic acid) nanogels.
TaBLE 1: Composition of PEG-g-poly (MAA) nanogels and calculation of sol-gel fraction.
Code Ethylene glycol: ~ Cross linker (% of total ~ Initiator (% of total W.(mg) W (mg) SoL}f_r‘;avction (%) Gel fraction (%)
MAA (mol) wt.of PEG + MAA)  wt.of PEG + MAA) 180 Tell8) = B 50100 = 100 — Sol fraction
N1 1:1 1 1 200 176 12 88
N2 2:1 1 1 200 162 19 81
N3 3:1 1 1 200 148 26 74
N4 1:2 1 1 200 181 9.5 90.5
N5 1:3 1 1 200 187 6.5 93.5
N6 1:4 1 1 200 191 44 95.5
N7 1:1 2 1 200 179 10.5 89.5
N8 1:1 3 1 200 186 7 93
N9 1:1 4 1 200 190.2 4.9 95.1
3.3. Sol-Gel Fraction Determination. The gel fraction of Gel fraction = 100 — Sol fraction. (6)

prepared formulations was determined with the help of the
Soxhlet apparatus at 85°C for 12 hrs. Discs of hydrogel were
cut into uniform small size slices, dried in a hot air oven at
50°C until constant weight and then subjected to extraction
in distilled water. After the specified time, slices of hydrogel
were taken off from the water and subjected to drying for 72
hrs at 50°C. By using the Equations (5) and (6), Sol fraction
and gel fraction was calculated [30],

M. - M
Sol fraction = ’Te x 100, (5)

i

where M, = initial mass, M, = mass after extraction,

3.4. Swelling Behaviour. Swelling index of the prepared
formulations was studied in 0.1M buffer solutions of pH 1.2
and 6.8 while maintaining the temperature at 37°C. Weighed
quantity of grafted nanogels particulate were taken in a tea bag
and immersed in specified buffer solution. After a specific time
interval the tea bags were removed from solution and excess of
water was removed with the help of tissue paper and weighed on
a weighing balance. This process was continued until constant
weight. Degree of swelling (Q) of prepared formulations was
calculated at different pH values by using Equation (7) [31],
M

Q= Md)

(7)



where M = mass of swelled particles, M, = mass of dried
particles before immersing.

3.5. Micromeritic Properties. Micromeritic properties of
prepared nanogels particulate system were determined in
order to estimate the flow characteristics of formulations.
Angle of repose, Bulk density, Tapped density, Carr’s
compressibility index, and Hausner’s ratio was calculated as
previously describe in study performed by Sarfraz et al. [25].

3.6. Particle Size Analysis. Average particle size of prepared
nanogels particulate systems was evaluated with the help of
particles size analyzer. For this purpose nanogels particulate
systems were suspended in ultrapure water and particle size
analysis was performed by the Particle size analyzer (Zetasizer
Ver System; Malvern Instruments, Malvern, UK) using
Dynamic Light Scattering (DLS) method [32, 33].

3.7. Zeta Potential Measurement. Measurement of Zeta
potential of the drug loaded nanogels was also carried out
in order to confirm the stability. Meanwhile, ionization of
prepared formulation were also studied with the help of zeta
potential.

3.8. FTIR Spectroscopy. FTIR spectra of PEG-6000, MAA,
MBA, pure drug NPS, and drug loaded nanogels were
measured between 400 and 4000cm™" with the help of IR
spectrophotometer for the confirmation of grafting. For this
purpose, samples were prepared by mixing the finely grounded
prepared formulations with KBr and was placed on disc slit
and the IR spectra was recorded [34].

3.9. Thermal Analysis. For the determination of thermal
stability of ingredients in grafted nanogels, thermal analysis
of individual ingredients and prepared formulations were
performed through DSC and TGA. DSC of samples was
performed under nitrogen environment by gradually applying
heat stress from ambient to 400°C at the rate of 10°C/min
while TGA analysis was performed in a temperature range
of 0-800°C [25].

3.10. Powder X-Ray Diffraction Studies. Powder X-Ray
diffraction studies of pure drug, polymers, and drug loaded
formulations were performed and results were compared.
Powder XRDs were calculated at 5-50°C at 20 in order to
evaluate the crystalline or amorphous nature of the drug
[35, 36].

3.11. In-Vitro Drug Release. A calibrated USP type-2 dissolution
apparatus (Paddle apparatus) was used in order to perform
the dissolution studies of drug loaded formulations at pH
1.2 and 6.8 respectively. 900 mL of each solution was used as
a medium while maintaining the temperature at 37°C+0.2
and paddles speed at 50 rpm. At specified time intervals 5mL
of the samples were withdrawn and replaced with the same
amount of fresh medium. The cumulative drug released was
calculated by measuring the absorbance with the help of UV/Vis
spectrophotometer at 332 nm. For each formulation, the same
procedure was adopted to study the dissolution parameters [29].
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3.12. Release Kinetics. By applying different model-dependent
approaches, i.e. zero order, first order, Korsmeyer-Peppas and
Higuchi, dissolution data from all prepared formulations were
analyzed in order to study the kinetics of the drug release.

3.12.1. Zero-Order Model
M, =K,t. (8)
In this equation, k, represent the Zero-order rate constant

while M, is the amount of drug released at time t.

3.12.2. Higuchi Model. Where drug release is a function of
square root of time, these systems are described under Higuchi
model i.e. insoluble matrix,

M, = K, t'2, )
where K, represents the Higuchi rate constant.

3.12.3. Korsmeyer-Peppas Model. In order to evaluate the
mode of drug release, the data of drug release were fitted to
Korsmeyer-Peppas model as given,

Mt _Ktn
M_ (10)

(o]

where M,/M_ = Fraction of drug released at time interval ¢,
K = Rate constant of drug release, n =Drug release exponent.

The value of “n” calculated from this equation was used to
describe the mode of drug release, as these are interrelated. If
the value of “n” is greater than 0.89 then it is Super case-II
transport, equal to 0.89, Case-II transport, between 0.45 and
0.89, Anomalous (nonFickian) diffusion or equal to 0.45,
shows Fickian diffusion. All the data of dissolution studies was

analyzed by using DD Solver [31, 36].

4. Results and Discussion

4.1. Sol-Gel Fraction. A decrease in gel fraction was observed
while increasing the concentration of polymer (Table 1).

This reduction in gel fraction was observed because of the
fact that when the concentration of the polymer increased,
less cross linking took place that resulted in increase in un-re-
acted contents. Similar findings were reported in a study of
Jalil et al. [30] where they synthesized the copolymer of sodium
alginate and acrylic acid through free radical polymerization
technique. They also reported the reduction in gel fraction
with increase in concentration of polymer.

An increase in gel fraction was observed with increase in
concentration of monomer or cross linking agent. This phe-
nomenon was seen because of the fact that, an increase in
proportion of monomer or cross linking agent resulted into
more entanglement of polymer and monomer that led to
higher degree of cross linking with less proportion of unre-
acted contents. These findings of our study also shown an
agreement with a study performed by Sarfraz et al. [18] where
they prepared hydrogel micro particles of 5-cyclodextrin and
methacrylic acid and reported an increase in gel fraction with
increasing the proportion of monomer or cross linking agent.
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FIGURE 2: (a) Degree of swelling of formulation N1-N9 at pH 1.2. (b) Degree of swelling of formulation N1-N9 at pH 6.8.

TABLE 2: Entrapment efficiency and product yield of PEG-g-poly
(MAA) nanogels.

Formulation Entrapment efficiency (%)  Product yield (%)
N1 82.56+0.24 90.00+£0.51
N2 82.87+£0.25 89.90+£0.27
N3 83.01+£0.23 92.00+£0.35
N4 84.89+0.19 88.50+£0.42
N5 85.45+0.18 87.10+£0.31
N6 88.40+0.27 85.00+£0.32
N7 82.78+0.21 87.10+£0.27
N8 81.98+0.22 91.50+£0.21
N9 80.45+0.27 87.70+£0.51

Average of three determinations, +SD (standard deviation).

4.2. Swelling Behaviour. Prepared nanogels presented a pH
dependent swelling behaviour as shown in Figures 2(a) and
2(b). Atlower pH i.e. 1.2, formulation presented less swelling
and appeared in condensed form. In acidic environment, due
to high concentration of free hydrogen ions (H"), carboxylic
group of methacrylic acid (a weak acid) remain in unionized
form as reported by Sarfraz et al. [18] and Elliot et al. [37].
Thus polymeric network remain in condensed form and less
water is penetrated that lead to less swelling of nanogels.

At higher pH i.e. 6.8 a remarked increase in swelling was
observed. This type of swelling behaviour was observed due
to ionization of carboxylic group of methacrylic acid by releas-
ing hydrogen ions (H") and thus attaining negative charge.
Presence of successive negative charged groups resulted in
activation of electrostatic repulsive forces that lead to the
expansion of polymeric network and thus swelling of nanogels.
Similar expansion of polymeric network was reported in a
study performed by Tu et al. [38] due to ionization of the
carboxylic group of the methacrylic acid at higher pH.

A decrease in swelling was observed when concentration
of the monomer and cross linker was increased as shown in
the case of formulations N4-N9. This decrease in swelling was

seen because of the increase in cross linking density of formu-
lations that resulted into decrease in water absorption capacity
of nanogels and ultimately less swelling. A similar reduction
in swelling with increasing the concentration of monomer was
reported in studies performed by Rashid et al. [39] and Huang
et al. [40]. Mahmood et al. [17] and Li and Mooney [41] also
prepared methacrylic acid based hydrogel where with increase
in concentration of monomer a decrease in swelling of hydro-
gel was observed.

4.3. Entrapment Efficiency and Product Yield. For the
determination of efficiency of the prepared nanogels carrier
systems, entrapment efficiency is considered as an important
parameter. Results for entrapment efficiency of all prepared
nanogels formulation is presented in Table 2 that ranges from
80.45% to 88.40%.

Results for product yield of all prepared nanogels were in
the ranges of 85-92%. These results were in acceptable limit
that depicted the good efficiency of process used for the
synthesis of these formulations. These findings were in agree-
ment with studies performed by Sarfraz et al. [25] and
Mahmood et al. [31] where they prepared the 3-cyclodextrin
based hydrogel microparticulate system grafted with meth-
acrylic acid and reported the good process efficiency as prod-
uct yield was observed in the range of 85-93%.

4.4. Flow Properties. For formulations that are in powder form
or particulate systems, determination of rheological parameters
is very important in product development process. Materials
with poor flow properties are not good candidates for use
in solid dosage form thus may lead to improper mixing and
loading of drugs as reported by Sarfraz et al. [18]. All the results
for rheological parameters were found within pharmacopeial
limits (Table 3). As the values of angle of repose ranged from
24.300 to 28.90, (below 30) thus presented the good flow
properties by all the prepared formulations. Similar results were
reported in studies performed by Sarfraz et al. [25], Hafeezullah
et al. [34], Singh and Sameer [42], and Minhas et al. [43].



TaBLE 3: Results of micromeritics properties of formulations
N1-NO.

Buu( Tapp.e d  Angle of Hausner’s Carr’s

Code density  density repose ratio index (%)
(g/mL) (g/mL) (G)
N1 0.721 0.861 27.9 1.194 16.26
N2 0.642 0.743 26.5 1.157 13.59
N3 0.515 0.629 28.9 1.221 18.12
N4 0.701 0.831 26.8 1.186 15.64
N5 0.763 0.889 27.8 1.165 14.17
N6 0.804 0.963 26.4 1.198 16.51
N7 0.716 0.851 27.6 1.188 15.86
N8 0.749 0.872 28.1 1.164 14.10
N9 0.779 0.902 26.9 1.158 13.64
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g 20
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FIGURE 3: Average particles size of nanogels.

4.5. Particle Size Analysis. As depicted by peak size and peak
area, particle size range for nanogels particulate system was
100-400 nm with maximum percentage at 300 nm (Figure 3).
These results confirmed size of the prepared formulations in
nano range as previously reported by Hamidi et al. [44] and
Van Thienen et al. [45].

4.6. Zeta Potential. Zeta potential of prepared nanogels
particulate system of formulation was neutral that demonstrate
the stability of nanogels thus can be dispersed easily in aqueous
media (Figure 4(a)). Results of this study also showed an
agreement with a study performed by Tummala et al. [46]
where they also reported the presence of net neutral charge on
microparticulate system resulted into improvement in stability
of the formulation.

When zeta potential of prepared formulations was studied
at pH 6.8 (intestinal environment) it presented an increase in
the value of zeta potential (Figure 4(b)). This increase in value
of zeta potential is the indication of ionization of neutral sur-
face of nanogels as previously reported by Cruz et al. [47]
Presence of charges on the surface leads to electrostatic repul-
sion among similar charges and ultimately results into expan-
sion of condensed structure.

4.7. FTIR Spectroscopic Analysis. Results for FTIR spectra is
presented in Figures 5(a)-5(e). FTIR spectra of PEG-6000
presented the characteristic peaks at 1109 and 2870 cm ™" that
was related to stretching of the ether group (C-O-C) and the
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alkyl group (R-CH,) respectively. Absorption for hydroxyl
group (OH) was indicated in the region of 3200-3300cm ™"
as reported previously by Mansur et al. [48]. FTIR spectra
of MAA presented the characteristic peaks at 1708, 1635,
and 2970cm™ that are corresponding to stretching of the
carboxylic group (-C=0), double bond (C=C), and methyl
group (-C-H) respectively. FTIR spectra of MBA presented
the characteristic peaks at 1627 cm ™}, 1537cm ™, and 3228 that
are related to stretching of the carbonyl group (C=0), amine
group (NH), and methylene group ( C=C-H) respectively.

FTIR spectra of grafted copolymeric nanogels of PEG-
6000 (PEG-g-poly (MAA) presented the different absorption
pattern as compared to individual ingredients. Disappearance
of the absorption peak in region of 3200-3300 cm ™ and addi-
tion of new absorption peak in region of 1720-1730 cm™" was
observed that was corresponding to the involvement of the
hydroxyl groups (OH) of PEG in the grafting process and
addition of the carbonyl group (C=0) from monomer, MAA
respectively. Results of this study also supported by findings
of the study performed by Sarfraz et al. [25] where they pre-
pared the 3-CD-g-poly (MAA) hydrogels and confirmed the
grafting process of copolymeric network system through dis-
appearance of the characteristic peaks of the functional groups
involved in the cross linking process.

FTIR spectra of naproxen sodium presented the absorption
peaksat 1033cm ™", 1571 cm™, and 1670 cm ™ that were corre-
sponding to the ether group (-OR), aromatic benzene ring,
and carbonyl group (C=0) respectively. FTIR spectra of drug
loaded formulations were also recorded and compare with
spectra of the pure drug. This comparative analysis indicated
that the drug (Naproxen) is in intact form as major peaks were
in their original position i.e. 1033cm™ and 1571cm™" as in
pure drug and the drug is physically entrapped in nanogels
particulate systems as previously reported by Minhas et al. [43].

4.8. Thermal Analysis. Results for thermal analysis are
presented in Figures 6(a) and 6(b). TGA curve of PEG
presented an initial weight loss at 200°C that was because of
the loss of moisture that presented a gradual mass loss and at
352°C only 12% mass of PEG was left. Similarly TGA curve
of MBA showed the gradual mass loss at 187.64°C, 226.51°C,
and 344.52°C. When degradation pathway of PEG-g-poly
(MAA) nanogels (N3) was studied it showed the more thermal
stability as compared to individual ingredients and even at
higher temperature i.e. 401°C only 64% loss of mass occurred.

This improved thermal stability of prepared nanogels for-
mulation also confirmed the grafting and development of
copolymeric network systems that ultimately provided the
targeted release of drug. Finding of TGA analysis also shown
an agreement with the study performed by Mahmood et al.
[17] and Chen et al. [49] where they confirmed the formation
of the complex by improved thermal stability of chitosan based
hydrogel.

A clear difference was observed in DSC thermogram of
individual ingredients and nanogels formulations Figure 6(b).
In DSC thermogram of PEG and MBA a specific pattern of
endothermic peaks at 280°C and 212°C was observed that is
followed by exothermic peaks at 358°C and 362°C respectively
that indicating the loss of moisture content followed by thermal
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FIGURE 4: (a) Zeta potential measurement of nanogels in distilled water. (b) Zeta potential measurement of nanogels at pH 6.8.
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FIGURE 6: (a) TGA thermogram of PEG-6000, MBA, and PEG-g-poly (MAA) nanogels. (b) DSC thermogram of PEG-6000, MAA, and

PEG-g-poly (MAA).
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FIGURE 7: (a) XRD pattern of drug loaded PEG-g-poly (MAA) nanogels. (b) XRD pattern of PEG-6000. (c) XRD pattern of naproxen sodium.

degradation. While in DSC thermogram of nanogels
formulations, endothermic peaks were present at 400°C followed
by exothermic peaks at 475°C. This shifting of peaks toward
higher temperature also confirmed the grafting and development
of rigid copolymeric network systems. Similar result was
reported in studies performed by Anwar et al. [50] where they
prepared the alginate-PVA polymeric network systems and
confirmed the grafting by indicating the shifting of exothermic

peaks towards higher temperature. In another study performed
by Jayaramudu et al. [51] improvement in thermal stability of
PEG-6000 was reported when complexed with silver.

Thermal analysis of prepared formulation presented a bet-
ter thermal stability as compared to individual ingredients that
proposed a condensed structure for prepared nanogels. Such
a condensed structure of prepared nanogels provided a better
tool for targeted delivery of loaded drug.
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TABLE 4: Models of in-vitro drug release kinetics of PEG-g-poly (MAA) nanogels formulations with varying concentration of polymer, PEG.

N1 N2 N3
Model Parameters
pH 1.2 pH 6.8 pH 1.2 pH6.8 pH 1.2 pH 6.8
7 d K, 4.262 35.134 4.407 36.090 4.547 36.242
ero order R 0.6392 0.8944 0.5577 0.8602 0.4472 0.8848
First ord K, 0.045 0.699 0.047 0.755 0.049 0.744
et order R 0.6745 0.9714 0.5985 0.9705 0.4943 0.9606
. . Ky 6.473 52.002 6.724 53.646 6.975 53.691
Higuchi )
R 0.9707 0.9370 0.9526 0.9381 0.9195 0.9353
KKP 7.019 46.224 7.523 49.275 8.087 48.119
Korsmeyer Peppas R 0.9891 0.9598 0.9910 0.9510 0.9927 0.9551
n 0.380 0.667 0.333 0.621 0.278 0.656
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FIGURE 8: Cumulative percentage drug release from formulation - N4 N9
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(N1-N9) at pH 1.2.

4.9. Powder X-Rays Diffraction Studies. The diffractograms of
pure drug presented the sharp peak at 260 =13.04° and 17.5°
while PEG-6000 at 20=19.1° that indicated the crystalline
nature of these ingredients (Figures 7(a)-7(c)). There was no
sharp peak in diffractograms of the nanogels copolymeric
network that predicted the amorphous nature of these
copolymeric network systems. Conversion of crystalline
structure of polymers into amorphous form also confirmed the
development of the grafted copolymeric networks. Similarly no
sharp peaks were observed in diffraction patterns of the drug
loaded nanogels that indicated the conversion of crystalline
nature of naproxen sodium to amorphous nature. Conversion
of crystalline nature of naproxen sodium into amorphous
nature is also effective in the reduction of damaging effects
of the drug to gastric mucosa as reported by Bodmeier and
Chen [12].

4.10. In-Vitro Drug Release. A pH depended pattern of drug
release was observed from prepared formulation as presented
in Figures 8 and 9. Nanogels presented the drug release in
the range of 8.2-10.5% at pH 1.2, while at higher pH i.e.
6.8, drug release is much high that is ranging from 80% to

FIGURE 9: Cumulative percentage drug release from formulation
(N1-N9) at pH 6.8.

91%. Maximum drug release was presented by formulation
PM3 that was 91%. Such pH dependant release from these
formulations was observed due to pH dependant swelling
of these formulations. As at acidic pH, nanogels remain
in collapse condition thus small amount of encapsulated
drug was released but at pH 6.8, (intestinal pH) swelling
of nanogels occurred that lead to higher release of drug.
Such type of pH dependant pattern of drug release of this
copolymeric network system made it a suitable candidate
for gastro protective delivery of naproxen sodium as less
drug was release in stomach pH and maximum drug was
released at intestinal pH. Similar drug release was reported in
studies performed by Peppas et al. [22] where they reported
the gastro-protective delivery of insulin by using PMAA-
g-EG nanogels carrier system. In another study performed
by Sarfraz et al. [18], similar pH dependant release of
rosuvastatin calcium was reported from pf-cyclodextrin
based hydrogel polymeric network system grafted with
methacrylic acid.
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TABLE 5: Models of in-vitro drug release kinetics of PEG-g-poly (MAA) nanogels formulations with varying concentration of MAA.

N4 N5 N6

Model Parameters
pH1.2 pH 6.8 pH1.2 pH 6.8 pH1.2 pH6.8
Jero ond K, 4207 33.714 4015 33.648 3916 32.659
ero ordet R 0.6483 0.9085 0.6619 0.9220 0.7094 0.9237
o K, 0.045 0.640 0.043 0.631 0.041 0.598
frstordet R? 0.6826 0.9736 0.6941 0.9693 0.7381 0.9756
o Ky 6.386 49.800 6.090 49.572 5.922 48.145

Higuchi 2

R 0.9731 0.9351 0.9711 0.9285 0.9792 0.9349
Ky, 6.907 43.554 6.526 42418 6.213 41.418
Korsmeyer Peppas R? 0.9901 0.9634 0.9840 0.9648 0.9851 0.9691
n 0.384 0.690 0.398 0.720 0.430 0.713

TABLE 6: Models of in-vitro drug release kinetics of PEG-g-poly (MAA) nanogels formulations with varying concentration of MBA.

N7 N8 N9
Model Parameters
pH1.2 pH6.8 pH 1.2 pH 6.8 pH 1.2 pH 6.8
Jero ond K, 4009 32.813 3.943 31.626 3.815 30.462
ero order R? 0.6420 0.8898 0.6917 0.9162 0.6872 0.9252
Eetond K, 0.042 0.619 0.042 0.567 0.040 0.529
irst order R? 0.6749 0.9839 0.7214 0.9783 0.7163 0.9850
o K, 6.088 48.658 5.969 46.659 5.777 44.922
Higuchi 2
R 0.9703 0.9486 0.9809 0.9335 0.9773 0.9393
K, 6.595 43.932 6.341 40.401 6.134 38.761
Korsmeyer Peppas R 0.9881 0.9665 0.9905 0.9654 0.9867 0.9726
n 0.382 0.646 0.411 0.704 0.412 0.708

TaBLE 7: Comparison between swelling of all formulation at pH 1.2 and pH 6.8.

Code Varying pH Mean + SEM p-value Sig. difference
Degree of swelling at pH 1.2 2.36069+0.15

N1 . 0.0012 Yes
Degree of swelling at pH 6.8 8.5308+0.93
Degree of swelling at pH 1.2 2.41985+0.15

N2 . 0.0034 Yes
Degree of swelling at pH 6.8 8.9151+0.95
Degree of swelling at pH 1.2 2.50485+0.15

N3 . 0.0031 Yes
Degree of swelling at pH 6.8 9.3701+0. 93
D f swelli tpH 1.2 2.3103+0. 15

N4 cgrec o swe ing &t p 0.0015 Yes
Degree of swelling at pH 6.8 9.8958+0.834
Degree of swelling at pH 1.2 2.2695+0. 15

N5 . 0.0012 Yes
Degree of swelling at pH 6.8 10.389+0. 93
Degree of swelling at pH 1.2 2.2109+0. 15

N6 . 0.0011 Yes
Degree of swelling at pH 6.8 10.856 +0.829
Degree of swelling at pH 1.2 2.3993+0. 15

N7 . 0.0013 Yes
Degree of swelling at pH 6.8 8.0408+0. 96
Degree of swelling at pH 1.2 2.3023+0. 15

N8 . 0.0012 Yes
Degree of swelling at pH 6.8 7.8608+0. 94

N9 Degree of swell%ng atpH 1.2 2.2230+0. 15 0.0011 Yes
Degree of swelling at pH 6.8 7.6408 +0.857

4.11. Release Kinetics. Results for in-vitro drug release  more close to one. On the basis of these observations it was
kinetics are presented in Tables 4-6. When dissolution data ~ concluded that the best fit model for the mechanism of drug
was evaluated with Higuchi model, results of drug release  release from nanogels carrier systems was Higuchi model as
found the best fit model to regression line with values of R*>  value of R* was found more close to one at both pH values.
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TaBLE 8: Comparison between drug release of all formulation at pH 1.2 and pH 6.8.

Code Varying pH Mean + SEM p-value Sig. difference
Drug release at pH 1.2 6.7+1.5

N1 0.001 Yes
Drug release at pH 6.8 62+11
D 1 tpH 1.2 7.05+1.6

N2 rugrecasea’ b 0.001 Yes
Drug release at pH 6.8 64.3+11
Drug release at pH 1.2 7.42+1.6

N3 0.001 Yes
Drug release at pH 6.8 64.9+11
Drug release at pH 1.2 7.09+1.4

N4 0.001 Yes
Drug release at pH 6.8 51.5+9.2
Drug release at pH 1.2 6.74%1.3

N5 0.001 Yes
Drug release at pH 6.8 51.1+£9.4
D 1 tpH 1.2 6.53+1.3

N6 rug re case atp 0.001 Yes
Drug release at pH 6.8 49.5+8.9

N7 Drug release at pH 1.2 6.76 1.3 0.001 Y

. es

Drug release at pH 6.8 50.6+8.8
Drug release at pH 1.2 6.6+1.3

N8 0.001 Yes
Drug release at pH 6.8 48.3+8.7

+

N9 Drug release at pH 1.2 6.39+1.3 0.001 Yes

Drug release at pH 6.8 46.5+84

« »

On the basis of values of “n” it was concluded that all for-
mulation follow anomalous i.e. dual mode of drug release

(non-Fickian diffusion) as values of “n” lying between 0.45
and 0.89 for all formulations.

4.12. Statistical Analysis of Swelling Behaviour and Drug

Release. Swelling data and drug release data was also analysed
statistically by using Minitab software and results are presented
in Tables 7 and 8.

From statistical analysis it was concluded that a signifi-
cance difference in drug release was observed for all formula-
tion at different pH values. These results also justified that
prepared formulations are pH sensitive in nature.

5. Conclusion

In the current study copolymeric nanogels carrier systems
were formulated for gastro-protective delivery of naproxen
sodium. Polyethylene glycol was grafted with varying concen-
tration of a monomer, methacrylic acid respectively through
free radical polymerization technique. Nanogels carrier sys-
tems presented the pH dependent swelling behaviour with
maximum swelling index at higher pH i.e. 6.8. PXRD studies
of drug loaded formulation indicated the amorphous nature
of carrier systems and loaded drug irrespective to the crystal-
line nature of individual ingredients that is effective in the
improvement in the bioavailability as well as reduced irritant
effect of the drug to the mucosal membrane of GIT. Nanogels
carrier systems also presented the pH dependent drug release
with maximum release at a higher pH i.e. 6.8 and less release
at a lower pH i.e. 1.2 thus by-passed the acidic environment
for drug release. On the basis of these investigation, it was
concluded that these nanogels carrier systems proved to be an
effective tool for the gastro-protective delivery of drug mole-
cules that are gastric irritant like naproxen sodium. Further

studies are required for the evaluation of in-vivo safety and
efficacy of prepared nanogels carrier system in order to estab-
lish a safe, effective, and economic gastro-protective oral drug
delivery system for gastric irritant drugs.
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Poly-L-Lactic Acid (PLLA) is a bioabsorbable implant material due to its favorable biocompatibility and inherent degradability,
while the insufficient mechanical strength hinders its further bone repair application. In present work, carbon nanotubes (CNTs)
were introduced into PLLA scaffolds fabricated via selective laser sintering. It was found that the crystallinity of PLLA increased
considerably since CN'Ts could promote the orderly stacking of its molecular chains, thereby improving the mechanical strength of
PLLA scaffold. Furthermore, the fracture surface analysis revealed that CNTs acted as a bridge across the cracks and hindered their
further expansion. Moreover, CNTs pulled out from the matrix to consume a large amount of fracture energy, which enhanced the
resistance to external forces. As a consequence, the compressive strength, Vickers hardness and tensile strength of the scaffold were
enhanced by 22.7%, 58.8% and 17.6%, respectively. Besides, the cells exhibited good attachment, spreading and proliferation on the

scaffold. This study demonstrated that PLLA/CNTs scaffold was a promising candidate as bone implant.

1. Introduction

Poly-L-Lactic Acid (PLLA) has been recognized as a promising
bone repair material due to its good biocompatibility and desir-
able biodegradability [1-3]. It is able to degrade into lactic acid
by hydrolysis, and then metabolize to water and carbon dioxide,
which can be removed from the body via normal metabolic
pathways [4, 5]. Given the attractive characteristic of PLLA, it
has received the approval from the Food and Drug Administration
for implant application [6]. Recently, numerous investigations
have attempted to utilize PLLA as temporary bone implant
[7, 8]. Nevertheless, these studies indicated that PLLA exhibited
poor mechanical properties, especially for load bearing, which
significantly hinder its further bone repair application [9].
Incorporation of reinforcement, such as nanoparticles
[10, 11], nanowires [12], graphene nanoplatelets [13] and car-
bon nanotubes (CNTs) [14], is a workable approach to enhance
the mechanical performance of polymer matrix. Among them,
CNTs exhibited superior mechanical performance, including

high strength, modules and hardness [15]. Meanwhile, CNTs
have been proved to be of favorable biocompatibility and osteo-
protective property [16]. Li et al. introduced CNTs into poly-
carbonate microfibrils, and enhanced the tensile strength and
elastic modulus by 20%, 40%, respectively [17]. Wang et al.
proved that CNTs as a nanofiller for PLLA could overcome the
brittleness, with the elongation at break and the impact strength
improved 205% and 30%, respectively [18]. Mesgar et al. used
CNTs to reinforce the chitosan scaffolds, which enhanced the
modulus to 11 times [19]. Luo et al. fabricated multi-walled
carbon nanotubes polycaprolactone composite scaffolds using
the solution evaporation technique [20]. In vivo results showed
that the composite scaffolds had good bone bioactivity.

In present study, CNTs were incorporated into PLLA to
enhance the mechanical properties. The PLLA/CNTs compos-
ite scaffold was prepared by selective laser sintering (SLS)
process. Previous researchers have fabricated PLLA/CNTS
scaffold via phase separation method [21], electrospinning
technique [22], freeze-drying method [23], etc. Comparing
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FIGURE 1: Schematic of the scaffold preparation process.

with previous methods, selective laser sintering exhibits great
advantages including accurate control of the pore structure
and strong ability to customize for specific defect sites [24-27].
The microstructure evolution and mechanical behavior of the
composite scaffold were investigated. The effect of CNTs on
the mechanical behavior was clarified in detail. In addition,
the biocompatibility of the PLLA/CNTs scaffold was studied
via in vitro cell experiments.

2. Materials and Methods

2.1. Materials. CNTs with the outside diameter ranging from 4
to 6 nm and the length ranging from 10 to 20 um was provided
from Chengdu Organic Chemicals Co. Ltd. The PLLA powder
was purchased from Shenzhen Polymtek Biomaterial Co. Ltd.
(Shenzhen, China) with average molecular weights 150 mol/g,
purity more than 99%, and density 1.25g/cm”.

2.2. Preparation of PLLA/CNTs Composite Scaffold. The
detailed fabrication process of PLLA/CNTs scaffold was
depicted in Figure 1. Specifically, a certain quantity of CN'Ts was
first added into anhydrous ethanol solution. The suspension
was then magnetically stirred and ultrasonically dispersed for
6h. Subsequently, the PLLA powder was added into the above
CNTs suspension. Afterwards, the PLLA/CNTs suspension
was magnetically stirred and ultrasonically dispersed for 12 h.
The suspension was then dried in a vacuum oven at 45°C until
the powder weight maintained stable. Finally, the PLLA/CNTs
mixed powder was obtained after ball milling for 1h.

The PLLA/CNTSs composite scaffold was prepared using a
self-developed SLS system. The detailed preparation process
was described as follows: Firstly, the 3D model matching the

bone scaffold was designed. The model was imported into the
SLS system to create the slice file; secondly, the composite
powder was spread on the workbench; thirdly, the composite
powder was selectively sintered layer-by-layer according to
the above slice file. The optimal process parameters of SLS
process were determined by pilot experiments (laser power
2.5W, scanning speed 120 mm/s, scanning distance 0.1 mm
and layer thickness 0.1 mm). The obtained scaffolds with
nominal CNTs of 0, 0.25, 0.5, and 1.0 wt.% were named as
PLLA, PLLA/0.25CNTs, PLLA/0.5CNTs, and PLLA/1.0CNTs,
respectively. The pore size and strut size of the sintered
scaffolds were about 650um and 450 um, respectively, as
shown in Figure 1. In general, porous bone scaffolds was able
to provide a favorable microenvironment for cell into-growth
[28,29].

2.3. Microstructural Characterization. The chemical charac-
teristic of the samples was qualitatively evaluated by Fourier
transform infrared spectroscopy (FTIR, Bruker Tensor 27).
The samples and dried potassium bromide powder were mixed
and grounded into fine powder. Then, they were pressed into
discs in a mold. The FTIR spectra were obtained with a reso-
lution of 2cm™" from 500 to 3000 cm ™" at room temperature.
Subsequently, the intensity of transmittance and the character-
istic peaks was measured. Raman spectroscopy was obtained
using a Raman spectrometer (Renshaw, UK) with a laser ex-
citation of 532 nm and scans range between 400 and 2500 cm ™.

Polarized optical microscope (POM, Olympus Co., Japan)
was used to investigate the crystalline morphology of PLLA/
CNTs composites. The phase structure was investigated using
an X-ray diffractometer (XRD, DMAX 2500, Japan Science
Co., Japan) equipped with Cu Ka source. The data was recorded
ranging from 10° to 50°.
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FIGURE 2: (a) FTIR and (b) Raman spectra of CNTs, neat PLLA, and PLLA/CNTs scaffolds.

FIGURE 3: SEM showing the fracture surface of (a) PLLA, (b) PLLA/0.25CNTs, (c) PLLA/0.5CNTs, and (d) PLLA/1.0CNTs scaffolds.

2.4. Mechanical Tests. The Vickers hardness tester (TMVS-
1, Beijing TIME High Technology Co. Ltd) was applied to
measure the hardness. Three different measurements were
carried out for each sample. A mechanical testing machine
(WD-D1, LTD, China) was applied to perform the tensile
and compressive tests. The tensile specimens (width 5mm,
length 20 mm) was subjected to tensile load until they were
broken, and the compressive specimens with porous structure
(10x10x5 mm®) were subjected to compression load until
they were crushed. The fracture surface morphologies of the
scaffolds after tensile tests were observed using a scanning
electron microscope (Phillips XL30, Eindhoven, Netherlands).
Before SEM observation, the surface of samples was coated
with gold for 2 min in a sputter coater.

2.5. Cell Experiments. MG63 cells were cultured in Dulbecco’s
Modified Eagle Medium supplemented with 10% fetal bovine
serum and 1% (v/v) streptomycin/penicillin condition at 37°C
(5% humid CO,). The culture medium was changed every 2
days. Prior to cell seeding, the PLLA and PLLA/CNTs scaffold
(10 x 10 x 2 mm”) were sterilized under UV irradiation for 24 h.
The incubate medium was renewed every day. The MG63 cells
were seeded on the PLLA and PLLA/CNTs scaffolds with a
density of 10° cells per well. After 1,4 and 7 days, the specimens
were rinsed three times using phosphate buffer solution (PBS)
in order to remove nonadherent cells. The cell morphology on
scaffolds with different culture time was observed by SEM.
The cell viability was assessed using live/dead staining after
culture for 1, 4, 7 days. In brief, the cells were stained with



Advances in Polymer Technology

FIGURE 4: POM of (a) PLLA, (b) PLLA/0.25CNTs, (c) PLLA/0.5CNTs and (d) PLLA/1.0CNTs scaffolds.
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FIGURE 5: XRD patterns of CNTs, PLLA and PLLA/CNTs composite
scaffolds.

2ug/mL Calcein-AM and Ethidium homodimer-1 reagents
for 20 min at 37°C. Then, the stained cells were refreshed with
PBS and observed with fluorescence microscope (BX60,
Olympus, Japan).

The proliferation of MG63 cells was further evaluated
using cells counting kit-8 (CCK-8) assays. Cells were seeded
on the scaffolds for 1, 4 and 7 days. Then, 40 uL of CCK-8
solution were added to every well and incubated for 4h at
37°C. Then the optical density (OD) was measured at 450 nm
by a spectrophotometric micro plate reader. Each sample test-
ing was carried out for three times.

2.6. Statistical Analysis. All the experimental data were
recorded using at least three separate operations, and expressed
as means * standard deviation. In all statistical analysis, it is
considered to be significant with P value less than 0.05.

3. Results and Discussion

3.1. Characterization of the PLLA/CNTS Composite

Scaffolds. The FTIR spectra of CNTs, PLLA and PLLA/CNTs
scaffolds were displayed in Figure 2(a). As was expected, there
was a peak presented at 1635 cm™, which was assigned to the
stretching vibrations of C=C bonds in the CNTs. For PLLA,
there were two obvious peaks at 1751 and 1452 cm™", which
was ascribed to the C=0 stretching vibrations of its carboxyl
groups [30]. The peak located at 1380 cm ™ was assigned to
the bending vibrations of ~-CHj groups [31]. There was a weak
broad band appearing at 1183 cm™" which was associated to
C-O stretching vibration [32]. Compared with PLLA, there
were no new peaks or peak shift in the FTIR spectra of PLLA/
CNTs scaffolds.

The Raman measurements were used to further reveal the
structural stability of the CNTs during the SLS process. The
Raman spectra of CNTs, PLLA and PLLA/CNTs scaffolds were
recorded, with results shown in Figure 2(b). It could be found
that there were two distinct characteristic peaks observed at
1330.6 and 1656.7cm™', which was ascribed to the D- and
G-bands of CNTs, respectively. Generally, the D-band was
related to the degree of disorder of CNTs, while the G- band
was attributed to the in-plane motion of the sp” carbon atom
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[4, 33]. PLLA exhibited three characteristic peaks at 859.6,
1083.8 and 1444.8cm™’, which were attributed to C-CH,
stretching, —~CH; rocking mode and -CH,; asymmetric
bending mode, respectively [34]. For the Raman spectrum of
PLLA/CNTs: scaffolds, they presented combined characteristic
peaks of PLLA and CNTs. The D and G modes of the scaffolds
exhibited no noticeable shifts as compared with the spectrum
of CNTs. However, the PLLA resonances in the scaffolds
included C-CH,; stretching (861.2 cm ™), ~CH, rocking mode
(1085.3cm™), and -CH, asymmetric bending mode
(1446.2cm™") were red-shifted by 1.6, 1.5 and 1.4 cm™,
respectively, as compared with the pure PLLA scaffold [4]. It
might be due to the interaction between PLLA and CNTs
during SLS.

The brittle fractured surfaces of PLLA/CNTs scaffolds were
observed, as shown in Figure 3. PLLA exhibited an obvious
brittle fracture with relative flat morphology. As a comparison,
there were some micro-fibers on the fractured surface of the
PLLA/0.5CNTs scaffold. The CNTs uniformly distributed in

the PLLA matrix. The number of micro-fibers increased with
the CNTs contents increasing to 0.5 wt.%. However, the
agglomeration occurred with CNTs further increasing to 1.0
wt.%.

The crystalline morphology of PLLA/CNTs was investi-
gated using POM, with results displayed in Figure 4. Clearly,
PLLA exhibited large spherulites morphology with a typical
maltese cross shape. As CNTs gradually increased to 0.5 wt.%,
the size of the spherulites decreased considerably, accompa-
nying with the significantly increased density. The results indi-
cated that CNTs acted as heterogeneous nucleating agents and
promoted the orderly arrangement, thus accelerating the crys-
tallization of PLLA. Nevertheless, as the CNTs reached 1.0
wt.%, relatively coarsened spherulites were observed in the
matrix, indicated the reduced nucleation ability of CNTs for
composite matrix. Previous studies revealed that as nanopar-
ticles exceeded a certain content, the ability to promote PLLA
nucleation would decrease, which was believed to be related
to their agglomeration in PLLA matrix [35].
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(d)

FIGURE 7: The introduced (a) bridging, (b) pulling out and (c) pinning effect of CNTs in PLLA scaffold. (d) Models of reinforcement mech-

anisms.
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FIGURE 8: SEM images of the MG63 cells cultured on scaffolds for 1, 4 and 7 days.

The XRD patterns of PLLA and PLLA/CNTs were shown
in Figure 5. Obviously, there were two strong diffraction peaks
located at 26=16.8° and 19.1° [36], which indicated the occur-
rence of cold crystallization of PLLA [37]. The XRD patterns
of the PLLA/CNTs scaffold still kept the characteristic peaks
of PLLA, which indicated that the incorporation of CNTs did
not exert a significant influence on the crystalline structure of

PLLA. However, the intensity and sharpness of these peaks
gradually increased with CNTs increasing, which indicated
that the degree of crystallization of polymer composite was
enhanced due to the heterogeneous nucleation of CNTs [30].

3.2. Mechanical Properties. Bone scaffolds require appropriate
mechanical strength to provide structural support for
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3.0 4

2.5 1
20 1
15 ]
1.0 |
0.5 1
00 - 1 4 7

Culture time (days)

Cell proliferation (OD value at 450 nm)

B PLLA
I PLLA/0.5CNTs

FIGURE 10: The obtained OD value using CCK-8 assays after 1, 4, 7
days’ culture.

the newly formed tissue during bone repair [38, 39]. The
mechanical properties of PLLA and PLLA/CNTs scaffolds
were evaluated through compressive, hardness and tensile
tests, with results shown in Figure 6. The typical compressive
stress-strain curves were depicted in Figure 6(a). It could be
found that all the samples exhibited the brittle characteristic.
As the external force exceeded a certain degree during the
compression, the scaffolds were directly fractured without
yielding [40]. The compressive strengths derived from their
compressive stress-strain curves were shown in Figure 6(b).
The compressive strengths of PLLA/CNTs scaffolds increased
by 22.7% (from 5.5 MPa to 6.82MPa) with CNTs increasing
to 0.50 wt.%. This could be ascribed to the fact that CNTs
could act as a reinforced phase in the PLLA matrix [41].
However, there was a slight decrease in compressive strength
with CNTs further increasing to 1.0 wt.%, which might be due
to the aggregation of CNTs. It was well established that bone
scaffolds should have sufficient mechanical strength to match



the surrounding connective bone. Usually, the compressive
strength of the human cancellous bone and cortical bone were
in the range of 2-12 MPa and 130-180 MPa, respectively [42].
In this work, the optimal compressive strength of PLLA/CNTs
scaffolds was 6.8 MPa, which was in the range of cancellous
bone and lower than cortical bone. Therefore, the PLLA/CN'Ts
scaffolds have a potential application in bone repair.

The Vickers hardness and tensile strength of all specimens
was shown in Figures 6(c) and 6(d), respectively. Similarly, the
Vickers hardness and tensile strength of PLLA/0.5CNTs scaf-
folds increased to 38.9 Hvand 18.6 MPa, which was increased
by 58.8% and 17.6%, respectively. Therefore, the addition of
CNTs presented a positive role in enhancing the mechanical
properties of PLLA scaffold.

In this work, the CNTs could act as a pinning action to
hinder the crack propagation. This was due to the crack in the
composite was difficult to deflect during the expansion process
and could only continue in the original direction [43]. Thus,
the CNTs immediately adjacent to the crack tip did not break,
but created a bridging effect between the cracks [44, 45]. The
typical crack bridge in the crack surface contact region was
shown in Figure 7(a). This bridging effect would offset a part
of the tensile stress, thereby hindering the further expansion
of the crack. On the other hand, CNTs, as one dimensional
material, exhibited significant fiber properties [46]. In this
case, the CNTs were pulled out of the matrix during the tensile
fracture of the composite scaffolds, thereby consuming a large
amount of external energy [47]. As shown in Figure 7(b), some
CNTs pulled out from the matrix, whose direction tended to
align with the direction of the applied load. Besides, CNTs
were embedded into PLLA matrix, which formed the pinning
effects. The schematics of pulling out, bridging and crack
deflection are shown in Figure 7(d). Furthermore, the increase
in the crystallinity of PLLA also had a positive effect on their
mechanical properties [48]. However, with the CNTs contents
further increasing to 1.0 wt.%, they aggregated in the PLLA
matrix, thus failing to enhance the mechanical properties of
PLLA/CNTs scaffolds.

3.3. Cytocompatibility. Good biocompatibility was of great
significance for the bone implants [49-51]. In present
study, the PLLA/0.5CNTs scaffold with optimal mechanical
properties was used to further evaluate the cytocompatibility,
with the PLLA scaffold as control. The morphologies of cells
adhered on scaffolds after cultivating for 1, 4, 7 days were
observed by SEM, as shown in Figure 8. After 1 day’ culture,
cells began to spread on the PLLA/0.5CNTs scaffold with
apparent cytoplasmic extensions, indicating a strong adhesion.
As culture time increasing to 4, 7 days, the adhered cells on the
PLLA/0.5CNTs scaffold increased significantly and overlapped
with each other. Additionally, the cells on the PLLA/0.5CNTs
scaffold presented much longer filopodia as compared with
those on PLLA scaffold. It was indicated that PLLA/0.5CNTs
scaffold was more beneficial for cell adhesion.

Stained fluorescent pictures of cells incubated on
PLLA/0.5CNTs and PLLA scaffolds for various periods were
exhibited in Figure 9. Herein, green represented live cells,
whereas red represented dead cells. Clearly, nearly no dead
cells were observed for all the samples during cell incubation.
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In particular, the cells exhibited typical fusiform shape after
culture for 1 day, revealing that the cells growth normally on
the scaffold. After further incubation for 4, 7 days, cells have
expanded into filopodia, and formed numerous extracellular
matrix. At the same time, live cells increased significantly with
incubation time increasing, which indicated that both
PLLA/0.5CNTs and PLLA scaffolds were favorable for cell
proliferation. It should be noted that the PLLA/0.5CNTs scaf-
fold exhibited a higher cell density than PLLA scaffold, indi-
cating that it was more beneficial to cell growth.

The viability of cells incubated on PLLA/0.5CNTs and
PLLA scaffolds was quantitatively assessed by CCK-8 assay,
with results shown in Figure 10. It could be seen that the cell
viability on PLLA/0.5CNTs and PLLA scaffolds increased with
culture period extending from 1 to 7 days. In detail, the OD
values increased from 0.6 to 2.8 for PLLA/0.5CNTs scaffold.
Significantly, PLLA/0.5CNTs scaffolds presented enhanced
OD values comparing with the PLLA scaffold at same time,
which further proved that CNTs shown a positive effect on
cell proliferation.

Basing on above cell experiments, it was indicated that
PLLA/CNTs scaffold exhibited an enhanced cytocompatibility
for cell adhesion and growth, as compared with PLLA scaffold.
In general, cells were able to distinguish surfaces with different
physical, chemistry and mechanical properties that directly
affected cell behavior. As cells adhered to scaffold surface, they
created a larger force at the adhesion site. It was believed that
the PLLA/CNTs scaffold with stiffer matrix than PLLA scaffold
could provide better cell adhesion. Secondly, the incorporation
of CNTs into PLLA matrix resulted in the rough nano-scaled
surface topography, which was more conducive for cell
adhesion and growth [36]. In fact, rough surface was able to
provide a variety of mechanical stimuli, thus promoting cell
proliferation. Besides, the incorporated CNTs with excellent
electrical properties could enhance the transmission of cell
signals, thus promoting cell-cell communication and cellular
activity [52].

4. Conclusions

In present study, CNTs were introduced into PLLA to improve
the mechanical behavior. PLLA/CNTs scaffold was fabricated
by SLS technique. CNTs enhanced the crystallinity of PLLA
matrix due to its heterogeneous nucleation effect. More signif-
icantly, CNTs, as one-dimensional material, contributed to
the crack bridging mechanism and pulling out effect. As a
consequence, the obtained compressive strength, Vickers
hardness and tensile strength of the scaffold were considerably
enhanced from 5.6 to 6.8 MPa, 24.5 to 38.9 Hv, 15.5 to
18.6 MPa, respectively. Furthermore, PLLA/CNTs scaffold
exhibited desirable biocompatibility. It was indicated that
PLLA/CNTs scaffold was a promising candidate as bone
implant.
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