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Tanshinone ITA (TanIIA) and gene therapy both hold promising potentials in hepatocellular carcinoma (HCC) treatment. However,
low solubility and poor bioavailability of TanIIA limit its clinical application. Similarly, gene therapy with GPC3-shRNA, a type of
short hairpin RNAs (shRNAs) capable of silencing the glypican-3 (GPC3) expression, is seriously limited due to its susceptibility to
nuclease degradation and high off-target effects. In the present study, polyethyleneimine (PEI)-polyethylene glycol (PEG)-coated
mesoporous silica nanoparticles (MSN-PEG) were used as a drug carrier. By encapsulating TanIIA into MSN-PEG, we synthesized
MSN-TanIIA-PEG nanoparticles and observed the involved characteristics. This was followed by exploration of antitumor activity on
the HepG2 cell lines in vitro. Meanwhile, in order to construct GPC3-shRNA plasmids, a shRNA sequence targeting GPC3 was
synthesized and cloned into the pSLenti-U6 vector. Accordingly, the performance of MSN-PEG as a gene transfer carrier for GPC3-
shRNA gene therapy of HCC in vitro was evaluated, including transfection efficiency and DNA binding biological characteristics. The
results indicated successful encapsulation of TanIIA in MSN-PEG, which had satisfactory efficacy, favorable dispersity, suitable
particle size, and sustained release effect. The in vitro anti-HCC effects of nano-TanIIA were greatly improved, which outperformed
free-TanlIIA in terms of proliferation and invasion inhibition, as well as apoptosis induction of HCC cells. As expected, MSN-PEG
possessed excellent gene delivery capacity with good binding, release, and protection from RNase digestion. Using MSN-PEG as a
gene carrier, the plasmids were successfully transfected into HepG2 cells, and both the mRNA and protein expressions of GPC3 were
significantly downregulated. It was thus concluded that a sustained release TanIIA delivery system for HCC treatment was syn-
thesized and that MSN-PEG could also serve as a gene transfer carrier for gene therapy. More interestingly, MSN-PEG may be a
potential delivery platform that combines TanIIA and GPC3-shRNA together to enhance their synergistic effect.

1. Introduction

Hepatocellular carcinoma (HCC), as a malignancy char-
acterized by high incidence and mortality, harms people’s
life and health in a tremendous manner. Seriously, its
mortality and morbidity have been steadily increasing over
the last few decades [1]. To date, chemotherapy remains the
most common treatment for all stages of carcinoma pa-
tients. However, several potential chemotherapeutics that

can treat HCC still show limitations such as severe adverse
reactions and drug resistance [2]. Moreover, the intricacy
of the molecular pathogenesis poses great difficulties on
seeking cure. Enormous endeavors have thus been made to
develop high-efficacy multitarget antineoplastics with less
adverse effects.

Several effective plant constituents, which are used in
traditional Chinese medicine with insignificant adverse
actions, have aroused a wide range of interest as an adjuvant


mailto:l_mei@163.com
https://orcid.org/0000-0002-7417-9109
https://orcid.org/0000-0002-4925-2191
https://orcid.org/0000-0002-3794-9346
https://orcid.org/0000-0002-6912-9713
https://orcid.org/0000-0002-6141-5184
https://orcid.org/0000-0001-9583-1007
https://orcid.org/0000-0001-9815-2966
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6756763

therapy [3]. Among them, TanlIA, an effective component
extracted from the Salvia miltiorrhiza roots, features high
efficacy, natural source, and low toxicity [4]. Based on the
existing studies on TanlIA, it exerts a broad spectrum of
antitumor activities in a variety of human carcinoma cells by
suppressing proliferation and migration, triggering auto-
phagy and apoptosis, and reversing the multidrug resistance
[5]. Additionally, TanIIA has a synergistic effect in com-
bination with other chemotherapeutics commonly used in
clinics, which makes its application in the cancer and ad-
juvant therapies promising and offers a new insight into
diverse cancer treatments as well [6].

Unsatisfactorily, being a lipophilic constituent, TanIIA is
poorly bioavailable, which limits its further application [7].
Due to poor water solubility, it exhibits robust hepatic
elimination after oral medication and can be easily elimi-
nated from the circulatory system after intravenous medi-
cation [8, 9]. Hence, diverse delivery systems (nanoscale)
have been proposed for controlled release of TanlIA, in
order to overcome its disadvantages and to elevate its
bioavailability [2, 9].

Amongst various nano-based drug delivery platforms de-
veloped, mesoporous silica nanoparticles (MSNs) have attracted
a considerable attention owing to their good biocompatibility,
monodispersity, feeble toxicity, tunable pore size, and large pore
volumes, among other characteristics [10]. Despite being in part
a potential solution to the foregoing problems with TanlIA, it
still cannot escape the influence of the reticuloendothelial
system (RES). Rapid elimination by the RES will inevitably
hamper the nanosized drugs’ absorption efficiency in tumor
regions, leading to reduced bioavailability [11]. Being highly
hydrophilic and positively charged, PEG is commonly used to
decorate nanoparticles [12], which has been proven as one of the
most effective methods to improve nanoparticle biodistribution
and reduce opsonization by the RES [11].

Studies over the last decades have demonstrated that
GPC3 is highly and specifically expressed in HCC, revealing
its potential from an encouraging biomarker for the early
HCC detection to an effective epitope for targeted HCC
treatment. Past several years have witnessed the exploration
of the GPC3-targeting gene therapies [13, 14]. As promising
as it looks, their applications are severely limited because of
the physicochemical traits of nucleotide drugs, including
high molecular weight, susceptibility to nuclease degrada-
tion, easy missing of target, and anionic charge [15]. This has
necessitated carrier design as the gene therapy advances in
order to achieve highly efficient drug delivery to the target
cells. ShRNAs, the small molecules of RNA, have specific
function of gene silencing, which can be delivered to the
targets via the support of nanoparticles [16]. Recently,
nanostructured carriers such as PEG and PEI or inorganic
nanoparticles have shown multiple advantages concerning
RNA interference (RNAIi) delivery [17]. PEI, as one of the
most classic nonviral vectors, is the most broadly applied
polycation transfection reagent owing to its high stability
and transfection performance, while PEI-25k has been
considered the gold standard for nonviral vectors [18, 19].
Moreover, PEI combined with PEG could improve the
systemic circulation and prolong the treatment time [19, 20].
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Based on the aforementioned theory, this study aims to
construct an intelligent nanoplatform to improve the water
solubility and bioavailability of TanIIA, which also serves as
a vehicle of GPC3-shRNA. Herein, we propose a facile
method, where TanITA was physically adsorbed by meso-
porous silica and then surface-modified with PEI-PEG to
make it positively charged. In this way, the stability of the
complex can be improved, which is conducive to loading
GPC3-shRNA plasmids. The physicochemical property
elucidation of the complex was accomplished, in vitro an-
titumor activities were investigated, and the feasibility of
MSN-PEG as a GPC3-shRNA carrier was explored. Finally,
we found that this novel drug delivery system is promising
for HCC treatment. Figure 1 is a schematic illustration of the
preparation of MSN-PEG nanoparticles and their delivery.

2. Materials and Methods

2.1. Materials, Reagents, and Cell Culture. TanlIA
(purity>98% by HPLC) was purchased from Shanghai
Yuanye Biotech, Ltd. (Shanghai, China). Monodisperse
mesoporous silica nanoparticles (MSNs) were provided by
Nanoeast Biotech (Nanjing, China), which are a kind of
inorganic nanomaterials with a highly ordered mesoporous
structure, good chemical and thermal stability, and a large
number of easily modified hydroxyl functional groups on the
surface. PEG5k-PEI25k was provided by Tanshui Biotech
(Shenzhen, China). The Annexin V-Alexa Fluor 647/PI
Apoptosis Assay kit was purchased from FEMACS (Nanjing,
China). Lipofectamine 2000, Tango Buffer, and DNase-I
enzyme were purchased from Solarbio (Beijing, China). Cell
counting kit-8 (CCK-8) was obtained from Beyotime Bio-
tech (Shanghai, China). Fluorescent Hoechst 33342, crystal
violet, and the rest of the reagents were purchased from
Sangon Biotech (Shanghai, China).

The human HepG2 hepatocellular cancer cell line was
obtained from the Shanghai Institute of Cell Research,
Chinese Academy of Sciences (Shanghai, China). HepG2
cells were inoculated in Dulbecco’s modified Eagle’s medium
(DMEM) (GIBCO, US) containing 10% fetal bovine serum
(GIBCO, US) and supplemented with streptomycin and
penicillin (GIBCO, US). The cells were cultured at 37°C in a
humidified environment with 5% CO2.

2.2. Preparation of the Nanoparticles. The MSN-TanIIA-PEG
was prepared according to a film dispersion-ultrasonic
method in the published articles [9, 21]. The first step was
preparation of TanITA-loaded MSNs. 5 mg MSN (25 mg/mL)
and 500 yg TanIIA (10 mg/mL) were mixed evenly in eth-
anol, and then 100 L of water was added slowly into the
above solution under ultrasonic condition followed by 2-h
incubation in a 37°C shaker. Finally, centrifugation was
carried out at 10,000 rpm for 15 min to remove the residual
solvent, so as to obtain the required sample (denoted as
MSN-TanlIIA), which was dried in a 45°C vacuum for 12h
and then stored at 4°C.

The next step was coating of the prepared MSN-TanIIA
with PEI-PEG. In a nutshell, 5 mg MSN-TanlIA (10 mg/mL)
was dripped into 20 mg (50 mg/mL) PEI-PEG followed by
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FIGURE 1: Schematic illustration of the preparation of MSN-PEG nanoparticles and their delivery. (a) Schematic of MSN-TanIIA-PEG
preparation. (b) Schematic of MSN-PEG/shRNA preparation. (c) Schematic illustration of the proposed delivery of TanIIA and GPC3-
shRNA transfected by MSN-PEG for a synergistic effect in vitro. The MSN-TanIIA-PEG and MSN-PEG/GPC3-shRNA nanocomplexes
accumulate in the tumor via the EPR effect followed by cellular uptake by endocytosis. TanIIA and GPC3-shRNA are released from the
nanocomplexes into the cytoplasm. Then, TanlIIA enters into the nucleus, and GPC3-shRNA breaks into siRNAs and siRNA targets to
degrade GPC3 mRNA under the assistance of siRISC. Abbreviations: EPR: enhanced permeability and retention, RISC: RNA-induced

silencing complex.

probe sonication for 20 min. After removing extra PEI-PEG
and free-TanIIA in the solution via 10-min centrifugation
(10,000 rpm), the remaining was washed three times in 2 mL
of saline via 5-min centrifugation (10,000 rpm) to get
TanIIA-loaded PEI-PEG-coated MSNs, denoted as MSN-
TanIIA-PEG. Meanwhile, MSN-PEG was also prepared by
the same method.

The entrapped TanlIA in the obtained sample solution
was quantified by HPLC. The drug loading capacity (DL, %)
and encapsulation efficiency (EE, %) were calculated by the
following equations:

amount of TanlIA encapsulated in NPs
DL (%) = x 100,
total amount of NPs
EE (%) = amount of TanlIA loaded in NPs 100
v initial TanIIA added '

1

2.3. HPLC Method for Determining TanlIA

2.3.1. Instruments and Conditions. Taking the Chinese
Pharmacopoeia (2020 edition) and Liu et al.’s research as
reference [22], the high-performance liquid chromatogra-
phy (HPLC) system (LC-15C; Shimadzu, Japan) with a

WondaSil C18 column (4.6 x 250 mm, 5ym) was used for
determination of TanITA in MSN-TanIIA and MSN-TanIIA-
PEG. In addition, the mobile phase of the HPLC system
consisted of 70% acetonitrile (A) and 30% ultrapure water
(B) at a flow rate of 1 mL/min, column temperature was kept
at 30°C, and the detection wavelength was 268 nm.

2.3.2. Standard Solution and Sample Preparation. TanlIA
standard solutions (1 mg/mL) were prepared in acetonitrile
and stored at —20°C until use. Mobile phase was used to
dilute standard solutions to the concentrations of 6.25, 12.5,
25, 50, and 100 yg/mL. Acetonitrile was used to break down
the internal structure of the samples, thereby extracting the
TanlIA before detecting [23, 24].

2.4. Characterization of the Nanoparticles. The physical and
chemical properties of MSN-TanIIA-PEG were character-
ized by transmission electron microscopy (TEM), zeta po-
tential, and dynamic light scattering (DLS). The particle size
(nm) and zeta potential (mV) of nanoparticles were eval-
uated by dynamic light scattering (DLS) at 25°C using the
Zeta Plus Zetasizer (Brookhaven Instruments, USA). All the
samples were dispersed in deionized water and sonicated
before the analysis. The morphology of the uncoated and
coated nanoparticles was observed by a JEM-2100 TEM
instrument (JEOL, Japan).



2.5. In Vitro Drug Release. A dialysis technique was
employed for the release profile investigation of TanIIA from
MSN-TanlIIA and MSN-TanIIA-PEG. Initially, 1 mL of the
sample solution (1 mg/mL) was added to a dialysis bag (MW:
3500), which was soaked in 5mL of PBS buffer (0.02 M,
pH =7.4, containing 0.2% Tween-80), followed by stirring in
a shaking bed at 100 rpm and 37°C away from light. At the
preset points of time, each 1.0 mL of sample was removed
from the release medium, and then the system was
replenished with an equal volume of PBS. The HPLC was
finally employed to examine how much TanlIIA was released
into the release solution.

2.6. In Vitro Antitumor Activity. To investigate the antitu-
mor activity of MSN-TanIIA-PEG, in vitro proliferation,
apoptosis, and invasion were assessed (see Sections 2.6.1/
2.6.2/2.6.3/2.6.4).

2.6.1. CCK-8 Assay. A CCK-8 assay was conducted to de-
termine the cell proliferation inhibitory effect of the three
different TanIIA formulations (free-TanlIIA, TanIIA-MSN,
and MSN-TanITA-PEG) on HepG2 cells. In brief, the
3x 10" cells were seeded into 96-well plates overnight. Then,
the cells were intervened with a series of different con-
centrations (0, 1.25, 2.5, 5, 10, 20, 40, and 80 yg/mL) of free-
TanlIIA, TanIIA-MSN, and MSN-TanIIA-PEG for 24h.
DMSO was used as a solvent for TanIIA, and thus the HepG2
cells in DMEM containing 0.3% DMSO were used as the
untreated control group (0ug/mL). Moreover, MSN-PEG
was also used as a blank nanoparticle control. Subsequently,
10 yL of CCK-8 reagent was added to each well, and the cells
were incubated for 30 min at 37°C according to the man-
ufacturer’s protocol. Finally, the absorbance was measured
using a microplate reader (Thermo Scientific, USA) at a
wavelength of 450 nm. The cell growth inhibition rate of the
HepG2 cells was calculated according to the formula: cell
growth inhibition rate (%)= (1 —experimental absorbance
value/control absorbance value) x 100. The 50% inhibitory
concentrations (ICsp) were determined using GraphPad
Prism 8.0 software (La Jolla, USA).

2.6.2. Hoechst 33342 Staining Assay. After seeding into 24-
well plates overnight, HepG2 cells (1 x 10 cells) were in-
tervened with free-TanIIA, MSN-TanIIA, and MSN-TanIIA-
PEG at an equivalent TanIIA concentration of 10 ug/mL.
Besides, the concentration of MSN-PEG in the MSN-PEG
group was 100 yg/mL. After additional 24-h incubation at
37°C, the cells were washed with cold PBS. Hoechst 33342
(1 ug/mL) was added to each well. After being incubated at
37°C for 15 min, the cells were visualized under a fluores-
cence microscope (Leica, Germany).

2.6.3. Flow Cytometry Analysis. Before the intervention, the
cells were inoculated at 4 x 10° cells per well in 6-well plates
overnight. Afterward, the cells were intervened with MSN-
PEG (100 yg/mL), free-TanIIA, MSN-TanlIIA, and MSN-
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TanIIA-PEG (at an equivalent TanITA concentration of
10 yg/mL) for 24 h.

For apoptosis detection, the cells were collected and PBS-
washed followed by staining with Annexin V-Alexa Fluor
647 (5uL) and PI (10 uL, 20 ug/mL) at room temperature
protected from light for 15min and a subsequent resus-
pension in 500 4L of binding buffer (10 mM HEPES/NaOH,
pH 7.4, 140 mM NacCl, 2.5 mM CaCl,). The stained cells were
detected immediately using FACSCalibur (BD Biosciences,
USA).

For the cell cycle assessment, the cells were harvested,
PBS-washed, and fixed overnight at 4°C in cold 70% ethanol.
After collecting and washing with PBS, the cells were stained
using propidium iodide (PI) solution (100 uL; 20 ug/mL PI
and 5ug/mL RNase A in PBS) in the dark for 30 min at
ambient temperature followed by FACSCalibur analysis.

2.6.4. Transwell Assay. Cell invasion ability was measured
using the transwell assay. In detail, HepG2 cells (4 x 10” cells)
were seeded in a 6-well plate and pretreated with MSN-PEG,
free-TanIIA, MSN-TanlIIA, and MSN-TanIIA-PEG.

Initially, 50 mg/L Matrigel (BD Biosciences, USA) was
coated onto the transwell insert membrane at a 1: 8 dilution
at the apical side. After collection from every group, the cells
were resuspended in a serum-free medium, and then
1x10%cells (200uL) were transferred into the upper
transwell chambers (8 ym; BD Biosciences, USA). The in-
ferior chamber was filled with 500 uL of 10% FBS-containing
DMEM. Following 24-h incubation at 37°C, the cells were
subjected to twice PBS washing, 30-min fixation in 4%
paraformaldehyde, and 20-min staining with crystal violet
(0.1%) at room temperature. Then, the cells were washed
with water 3 times. After this, a cotton swab was used to
remove the nontraveled cells from the upper filter surface in
a gentle manner. Finally, the cell pictures were obtained
under a microscope and the cell numbers were quantified
with Image] software. The cell invasion inhibition rate was
calculated following this formula: The cell invasion inhibi-
tion rate (%) = (cells’ count of untreated group — cells’ count
of the treatment group)/cells’ count of untreated group x
100.

2.7. Construction and Identification of the GPC3-shRNA
Plasmid. The GPC3-shRNA plasmid was constructed as our
previous description [25]. The plasmid was purchased from
Manfute biotech (Nanjing, China). Human GPC3 sequences
(GenBank ID: 2719) were selected as the target site for RNAi.
For pSLenti-GPC3-shRNA plasmid construction, driven by
the U6 promoter, the annealed oligonucleotides (double-
stranded) were inserted into pSLenti plasmids by T4 DNA
ligation using Aegl-EcoRI restriction sites. The primer se-
quence (designed by Primer3 software) upstream was 5'-
CCGGCCGAAGAAGGGAACTAATTCTCAAGAGAAA-
TTAGTTCCCTTCTTCGGTTTTTTG-3/, and the down-
stream was 5-AATTCAAAAAACCGAAGAAGGGAA-
CTAATTTCTCTTGAGAATTAGTTCCCTTCTTCGG-3'.
After shaking the bacterial solution, the positive clones
were identified by PCR, the reaction conditions of GPC3-
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shRNA were as follows: initial denaturation at 95°C for
5 min; 30 cycles of 94°C for 30's, 60°C for 30 s, and extension
at 72°C for 60 s, followed by the final extension at 72°C for
10min. Finally, sequence verification of the resulting
pSLenti-U6-GPC3-shRNA plasmids was accomplished via
DNA sequencing. Then, the vector NTI software was used
to compare and analyze the sequencing results. Meanwhile,
to examine the transfection efficiency, GPC3-shRNA-
EGFP plasmids were constructed as well.

2.8. DNA Binding, Digestion Protection, and Release
Experiments. For DNA binding, digestion protection, and
release experiments, the methods reported in our previous
work were used and the methods description partly
reproduced our earlier wording [25].

2.8.1. MSN-PEG Binding with GPC3-shRNA Experiment.
To obtain the proper mass ratio of GPC3-shRNA plas-
mids to MSN-PEG, the same amount of shRNA was
incubated with different concentrations of MSN-PEG
solutions. GPC3-shRNA plasmids and MSN-PEG were
mixed at the mass ratios of 1:0 (naked shRNA), 1:5, 1:
10, 1:20, 1:40, 1:60, 1:80, and 1:100 (final plasmid
concentration: 20 ng/uL). After 60 min of incubation at
room temperature, 5uL of each MSN/shRNA complex
was subjected to 1% agarose gel electrophoresis (AGE)
using 0.5 pyg/mL ethidium bromide (EB), with 40-min
running of the gels at 110V with Tris-acetate (TAE)
buffer. Retardation of the motion of shRNA was observed
with a UV lamp by using a G:BOX Chemi XX9 imaging
system (Syngene, UK).

2.8.2. DNA Digestion Protection Capacity. GPC3-shRNA
plasmids and MSN-PEG were mixed to form a complex
according to a mass ratio of 1:20. The complex was then
digested with DNase-I enzyme and Tango Buffer at 37°C for
1, 10, 30, 45, and 60 min. Later, the reaction was terminated
by adding EDTA solution (100 mmol/L). This was followed
by washing, drying of resultants, and a subsequent dis-
solution in 200 uL ultrapure water. The naked shRNA
plasmid DNA (pDNA) was treated the same way and
served as a control. Finally, 5uL of each product was
electrophoresed.

2.83. DNA Release Capacity of the Complex.
GPC3-shRNA plasmids (10 4g) and MSN-PEG were mixed
to form a complex according to a mass ratio of 1:20. The
complex was made to a 500 yL volume by mixing with TE
solution. For AGE detection, 5uL of sample was taken
separately at 1, 4, 8, 12, 24, 48, 72, and 96 h.

2.9. MSN-PEG  Transfection  Efficiency  Detection.
MSN-PEG and GPC3-shRNA-EGFP plasmids were indi-
vidually dispersed in the DMEM culture medium. MSN-
PEG and GPC3-shRNA-EGFP plasmids were incubated at a
mass ratio of 20:1 for 30 min to make them mix sufficiently.

After HepG2 cells were cultured overnight, the medium
was replaced with the above mixture. The culture medium
was replaced by fresh DMEM after 5-h incubation. Ad-
ditional 24-h incubation sustained before harvesting cells.
Meanwhile, Lipofectamine 2000 transfection method,
which conducted according to the instruction, served as
comparison. The two methods’ transfection efficiencies
were observed using a fluorescence microscope and ana-
lyzed via FACSCalibur.

2.10. Quantitative Real-Time Polymerase Chain Reaction
(PCR) Analysis. Using MSN-PEG as a carrier, the GPC3-
shRNA plasmids and negative control were transfected into
the HepG2 cells, and 24 h later, cellular mRNA detection of
GPC3 was carried out by qRT-PCR. TRIzol reagent (Invi-
trogen, USA) was used to extract the cellular total RNA as per
the instructions of the manufacturer. One microgram of RNA
was reverse transcribed into cDNA using ReverTra Ace™
gPCR RT Master Mix (TOYOBO Biotech, Japan). The reac-
tion solution was subjected to 15-min incubation at 37°Cand a
subsequent 5-min heating to 98°C as per the instructions of the
manufacturer. The final step was qRT-PCR analysis on an
Applied Biosystems 7500 Real-Time PCR instrument (Thermo
Fisher, USA). The comparative Ct (2722 method was used
to calculate the relative fold changes of mRNA expression in
different groups. The primer sequences are as follows: GPC3
(Beyotime, China): 5'-CCTTTGAAATTGTTCGCCA-3'
(forward) and 5'-CCTGGGTTCATTAGCTGGGTA-3' (re-
verse); GAPDH (Beyotime, China): 5'-CATCTTCT-
TTTGCGTCGCCA-3'  (forward) and 5'-TTAAAA-
GCAGCCCTGGTGACC-3' (reverse).

2.11. Western Blotting. Total proteins from transfected and
untransfected HepG2 cells were extracted using RIPA
buffer (Vazyme Biotech, China). BCA assay (Beyotime,
China) was conducted to quantify the extracted total
proteins. For isolation of the protein samples, 12% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) was carried out followed by transfer to poly-
vinylidene fluoride membranes (0.45ym) with 300 mA
current for 90 min. After transfer, the membranes were
blocked in 5% BSA at ambient temperature for 1h and
then incubated overnight using rabbit antibodies against
GPC3 (Abcam, USA; diluted 1:1000) and a rabbit anti-
body against GAPDH (Sangon Biotech, China; diluted 1:
5000) as an internal standard at 4°C to normalize the
protein expressions. On the next day, the membranes were
further incubated using goat anti-rabbit IgG-HRP (San-
gon Biotech, China; diluted 1:5000) for 1h and then
subjected to protein visualization wusing enhanced
chemiluminescence (Vazyme Biotech, China). The G:BOX
Chemi XX9 imaging system (Syngene, UK) was used for
protein visualization.

2.12. Statistical Analysis. Quantitative variables were rep-
resented as the mean + standard deviation (x +s). P<0.05
was considered statistically significant. The data were



determined by one-way ANOVA analysis using GraphPad
Prism 8.0 software.

3. Results and Discussion
3.1. Characterization of Nanoparticles

3.1.1. Particle Size, Zeta Potential, and Morphological
Features. It was reported that nanocarriers have high drug
loading capacity, excellent tolerability, high stability, and low
drug degradation, which achieve controlled release and
sustained delivery of antineoplastics [26]. In this study,
TanlIA-loaded MSN-PEG nanoparticles were prepared, as
described previously. The DL and EE of MSN-TanIIA-PEG
nanoparticles were 9.32% and 93.13%, respectively.

Figures 2(a)-2(h) display the size distribution of the
particles, as well as the zeta potential of the MSN, MSN-
TanIIA, MSN-TanITA-PEG, and MSN-PEG. As suggested by
the results of DLS assessment, MSN has a hydrodynamic size
of 78 nm and a zeta potential of —36.0 mV. With the gradual
modification of the MSN nanoparticles with TanITA and PEI-
PEG, the MSN-TanlIIA and MSN-TanITA-PEG exhibited
increases in the hydrodynamic size separately to 90 nm and
117 nm. Besides, the surface charges of MSN and MSN-
TanIIA were -36mV and -30mV, indicating negative
charges. Interestingly, both MSN-TanIIA-PEG and MSN-
PEG had positive charges with values of 43.2mV and 47 mV,
respectively. This verified the negative-to-positive changes in
the surface charges of nanoparticles. The foregoing results
imply the successful modification of nanoparticles. Moreover,
the positive charges enabled formation of an electrostatic
complex by the carrier with shRNA, thereby protecting it
from nucleases and facilitating its cellular uptake [27].

TEM analysis was performed to elucidate the mor-
phology of the nanoparticles. According to the TEM mi-
crographs in Figures 2(i)-2(I), the majority of the
nanoparticles, regardless of modified or not, was about
50 nm in particle size, which had a regular spherical shape,
uniform particle size, and good monodispersity. The surface-
modified particles maintained the basic morphology. Ad-
ditionally, it was obviously observed that the surface mes-
oporous pores became blurred, and there was a white halo
on the nanoparticle periphery, which corresponded to the
surface modification with the polymer layer. It has been
reported that nanoparticles with a size of 100-200 nm can be
quickly eliminated from the blood by macrophages in the
RES after entering the circulation. In contrast, the nano-
particles 50-100 nm in size are capable of entering liver cells
and target drugs to the liver [2]. According to the EPR effect,
nanoparticles with particle size less than 100 nm can easily
pass through the interstices of the tumor tissue and thus
remain in the tumor tissue [28]. In the present study, the
prepared nanoparticle size was about 50 nm, which is in
accordance with the preparation requirements of particle
size between 50 nm and 100 nm.

3.1.2. In Vitro Drug Release. Some studies have demon-
strated that the entrapped drug release from the
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nanoparticles in a sustained manner extended the plasma
biological half-life for the natural compounds [29, 30]. For
effectiveness validation of the nanoparticles in drug de-
livery, the in vitro release of TanIIA from MSN-TanIIA
and MSN-TanlIIA-PEG was employed at various time
intervals (1, 2, 4, 6, 8, 12, 18, and 24 h), and the curve of
TanIIA release was plotted (Figure 2(m)). According to
the in vitro TanlIA release curve, both MSN-TanIIA and
MSN-TanlITA-PEG showed a typical pattern of two-phase
release. The TanIIA from MSN-TanITA and MSN-TanIIA-
PEG was initially released at a rapid rate with 71.89% and
59.7% in the first 6 h, which was denoted as incubation
period. From 7 to 24 h, the sustained release phase, the
cumulative release of the drug gradually increased. After
12 h, the release gradually decreased, which was followed
by the smooth release until 24 h. The sustained release
reached 97.27% and 97.95% at 24 h for MSN-TanIIA and
MSN-TanlIA-PEG, respectively. It was obviously seen
that the percentage of TanIIA release in MSN-TanIIA was
higher than that of MSN-TanIIA-PEG. The high burst
release of MSN-TanIIA may prevent drugs from reaching
to the target tissues or cells, thus making it less effective.
On the contrary, the sustained release of MSN-TanIIA-
PEG was more suitable for the drug release properties of
nanoparticles [31].

3.2. In Vitro Antitumor Activity

3.2.1. Cell Proliferation Inhibition Assay. The cell growth
inhibition effect was examined under various concentrations
of free-TanIIA, MSN-TanlIA, and MSN-TanIIA-PEG
(0-80 ug/mL) using the CCK-8 kit. The results revealed
increases in the growth inhibition rates of HepG2 cells in a
dose-dependent manner. The ICs, of free-TanIIA, MSN-
TanlIA, and MSN-TanlIA-PEG were 14.842 ug/mL,
9.298 ug/mL, and 6.959 ug/mL, respectively (Figure 3(a)),
while the blank nanoparticles (MSN-PEG) and DMSO had
no significant effects on the cells’ growth. Suggestively, the
slower and sustained TanIIA release from the MSN-TanIIA-
PEG led to reduced effective dose (ICs,) and obtained su-
perior therapeutic efficacy in vitro to the free-TanlIA for
HCC cells. Similar observations have also been reported by
Yang et al. [12] and Sun et al. [21], where IC5y of many
nanoparticles of natural products was lower than that of the
free products.

3.2.2. Cell Apoptosis Assays. Hoechst 33342 is typically used
for detecting cell apoptosis, and the principle is that it can
permeate apoptotic cellular membranes freely, and that
apoptotic cells can be identified by the bright blue-stained
nuclei that are either condensed or scattered [32]. The ap-
optotic cell nuclei exhibit a high intensity of fluorescence,
while weak fluorescence is noted in the nonapoptotic cells
[33]. To evaluate the apoptosis of HepG2 cells induced by
MSN-PEG, free-TanlIA, MSN-TanlIA, and MSN-TanIIA-
PEG, the cellular nuclei were stained using Hoechst 33342
followed by fluorescence microscope evaluation. Compared
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Cumulative drug release curve in vitro.

with the intact control nuclei, the cells intervened with
MSN-PEG showed little difference, while the cells inter-
vened with free-TanITA, MSN-TanlIIA, and MSN-TanIIA-
PEG all exhibited nucleus shrinkage and were stained bright
blue or showed debris-like lobulation of nuclei (Figure 3(b)).
However, within similar sized fields, there were more ap-
optotic cells in the MSN-TanIIA-PEG group than in the free-
TanIIA and MSN-TanlIA groups. This observation is con-
sistent with a previous finding that noisome-coated TanIIA
could enhance the apoptosis of HepG2 cells [2].
Subsequently, HepG2 cells intervened with MSN and
TanlIIA were doubly stained with Annexin V-Alexa Fluor
647 plus PI, and then the cell apoptosis induced by inter-
vention was determined by flow cytometry. As shown in
Figure 3(c), the control cells exhibited an exceptionally low
apoptosis rate, which was only 8.26 +2.83%. In contrast, the
cell apoptosis induced by MSN-PEG, free-TanIIA, MSN-
TanlIA, and MSN-TanIIA-PEG amounted to 12.81 + 3.40%,
18.92 £3.55%, 30.63+4.09%, and 38.68+6.57%, respec-
tively. Obviously, the cell apoptosis induced by MSN-
TanlITA-PEG was far stronger than that induced by other
methods (P <0.05). The finding was consistent with the

result of Hoechst 33342 staining assay. Moreover, the ap-
optotic results coincided with the cell proliferation inhibi-
tion data as well.

3.2.3. Cell Cycle Assay. Following the verification of cell
apoptosis effect induced by MSN-TanlIA-PEG, flow
cytometry was utilized to analyze the variation trends of
HepG2 cell distribution by the MSN-PEG, free-TanlIA,
MSN-TanlIA, and MSN-TanlIA-PEG over the cell cycle
phases. According to Figure 3(d), the MSN-TanIIA-PEG
intervention group showed an increased GO/G1 phase cell
population compared with the control group, which was also
more significant than the MSN-PEG, free-TanlIA, and
MSN-TanlIIA intervention groups. This finding suggested
that nano-TanIIA intervention could affect the arrest of cell
cycle at GO/G1, the phases of DNA replication [34]. In other
words, MSN-TanIIA-PEG prevented the duplication of
DNA, diminished the S phase cell proportion during DNA
synthesis, and inhibited the G2/M phase accumulation of
cells. As a result, HepG2 cells’ growth and proliferation were
effectively suppressed.
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FIGURE 4: Identification of GPC3-shRNA plasmids and MSN-PEG. (a) GPC3-shRNA sequencing comparison results. (b-d). Binding,
digestion, and release of MSN-PEG with GPC3-shRNA plasmid. (b) Electrophoresis image of MSN-PEG with various mass ratios after
binding with GPC3-shRNA plasmids. (c) Electrophoresis image of the release experiment of MSN-PEG/GPC3-shRNA complex.
(d) Electrophoresis image of the digestion protection experiment of MSN-PEG/GPC3-shRNA complex.

This finding is consistent with the previous research
showing the ability of TanlIA to arrest cells at the G0/G1
checkpoint in a dose-related manner [35, 36]. It also agreed
with the finding of another study demonstrating a differing
effect of the drug-entrapped nanoparticles on the distri-
bution of cell cycle from the free-form drug [37]. However,
the effect of TanIIA on the cell cycle distribution remains
controversial. Some studies observed that TanIIA could
arrest cells at the S/G2 phases [37, 38]. After HepG2 cells
were intervened with MSN-TanIIA-PEG, the GO/G1 phase
cell distribution increased, while the proportion of S and G2/
M phase cells decreased, which remains to be further
explored.

3.2.4. Cell Invasion Ability Assay. To explore the role of
TanlIA in the HCC development, the transwell experiment
was employed to examine how TanIIA affected the HepG2
cell invasiveness. Similar to the above outcomes, TanIIA
showed remarkable suppression of cell invasion. The cell
invasion inhibition rate of the free-TanIIA group was
35.95+8.98%, which was higher than MSN-PEG group’s
20.17 + 8.54% (Figure 3(e)). Compared with the free-TanIIA
group, the cell invasion inhibition rate in nano-TanlIA
groups (MSN-TanlIA: 59.66+5.09% and MSN-TanlIA-
PEG: 71.61 + 2.58%) was significantly increased. As shown in
Figure 3(e), HepG2 cells intervened with MSN-TanIIA-PEG

exhibited higher cell invasion inhibition rates than other
counterparts. These results indicated that MSN-TanlIA-PEG
has the strongest cell invasion inhibition effect on HepG2
cells.

Taken together, our findings suggested that MSN-
TanIIA-PEG could suppress HCC cell growth and invasion
and promote apoptosis, which may exert a crucial effect on
the HCC progression. However, the specific mechanism still
needs further verification by molecular biology experiments.

3.3. Identification of GPC3-shRNA Plasmid. The presence of
correct clones was identified by sequencing comparison,
which implied that the GPC3-shRNA plasmids were con-
structed successfully (Figure 4(a)).

3.4. Binding, Release, and Digestion of MSN-PEG with GPC3-
shRNA Plasmids. Gene therapy targeting GPC3 holds a
tremendous potential for HCC treatment, especially the
RNAI therapy. The primary difficulty in its clinical appli-
cation is still the safe and eflicient design of delivery carriers.
Inspiringly, PEG, a neutral and hydrophilic polymer, has
been used widely, which helped lower the cytotoxicity and
extend the circulation time. Moreover, there has also been a
broad application of positively charged PEI owing to its high
DNA condensing and transfection efficiencies [20, 39]. The
ability of plasmid binding onto MSN-PEG and the capacities
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FIGURE 5: Evaluation of MSN-PEG gene transfection efficiency. (a) The transfection efficiency observed using a fluorescence microscope.
(b) The transfection efficiency detected by flow cytometry. (c) GPC3 mRNA expression of transfected HepG2 cells detected by quantitative
real-time PCR. (d) GPC3 protein expression of transfected HepG2 cells examined by Western bloting ((a) Protein bands. (b) Quantitative
statistical results according to the protein bands). (**P <0.05 vs. the transfected with negative control plasmid group and untransfected

group).

of DNA digestion protection and release were identified by
gel retardation assays. As seen from electrophoresis image,
when plasmids were added at mass ratios (GPC3-shRNA to
MSN-PEG) of 1:0, 1:5, and 1:10, a clear band was ob-
servable in the corresponding lane. When the mass ratio was
1:20, no band could be observed (Figure 4(b)), indicating
that GPC3-shRNA plasmids could be completely loaded
onto the nanoparticles, so that the optimal binding ratio was
1:20.

Electrophoresis of release assay revealed that no DNA
band was observed at 1, 4, 8, 12, or 24 h. Nevertheless, the
brightness of the electrophoretic band increased within 48
and 72 h, and there was no significant difference between the
3rd and the 4th day, indicating that MSN-PEG was capable
of protecting the pDNA from degradation and reasonably
releasing pDNA under appropriate conditions (Figure 4(c)).

In order to observe the stability of the nanoparticle/
pDNA complex, the DNase-I digestion experiment was
performed. After the complex of MSN-PEG/GPC3-shRNA
was added with DNase-I enzyme, the brightness of the
electrophoretic band remained stable in the first 1 h. On the
contrary, after digestion with DNase-I enzyme, the naked
pDNA was almost completely digested within 1 min, and no

bands could be seen on the electrophoresis lane, verifying
that nanoparticles could effectively protect the pDNA from
nuclease digestion (Figure 4(d)).

3.5. Evaluation of MSN-PEG Gene Transfection Efficiency.
Using MSN-PEG as a carrier, the GPC3-shRNA-EGFP
plasmids were transfected into HepG2 cells for the trans-
fection efficiency observation of GPC3-shRNA plasmids
under a fluorescence microscope. As the EGFP expression
indicated, no obvious difference was observed in transfec-
tion efficiency between MSN-PEG and Lipo2000 in the
HepG2 cells (Figure 5(a)). Besides, the transfection efficiency
of MSN-PEG was 34.37+1.06% as analyzed by flow
cytometry, with no significant difference from the liposome
group’s 31.78 £1.30% (Figure 5(b)). As suggested by the
foregoing findings, MSN-PEG has an encouraging potential
as a gene-transferring carrier in gene therapy.

HepG2 cells were transfected with GPC3-shRNA via
MSN-PEG for 24h, and then GPC3 gene expression was
examined by qRT-PCR combined with Western blotting. It
was found that GPC3 mRNA expression in the untrans-
tected (control) group differed indistinctly from that in the
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negative control (NC) group, although they were both
higher than that in the GPC3-shRNA plasmid-transfected
group (Figure 5(c)). Correspondingly, the expression level of
GPC3 protein was reduced after GPC3-shRNA plasmid
transfection, as shown in Figure 5(d). This further confirms
the successful establishment of GPC3-shRNA plasmids and
the workability of using MSN-PEG to transfer target gene in
gene therapy. In a word, it offered a new idea of using MSN-
PEG as a vector to carry TanIIA and GPC3-shRNA for
comprehensive treatment of HCC in clinics.

4. Conclusion

In this study, MSN-TanIIA-PEG with favorable dispersity and
biological characteristics was successfully prepared. The anti-
tumor efficacies of nano-TanlIIA on HCC in vitro were greatly
improved, which outperformed free-TanIIA in terms of pro-
liferation and invasion inhibition, and apoptosis induction of
HCC cells. Capable of releasing TanIIA into carcinoma cells in
a sustained manner, this formulation may be an appropriate
candidate for pharmacological application. Nonetheless, the
specific mechanism still needs to be further explored, and its
efficacy and safety deserve more in vivo investigations before
clinical trials. Additionally, GPC3-shRNA plasmids were
successfully constructed, and MSN-PEG showed an excellent
gene transfection efficiency and may thus serve as a carrier for
gene therapy. The findings of this study also offer a novel idea
for HCC treatment, where MSN-PEG is used as a carrier to
combine TanIIA together with GPC3-shRNA.
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Osteoarthritis, a highly age-related and chronic inflammatory disorder with cartilage loss, causes patients difficultly in movement;
there is no efficient and sustainable remedy for osteoarthritis currently. Although hyaluronic acid (HA) and platelet-rich plasma
(PRP) have been used to alleviate osteoarthritis, the effects could be short and multiple injections might be required. To address
this issue, we exploited the property of chitosan to encapsulate recombinant human epidermal growth factor and obtained
microencapsulated thEGF (Me-rhEGF). In the current study, we induced the osteoarthritis-like symptoms with monosodium
iodoacetate (MIA) in rats and investigated the therapeutic effects of Me-rhEGF. Following administration of HA/Me-rhEGF in
vivo, we observed that the total Mankin scores, cartilage oligomeric protein, C-telopeptide of type II collagen, IL-183, IL-6, IL-17A,
and TNF-« cytokines, nitric oxide, and prostaglandin E2 expressions were significantly inhibited. Our results also strongly
indicate that individual use of HA or rhEGF slightly decreased the inflammation and restored the destructive joint structure, but
was not as drastic as seen in the HA/Me-rhEGF. Moreover, HA/Me-rhEGF profoundly reduced cartilage destruction and
proteoglycan loss and downregulated matrix metalloproteinase expressions. These findings reveal that the treatment of HA/Me-
rhEGF could be more beneficial than the use of single HA or rhEGF in reliving osteoarthritis and demonstrate the therapeutic
application of microencapsulation technology in difficult joint disorders. In essence, we believe that the Me-rhEGF could be
promising for further research and development as a clinical treatment against osteoarthritis.

1. Introduction

Osteoarthritis (OA) is a chronic, inflammatory, and degen-
erative joint disease, resulting in progressive cartilage damage.
OA ultimately leads to cartilage loss, osteophyte formation
(bone spurs), and bone thickening which in turn results in
remodeling of affected joints. OA is more likely associated
with patients that are elderly or obese. Estimably, there could
be as high as 10-20% of people aged over 65 afflicted by OA
[1]. At the age of 65, proteolytic enzyme levels increase in joint

tissues, subsequently resulting in degradation of the structural
proteins of cartilage. Examples of such structural proteins
include type II collagen and cartilage oligomeric matrix
protein (COMP). Excess body weight debilitates the strength
of joints, exacerbating the inflammatory condition [2]. Pa-
tients with OA could present symptoms with pain and joint
swelling in the spine, ankles, hips, or knees. The primary
therapeutic approach to treat OA is almost exclusively
through pain management via administration of nonsteroidal
anti-inflammatory drugs (NSAIDs) or acetaminophen.
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However, such therapy does not successfully improve the
symptoms or slow the progression of the disease [3].

In response to the lack of effective treatment, new remedies
have been investigated for administration to OA patients, such
as hyaluronic acid (HA). In 1997, the US Food and Drug
Administration approved the use of HA by intra-articular
injection to treat OA patients [4]. HA is one of the major
components of synovial fluid. Additional supplement of HA
can increase viscoelasticity and reduce the friction in joint
tissues, attributing to the alleviation of inflammatory condi-
tion. However, the effect of HA injection may only persist for a
number of weeks [5]. While a study in 1970 indicated that
removing the HA from synovial fluid barely affected the joint
lubrication [6]; visco-supplement injection might still be
beneficial to OA patients with mild anti-inflammatory and
placebo effects [7]. However, viscosity added by HA solution
would eventually decrease to the level where lubricating
property was lost, akin to the viscosity of water [8, 9].

Injection of growth factors, particularly platelet-rich
plasma (PRP), has then been widely investigated as an al-
ternative treatment of OA. However, due to the non-
standardized methods for PRP preparation and the various
physiological conditions of individuals, such as comorbidities,
age, and circulation, the effect of PRP is inconsistent and
debatable. PRP contains multiple growth factors, including
tissue growth factor-f (TGF-f3), insulin-like growth factor-1
(IGF-1), platelet-derived growth factor (PDGEF), vascular
endothelial growth factor (VEGEF), fibroblast growth factor
(FGF), and hepatocyte growth factor (HGF) in addition to
various cytokines, chemokines, and coagulation factors [10].

Among these growth factors, ligands of EGF receptor
(EGFR) play an important role in protecting joint tissues
from OA. EGF, as a ligand of EGFR, has been shown to be
abundant in normal cartilage tissues [11]. However, direct
and prompt injection of EGF to chronic inflammation in
joint tissues could not be a feasible therapeutic approach
due to the short half-life of EGF [12]. Therefore, a sus-
tained and localized delivery of EGF in a spatial-tem-
porally fashion is needed as a potential treatment of
osteoarthritis.

Microencapsulation of a given drug with chitosan has
been demonstrated to be a feasible delivery approach in
nanomedicine. Chitosan could be obtained from
chemical treatment of sodium hydroxide or enzymatic
deacetylation [13, 14]. Chitosan-based delivery is par-
ticularly suitable for local administration, such as
bronchitis or virginal mucosa as well as dermis [15].
Moreover, the chitosan-formed nanoparticles can be
adjusted in size, ranging from 10-1000 nm [16, 17], and
improve the bioavailability for water-insoluble natural
products, such as flavonoids [18]. Here, we utilized
polysaccharide-based chitosan to encapsulate rhEGF,
supposed to prevent the degradation of rhEGF following
administration in vivo and investigated the benefits of
microencapsulation of rhEGF with HA as an excipient
could be a novel approach in alleviation of OA. Ulti-
mately, we attempted to demonstrate potential appli-
cations of bioactive components via this encapsulation
technology.
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2. Material and Methods

2.1. Preparation of Chitosan-Microencapsulated Recombinant
Human Epidermal Growth Factor (Me-rhEGF). Chitosan
was generated from deacetylation of chitin followed by
protonation of amino acid groups in an acidic environment
[14]. thEGF was added to the chitosan solution with pH
4.6-6, and then the solution was adjusted to pH 6-8.
Protonated chitosan became water-soluble and easily
interacted and stabilized with the negatively charged rhEGF
to form particles (provided by GoodCare-Biotech, Ltd.,
Taipei, Taiwan, and patented by JOYCOM BIO-CHEM Co.,
Ltd.) [19, 20].

2.2. Animals. Six-week-old male Sprague-Dawley rats,
weighted from 200 to 300 g, were purchased from the Na-
tional Laboratory Animal Center (Taipei, Taiwan) and
maintained in the National Chung Hsing University
(NCHU) Animal Experiment Research Center following the
guide for the care and use of laboratory animals. These
animals were provided with sterilized and unlimited chow
and water and the experimental protocol was approved by
the IACUC of NCHU (Approval no. 107-011).

2.3. Induction of OA and Treatments. Monosodium iodoa-
cetate (Sigma, St. Louis, MO, USA) was used to induce OA as
described previously [21]. In brief, 1.5 mg of monosodium
iodoacetate was dissolved in 30 uL of 0.9% saline followed by
a single intra-articular injection into the right knee joint per
mouse; control mice were given a single injection of 0.9%
saline. Treatments, HA, rhEGF, or HA/Me-rhEGF were also
given to each group of rats (n=5) on day 3 and 14 of the
experiment duration via intra-articular administration
within two weeks after injection of monosodium iodoace-
tate. Physiological and pathological changes were examined
and determined by 4™ week after injection of monosodium
iodoacetate (Figure 1).

2.4. Pathological and Histological Analyses of Joint Tissues.
The sizes and microstructure of joint tissues were measured
or examined with a calibrated digital caliper (Mitutoyo,
Kawasaki, Japan) and hematoxylin and eosin (H&E)
staining, respectively. Briefly, tissue sections were prepared
following the sacrifice on the 4™ week. 5 micron sections of
paraffin-impregnated tissues were subjected to H&E staining
or safranin O-fast green staining (Sigma, St. Louis, MO)
followed by examination of tissue structure and graded using
a modified Mankin scoring system [22]. The final scores
correlated with higher joint tissue destruction.

2.5. Analyses for Serum Biomarkers. Rat blood was collected
at 4 weeks after rats were sacrificed. Rat blood samples were
centrifugated at 1500 x g for 10 min to obtain serum. The
concentrations of nitric oxide (NO) were determined by
Griess assay to quantify the oxidation product of NO, nitrite
[23]. Briefly, 100 uM of sodium nitrate and Griess reagent
(equal volumes of 2% sulfanilamide and 0.2% N-(I-
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FIGURE 1: Schematic illustration of experimental design.

naphthyl)ethylenediamine dihydrochloride) were added to a
well in a 1:1 ratio followed by incubation for 10 min at room
temperature and measurement at 540nm by an ELISA
reader.

Prostaglandin E2 (PGE2; Cusabio, Biotech, Wuhan,
Hubei, China), proinflammatory cytokines, including IL-1p,
IL-6,1L-17A, and TNF-« (Thermo Fisher Scientific, Waltham,
MA, USA), and cartilage degeneration mediators, cartilage
oligomeric matrix protein (COMP) (Cusabio), and c-terminal
cross-linked telopeptides of type II collagen (CTX-II) (Life-
span Biosciences Corporations, Seattle, WA, USA) were
determined by indicated ELISA kits. 100 L of diluted serum
(50 uL/well for PGE2 kit) was added to wells coated with
capture antibodies and blocked with 5% BSA blocking bufter
for 2 hrs followed by washing with PBS-T buffer (0.5% Tween-
20 in PBS), 100 uL/well biotinylated detection antibody for
1h, and 100 uL/well Avidin-HRP for 30 min at room tem-
perature. Finally, 100 uL/well TMB substrate was used to
develop the colorimetric reaction which lastly measured by an
ELISA reader at 450 nm after the reactions were terminated by
ELISA stop solution (100 yL/well of 0.16 M sulfuric acid).

2.6. Western Blot Analysis. The homogenates of rat cartilages
were centrifuged twice at 12000 x g for 15min at 4°C to
isolate supernatant followed by quantification using a BCA
Protein Assay Kit (Bio-Rad, Hercules, CA) and western
blotting as described previously [24]. In brief, protein lysates
were separated by SDS-PAGE and transferred to poly-
vinylidene fluoride (PVDF) membranes. The membranes
were incubated with a blocking buffer (5% nonfat milk in Tris-
buffered saline and Tween-20) followed by incubating with
the following antibodies at 1:1000 dilutions: iNOS, COX-2,
MMP-3, MMP-7, and GAPDH (all from Abcam, Cambridge,
MA, USA) for overnight at 4°C. A 1:1000 dilution of goat-
anti-rat IgG-conjugated with horseradish peroxidase (HRP;
cat. no. 111-35-114; Jackson ImmunoResearch Laboratories,
West Grove, PA, USA) secondary antibody was added to
membranes for a 1-hour incubation. Protein detection was
performed using an ECL Western Blotting Substrate Kit (ECL
Prime Western Blotting Substrate; GE Healthcare Life Sci-
ences, Piscataway, NJ, USA) and by imaging using the Hansor
Luminescence Image System (Taichung, Taiwan). All the
densitometric analysis for western blotting results was con-
ducted using Image] v1.47 (Bethesda, MD, USA).

2.7.  Prediction of Protein-Protein  Interaction.
Osteoarthritis-related proteins (DOID: 8398) were extracted
from Human Disease Ontology database (https://disease-

ontology.org/) via R package “Dose.” Protein-protein in-
teractions network was constructed by R package
“STRINGdAb” and “Cytoscape” with interaction score =0.9.

2.8. Statistics. All data were plotted as mean + SEM unless
stated elsewhere. The statistical significance between groups
was defined as P value <0.05 using the student’s t-test or
one-way ANOVA with subsequent Tukey’s HSD test with
Prism v8.4 (GraphPad Inc., La Jolla, CA, USA).

3. Results and Discussion

By applying the microencapsulation technology mentioned
earlier, we obtained the microencapsulated rhEGF for the
entire study. Before ensuring the integrity structure of
rhEGF, we utilized transmission electron microscope (TEM)
to visualize the microencapsulated rhEGF. As shown in
Figure 2, these microspheres were well-preserved in the
polysaccharide (chitosan) shell with the sizes around dozens
of nanometers, ranging from 50-200 nm.

We then prompted to determine whether HA, rhEGF, or
HA/Me-rhEGF could elicit any protective effects to ame-
liorate osteoarthritic symptoms in an animal model; we
utilized monosodium iodoacetate (MIA), a selective in-
hibitor of glyceraldehyde-3-phosphate dehydrogenase, to
induce osteoarthritis-like symptoms on rats. On 14 days of
administration of MIA, animals exhibited swollen knees
(Figure 3(a); MIA group). This was characterized with the
pathological changes in the tissue microstructures, including
clefts and irregular surfaces, a loss of proteoglycan (safranin-
O staining) and cartilage, and elevated total Mankin scores
(Figures 3(b) and 3(c); MIA group). Individual use of HA or
rhEGF reduced the severity of OA in rats, but not signifi-
cantly. The administration of HA/Me-rhEGF, in contrast,
resulted in drastic decreases of knee swelling and stymied
overall OA symptoms (Figures 3(a)-3(c); HA/Me-rhEGF
group), demonstrating the protective effects of combined
treatment with HA/Me-rhEGF.

Levels of cartilage oligomeric protein (COMP) and
C-telopeptide of type II collagen (CTX-II) in circulation are
highly associated with the cartilage degradation and path-
ogenesis of OA [25]. Keeping this in mind, we quantified the
concentrations of COMP and CTX-II in rat serum by ELISA.
Levels of COMP among groups corresponded to the severity
seen in histological evidences. On the other hand, the cir-
culating level of CTX-II in rhEGF treatment group was
barely inhibited and was not suppressed as effectively as seen
in groups treated with only HA or HA/Me-rhEGF
(Figure 3(d)). To further pin down the downstream protein
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FIGURE 2: Image of chitosan-microencapsulated rhEGF from transmission electronic microscope (TEM).
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FiGure 3: Effects of HA, rhEGF, and HA/Me-rhEGF on MIA-induced OA rats. (a) Sizes of knee joints measured by a knee diameter, and (b)
joint lesions, including destructive tissue structure, chondrocyte and cartilage loss, and total Mankin grades, were examined and are
presented as mean + SEM. (c) Representative images of histological alterations in the knee joints as indicated by H&E staining and safranin
O/fast green staining. (d) COMP and CTX-II in serum were measured by ELISA as cartilaginous degradation indicators (mean + SEM from

three independent experiments).

expressions which could be related to osteoarthritis and
prominently influenced by our designated treatments, HA,
rhEGF, or HA/Me-rhEGF, we constructed the protein-
protein interaction network following extraction of osteo-
arthritis-related proteins from Human Disease Ontology
database. As highlighted in Figure 4, the inflammatory
mediators, cytokines, and matrix metalloproteinases
appeared to be worthwhile for further examinations.

As such, we investigated whether osteoarthritic inflam-
mation was also alleviated by the treatments by examining the
proinflammatory mediators and cytokines, such as prosta-
glandin E2 (PGE2), nitric oxide (NO), IL-1f, IL-6, TNF-q,
and IL-17A. The data shown in Figure 5(a) were consistent
with the histopathological changes shown in Figure 3 where
the treatment of HA/Me-rhEGF reduced the circulating levels
of proinflammatory mediators significantly. Despite the
similar trends, the treatment of HA or rhEGF did not sig-
nificantly result in lowered levels of proinflammatory cyto-
kines, as was seen in combinational treatment.

Next, we evaluated the inflammatory mediators,
particularly nitric oxide (NO) and prostaglandin E2
(PGE2) in serum and the changes of corresponding up-
stream signaling pathways via ELISA and western blot,
respectively. Our data indicated that concentrations of

NO and PGE2 in osteoarthritic rats were remarkably
increased. In comparison, the individually administered
HA or rhEGF specimens displayed a slight reduction of
inflammatory mediators, and HA/Me-rhEGF treatment
still showed the most significant reduction of afore-
mentioned inflammatory mediators (Figure 5(b)).
Moreover, the expressions of inducible nitric oxide syn-
thase (iNOS) and cyclooxygenase-2 (COX-2) responsible
for generation of NO and PGE2, respectively, were also
downregulated in the cartilaginous tissues (Figure 6(a)).
These data were consistent with the data obtained from
ELISA. Our results suggest that HA/Me-rhEGF was effi-
ciently able to reduce the inflammation in osteoarthritic
rats.

Finally, we attempted to examine the protein levels of
matrix metalloproteinase (MMPs) which could be closely
associated with the pathogenesis of OA and some of them
are known as therapeutic targets for OA [26, 27]. As our
results show, the expression of MMP-3 and MMP-13 in OA
rats was profoundly upregulated and, surprisingly, the ad-
ministration of HA or rhEGF independently did not di-
minish levels of MMP-3 and MMP-13. However, the
treatment of HA/Me-rhEGF reduced the level of MMP-3
remarkably as well as MMP-13 to some extent despite not
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FIGURE 4: Prediction of osteoarthritis-related protein-protein interaction. The proteins were extracted from Human Disease Ontology
database and the network was constructed by R packages. Color red designates inflammatory responses; yellow indicates the inflammatory
mediators; green means osteoarthritis indication-related proteins; and blue means MMP cascade.
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FiGgure 5: Continued.
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F1GURE 5: Inflammatory cytokines in circulating serum. The levels of (a) IL-1f, IL-6, TNF-q, and IL-17A and (b) inflammatory mediators,

prostaglandin E2 (PGE2), and nitric oxide (NO) in serum samples were measured by ELISA or Griess reaction (NO) with or without
treatments of HA, rhEGF, or HA/Me-rhEGF. Data are expressed as mean + SEM from the three independent experiments.
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Fi1GURE 6: Effect of treatments on inflammatory mediators and MMPs in cartilaginous tissues. The expressional levels of (a) iNOS and COX-
2 and (b) MMP-3 and MMP-13 were determined by western blot analyses in joint homogenates. GAPDH was used as a loading control, and
protein expressions were quantified by Image] software and normalized based on GAPDH expression. Data are expressed as mean + SEM

from the three independent experiments.

significantly (Figure 6(b)), suggesting the administration of
HA/Me-rhEGF could efficiently alleviate the MIA-induced
OA through inhibition of MMP cascade.

Overall, our results indicate that direct administration of
HA or rhEGF via intra-articular injection could partially
ameliorate the pathological indexes of osteoarthritis induced
with MIA, such as inflammatory mediators, NO and PGE2,
and proinflammatory cytokines, but a significant effect was
achieved upon treating with HA and chitosan-micro-
encapsulated rhEGF. In addition to the combinational ef-
ficacy, we demonstrated that the two dosages of HA/Me-
rhEGF prolonged the therapeutic duration in the MIA-in-
duced OA model (Figure 3) compared to previous studies
where at least three times of HA injections were required to
observe the symptomatic alleviation in OA rats [28, 29],
signifying the possibility to reduce the revisiting frequency
for OA patients.

Despite the benefits of HA administration in OA, we
observed that the HA combined with rhEGF were far
more effective to stymie the arthritic symptoms. CD44 was
shown to be the receptor of HA [30] and the expression
level of CD44 on the articular cartilage was also highly
associated with the severity of OA [31]; the binding of
CD44 and HA inhibited the release of interleukin-1f and
MMPs, including MMP-3 and 13 (Figures 5(a) and 6(b))
[32]. Despite potential benefits of HA, it is noted that HA
alone is not able to substantially improve the lubricating
condition in a joint cavity [6, 7, 9]. The lubrication effect
mainly comes from the aggregation of glycoprotein in the

extracellular matrix (ECM) [33], where EGF serves as a
core protein to facilitate the glycoprotein aggregation in
the joint cavity. In fact, such glycoprotein aggregations
require the interaction between HA and EGF, which could
further be cross-linked with fibulins in ECM and ulti-
mately form protein-glycosaminoglycan complexes to
provide necessary lubrication and harmonious physical
status in joint tissues [34, 35]. Hence, HA and rhEGF
could synergistically facilitate the improvement of OA
conditions.

In conclusion, OA is a chronic inflammatory disease
that is difficult to be completely treated. However, our
study provides insight and promising results for the
prompt delivery of HA/Me-rhEGF. Our novel thera-
peutic approach ensures a steady and consistent release of
rhEGF coordinating with HA to ameliorate the symptoms
of MIA-induced OA in rats. That is evidenced by sig-
nificantly reduced inflammatory cytokines and media-
tors. Overall, chitosan-microencapsulated rhEGF
exhibited higher stability in preservation and provided
better anti-inflammatory effect than nonencapsulated
rhEGF. As a result, we believe that this HA/Me-rhEGF
has promising potential as an OA treatment in the clinical
field.
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