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Preparation of docetaxel-loaded, glycyrrhetinic acid-modified
nanoparticles and their liver-targeting and antitumor activity
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Abstract. Liver cancer is one of the most common malignan-
cies worldwide and poses a serious threat to human health.
The most important treatment method, liver cancer chemo-
therapy, is limited due to its high toxicity and poor specificity.
Targeted drug delivery systems have emerged as novel thera-
peutic strategies that deliver precise, substantial drug doses to
target sites via targeting vectors and enhance the therapeutic
efficacy. In the present study, glycyrrhetinic acid-modified
hyaluronic acid (GA-HA) was used as a carrier for the model
drug docetaxel (DTX) to prepare DTX-loaded GA-HA
nanoparticles (DTX/GA-HA-NPs). The results indicated
that the DTX/GA-HA-NPs exhibited high monodispersity
(particle dispersity index, 0.209+0.116) and desirable particle
size (208.73+£5.0 nm) and zeta potential (-27.83+3.14 mV). The
drug loading capacity and encapsulation efficiency of the NPs
were 12.59+0.68 and 85.38+4.62%, respectively. Furthermore,
it was determined that FITC-GA-HA was taken up by cells and
distributed in the cytoplasm. DTX and DTX/GA-HA (just the
DTX delivered by the nanoparticle) aggregated and altered the
structure of cellular microtubules. Compared with DTX alone,
DTX/GA-HA-NPs had a stronger inhibitory effect on HepG2
cell proliferation and promoted apoptosis of HepG2 cells. All
experimental results indicated that DTX/GA-HA-NPs were
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successfully prepared and had liver-targeting and antitumor
activities in vitro, which provided a foundation for future
in vivo studies of the antitumor effects of DTX/GA-HA-NPs.

Introduction

Liver cancer, which includes primary and secondary liver
cancer, is one of the most common malignancies (1-3).
Over the past few decades, the incidence of liver cancer has
significantly increased due to a lack of effective therapeutic
strategies, and the incidence and mortality of liver cancer
are the fifth and third highest, respectively, of all cancers (4).
Hepatocellular carcinoma (HCC), a type of primary liver
cancer, has a mortality rate of 51%, making it one of the dead-
liest malignancies worldwide. Chemotherapy is currently the
most common treatment for HCC, apart from surgical resec-
tion. However, most chemotherapy drugs have high toxicities
and poor specificities to cancer cells, leading to immune
system damage (5). Therefore, novel HCC treatment strategies
are urgently required. Nanoparticle (NP)-based targeted drug
delivery has been rapidly developed as a novel therapeutic
strategy for diagnosing and treating tumors. Such NP-based
systems selectively deliver chemotherapy drugs to tumor sites,
increase the concentration of drugs at tumor sites and prolong
drug half-lives (6). They also mitigate side effects by reducing
dosages of chemotherapy drugs to achieve the same thera-
peutic goals. Numerous receptors mediate active liver-targeted
drug delivery for the treatment of liver cancer, including the
asialoglycoprotein receptor (7), glycyrrhetinic acid (GA)
receptor (GA-R) (8-10), hyaluronan (HA) receptor (11-13) and
folate receptor (14,15).

GA is a pentacyclic triterpenoid obtained from the roots of
Glycyrrhiza glabra L. (16). Numerous studies have indicated
that GA specifically combines with the GA-R widely expressed
on the surface of liver parenchymal cells. Furthermore,
liver tumor tissues possess 1.5-5-fold more GA-R than adja-
cent normal liver tissues (17). Thus, a GA-functionalized
NP system possesses strong liver cell targeting and liver
distribution characteristics. HA is a natural hydrophilic acid
mucopolysaccharide that consists of repeating disaccharides
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of D-glucuronic acid and N-acetyl-D-glucosamine and may
specifically combine with CD44, which is highly expressed on
certain cells, including tumor cells, dendritic cells and certain
epithelial cells (18). In addition, HA has excellent biological
properties, such as biological compatibility, biodegradability
and low toxicity (19). Therefore, HA is an ideal carrier polymer
in the construction of NPs for the targeted delivery of drugs.
Numerous studies have indicated that GA-functionalized hyal-
uronic acid NPs selectively target liver tumor tissue and liver
cancer cells and reduce adverse reactions when loaded with
antitumor drugs, such as doxorubicin (DOX), paclitaxel (PTX)
and 5-fluorouracil (20-22).

Docetaxel (DTX), a member of the taxane family, is a
semi-synthetic analogue of PTX and a microtubule depoly-
merization inhibitor (23). It inhibits tumor cell proliferation
and exerts its antitumor effects by preventing mitosis. DTX
is a front-line, standard-of-care chemotherapeutic drug for
the treatment of several cancer types, including liver, ovarian,
breast (24), prostate, bladder, gastric and non-small-cell lung
cancers (25,26). Furthermore, previous studies have suggested
that DTX reduces hepatocellular tumor size in nude mice
and inhibits the proliferation of HepG2 cells. However, DTX
has various disadvantages, such as low water solubility, poor
stability, hypersensitivity, hemolysis and toxic side effects (27).
These disadvantages limit its application to a certain extent.

The purpose of the present study was to assemble a
DTX-loaded carrier based on GA-modified HA (GA-HA) NPs
(DTX/GA-HA-NPs), examine the physicochemical proper-
ties of the NP system and assess its ability to deliver DTX to
HepG2 cells, a liver cancer cell line commonly used in liver
cancer research. The present study lays a foundation for novel,
effective HCC treatment strategies.

Materials and methods

Preparation of DTX/GA-HA NPs. GA-HA was prepared as
described in the previous literature (28). In brief, GA (1.41 g)
and 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpho-
linium chloride (DMT-MM) 0.967 g were stirred in 30 ml
methanol overnight at 25°C and thin layer chromatography
was used to monitor the formation of the product GA-ES.
After rotary evaporation, 30 ml ethylenediamine was added
and the mixture was stirred overnight at 25°C to obtain the
product GA-NH,. HA (60 mg) was dissolved in 10 ml distilled
water, and GA-NH, (28.43 mg) and an appropriate amount
of absolute ethanol (~0.3-0.4 ml) were added to dissolve the
components. Subsequently, DMT-MM condensing agent was
added and the mixture was filled into a pre-treated dialysis bag
for dialysis. After freeze-drying, a theoretical degree of substi-
tution of 10% GA-HA NPs was obtained in the freeze-dried
product.

DTX/GA-HA-NPs were prepared by an ultrasonic disper-
sion method in three steps. In brief, GA-HA-NPs (30 mg) were
dissolved in 5 ml formamide. DTX (6 mg) (Shanghai Aladdin
Bio-Chem Technology Co. Ltd.) was dissolved in 200 ul
ethyl alcohol and added dropwise to the GA-HA solution.
Subsequently, the mixtures were stirred at room temperature
(25°C) overnight and dialyzed against distilled water for
24 h. Finally, the DTX/GA-HA-NPs were sonicated with a
probe-type ultrasonicator ( working power was 5%; active

every 2 sec for a 3-sec duration) in an ice bath for 0.5 h and
then lyophilized with a lyophilizer.

Preparation of FITC-labeled GA-HA-NPs. The synthesis of
FITC-labeled GA-HA-NPs (FITC-GA-HA-NPs) was based on
the reaction between the isothiocyanate group of FITC and
the amino group of HA. FITC-GA-HA-NPs were prepared
by a dialysis method. The FITC-GA-HA copolymers were
synthesized via two steps. First, GA-HA-NPs (50 mg) were
dissolved in 10 ml mixture buffer solution (0.1 M Na,CO;,
0.1 M NaHCO;, pH 9.5). FITC (5 mg) was dissolved in
1 ml ethyl alcohol and added dropwise to the GA-HA solu-
tion. The mixtures were stirred at room temperature for
24 h. Subsequently, the FITC-GA-HA was dialyzed against
distilled water for 3 days and lyophilized. All procedures were
performed in the dark.

Particle size and zeta potential. The DTX/GA-HA-NPs were
then characterized. The particle size distribution and zeta
potential of DTX/GA-HA were determined using a Zetasizer
Nano ZS 90 laser particle analyzer (Malvern Panalytical).
Tests were performed three times to calculate average values.

Morphological characterization. A JEM1400 transmission
electron microscope (TEM; JEOL, Ltd.) was used to observe
the morphology of DTX/GA-HA-NPs. First, a drop of the
DTX/GA-HA-NP suspension was placed onto a super-thin,
carbon-coated copper grid. Subsequently, the grid was allowed
to dry at room temperature and was dyed with phosphotungstic
acid for 2 min. Finally, the grid was examined with the TEM.

Drug encapsulation efficiency (EE) and loading capacity (LC).
According to the requirements of the Chinese Pharmacopoeia
for the determination of DTX content, and with reference to
the literature (29-31), the content of DTX in DTX/GA-HA NPs
was determined by high-performance liquid chromatography
(HPLC; LC-2010; Shimadzu Corporation) with UV detection
at 232 nm. In brief, a standard curve of DTX at 232 nm was
drawn using octadecyl silane-bonded silica gel as the filler
and 0.043 mol/l ammonium acetate and acetonitrile (45:55) as
the mobile phase. A known amount of freeze-dried DTX-NPs
was dissolved in distilled water and diluted with methanol.
The amount of DTX was measured using the optical density
of the DTX/GA-HA-NPs at 232 nm. The EE and LC of
DTX were calculated according to the following equations:
EE (%) = (M,/M)) x100; and LC (%) = (M,/M)) x100, where
M!' is the initial weight of DTX, M, is the weight of DTX in
NPs and M, is the weight of lyophilized DTX/GA-HA-NPs.

In vitro drug release study. The in vitro release of DTX from
DTX/GA-HA was investigated using the dialysis diffusion
method (32-34) in PBS (pH 7.4). In brief, 5 ml of DTX/GA-HA
NPs was added to a dialysis bag (molecular weight, 3,500 Da).
The dialysis bag was kept in a conical flask containing 50 ml
PBS at 37+0.5°C with horizontal shaking (1.11 x g). At 0.5,
1,2,3,6,9, 12, 24 and 48 h, the release medium outside the
dialysis bag was replaced with fresh PBS and the removed
release medium was examined by HPLC. The concentration
of the released drug was determined from the absorbance
intensity of DTX at 232 nm.
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Cell culture. The human liver cancer cell line HepG2 was
purchased from the Chinese Typical Culture Preservation
Center (School of Life Sciences, Wuhan University) and the
human breast cancer cell line MCF-7 was acquired from
the Experimental Center at Weifang Medical University. All
cell lines were cultured using DMEM/high glucose medium
(Thermo Fisher Scientific, Inc.) containing 10% fetal bovine
serum (FBS; ExCell Bio) at 37°C in a cell incubator with
5% CO,.

The human liver cancer cell line HepG2 was authenticated.
An appropriate amount of HepG?2 cells (1x10°) was used to
extract DNA with Chelex100 resin (Bio-Rad Laboratories,
Inc.), 21 CELLID System (Sigma-Aldrich; Merck KGaA) was
used to amplify 20 short tandem repeat loci and sex identi-
fication sites, and an ABI3130x1 genetic analyzer (Applied
Biosystems; Thermo Fisher Scientific, Inc.) was utilized for
PCR product detection. Gene Mapper IDX software (cat.
no. A39978; Applied Biosystems; Thermo Fisher Scientific,
Inc.) was used to analyze the test results and compare them with
database Cellosaurus (https:/web.expasy.org/cellosaurus/).

In vitro cellular uptake. The liver-targeting ability of
GA-HA-NPs was evaluated with an in vitro cellular uptake
assay. The near-infrared fluorescent dye FITC was used as a
probe and observed by confocal laser scanning microscopy
(CLSM; TCS SP8; Leica Microsystems). First, HepG2 cells
and MCF-7 cells harvested in the exponential growth phase
were seeded in 6-well plates at a density of 2x10° cells/well
and incubated overnight at 37°C. Subsequently, the cells were
incubated with fresh DMEM containing FITC-GA-HA-NPs
for 2 h at 37°C. The cells were then washed three times with
PBS and fixed with a 4% paraformaldehyde for 10 min at 25°C.
Finally, the cells were counterstained with Hoechst 33342 for
15 min and observed by CLSM.

In vitro cytotoxicity assay and colony formation assay. The
cytotoxicity of the DTX/GA-HA-NPs to HepG2 cells was
evaluated using the Cell Counting Kit-8 (CCK-8) assay.
HepG?2 cells were seeded in 96-well plates (6x10° cells/well).
After incubation overnight, 100 ul of DMEM containing
different concentrations of GA-HA-NPs, free DTX or
DTX/GA-HA NPs (concentrations of free DTX: 1,2, 5, 10 and
20 pg/ml) were added, followed by incubation for 24 or 48 h.
Subsequently, 10 ul CCK-8 solution was added to each well
and the plates were incubated for another 4 h at 37°C in a cell
incubator with 5% CO,. Finally, to quantify the live cells, the
96-well plates were read in a microplate reader (Perkin Elmer)
to measure optical density at 450 nm. Untreated cells were
used as controls. Cell viability was calculated according to the
following equation: Cell inhibition rate (%) = [1-(A/B)] x100,
where A is the optical density of cells incubated with DMEM
containing different concentrations of GA-HA-NPs, free DTX
or DTX/GA-HA-NPs, and B is the optical density of cells
incubated with DMEM alone.

For the colony formation assay, HepG2 cells were
seeded in 6-well plates (0.5x10° cells/well) and maintained
until adherent. Subsequently, 2 ml free DTX (15.00 pg/ml)
or DTX/GA-HA-NPs (17.65 pg/ml) diluted with DMEM
containing 10% FBS were added, followed by incubation for
24 h. Subsequently, the cells were cultured for 12 days with
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DMEM containing 10% FBS until colonies were generated.
Finally, the colonies were fixed with 4% paraformaldehyde for
15 min at 25°C and stained with 0.1% crystal violet solution for
30 min. The number of cell colonies for different treatments
were counted using ImagelJ v.1.8.0_172 (National Institutes of
Health).

Cell apoptosis detection using flow cytometry and fluorescence
microscopy. Treated cells were fixed with 4% paraformaldehyde
for 20 min at 25°C, permeabilized with 0.2% Triton X-100 for
20 min and stained with DAPI for 10 min at 25°C. Next, images
of the cells were acquired using a fluorescence microscope. Cell
apoptosis was determined as previously demonstrated (35).

Microtubule cytoskeleton detection using immunofluo-
rescence staining. Immunofluorescence staining was used
to observe changes in a-tubulin. In brief, HepG2 cells
were seeded on 12-mm coverslips coated with poly-lysine
(1x105 cells/well) in a 24-well plate. Following over-
night incubation, the cells were treated with free DTX or
DTX/GA-HA-NPs for 24 h. Next, the cells were fixed with
4% paraformaldehyde for 15 min and permeabilized with
0.5% Triton X-100 (Sigma-Aldrich; Merck KGaA) for 15 min
at room temperature after being washed 3 times with PBS
on a shaker. After blocking with 5% bovine serum albumin
(Beijing Solarbio Science & Technology Co., Ltd.) in PBS at
room temperature for 1 h, the cells were incubated with the
Tubulin-Tracker Red antibody (1:250 dilution; cat. no. C1050;
Beyotime Institute of Technology) for 1 h at room temperature.
After rinsing for 5 min three times with PBS, cell nuclei were
counterstained with DAPI (0.2 ug/ml) for 10 min at 25°C,
examined using CLSM and images were acquired.

Statistical analysis. Values are expressed as the mean =+ stan-
dard deviation and all data were evaluated separately from at
least three independent experiments. Statistical comparisons
were analyzed using GraphPad 5 (GraphPad Software Inc.).
Statistical analysis was performed by application of Student's
unpaired t-test and one-way ANOVA followed by Tukey's
post-hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

Particle size and zeta potential of DTX/GA-HA-NPs. First,
the physicochemical properties of the NPs were determined.
The mean diameter, zeta potential and size distribution of
DTX/GA-HA-NPs in the aqueous medium were measured
using a laser particle analyzer and the results are provided
in Table I and Fig. 1A and B. DTX/GA-HA-NPs had a negative
zeta potential (-27.83 mV), which is caused by ionization of
the carboxyl groups of HA and had favorable dispersibility in
water [particle dispersity index (PDI), 0.21].

Morphological characterization. The morphological char-
acterization of DTX/GA-HA-NPs was performed by TEM
and an electron photomicrograph is provided in Fig. 2. The
results indicated that DTX/GA-HA-NPs possessed an almost
spherical shape and exhibited a relatively monodisperse distri-
bution. The average NP diameter, as estimated from the TEM
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Table I. Physicochemical property of DTX/GA-HA-NPs.

Sample DLS, nm PDI

SEM, nm

Zeta potential, mV EE, % LC, %

DTX/GA-HA-NPs 208.73+5.00 0.21£0.12

64.3+10.6

-27.83+3.14 85.38+4.62 17.59+0.68

Values are expressed as the mean + standard deviation (n=3). PDI, particle dispersity index; DLS, Dynamic light scattering; LC, loading
capacity; EE, encapsulation efficiency; DTX/GA-HA-NPs, docetaxel-loaded glycyrrhetinic acid-modified hyaluronic acid nanoparticles.
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Figure 1. (A) Size distribution and (B) zeta potential of docetaxel-loaded
glycyrrhetinic acid-modified hyaluronic acid nanoparticles.

micrographs, was shown in Table I. This is smaller than the
hydrodynamic diameter measured by the laser particle size
analyzer.

Drug EE and LC. The EE and LC of DTX in DTX/GA-HA-NPs
were measured by a simple dialysis method and by HPLC. A
representative chromatogram of DTX is depicted in Fig. 3A.
The results indicated that DTX had a retention time of
8.43 min. The standard curve for DTX exhibited linearity
over the range of 10-80 ug/ml (the concentration of standards
are 10, 20, 40, 60 and 80 pug/ml) with a regression equation of
y=19.794x-1.023 (Fig. 3B). The regression coefficient (R,) for
DTX over the specified range was calculated to be R,=0.9999.
According to the standard curve, the EE and LC of DTX were
determined to be 85.38+4.62 and 17.59+0.68%, respectively, as
indicated in Table I.

Drug release profile. The DTX/GA-HA-NPs exhibited an
initial fast release within 12 h, which may be attributed to the
drug adhering to the NP surface. Within 12 to 24 h, DTX was
also released slowly and the cumulative release amount reached
an approximate maximum value (40%) at 24 h (Fig. 3C).

GA-HA-NPs have liver-targeting ability. A cell uptake study
was performed for the qualitative estimation of the targeting
ability of GA-HA-NPs and CLSM was used to observe the
cellular localization of the GA-HA-NPs. To demonstrate the

Figure 2. Transmission electron microscopy images of docetaxel-loaded
glycyrrhetinic acid-modified hyaluronic acid nanoparticles. Scale bar, 5 gm.

effect of GA-HA-NP targeting, receptor-mediated cellular
uptake of FITC-GA-HA-NPs was studied in HepG2 cells and
MCEF-7 cells [negative for GA receptor (GA-R) expression] (36).
Fluorescence images of the cells taken after 2 h of incubation
with FITC-GA-HA-NPs are provided in Fig. 4A and B. The
green fluorescence intensity was stronger in HepG2 than in
MCF-7 cells.

HepG?2 cells are more sensitive to DTX/GA-HA-NPs than
free DTX. The CCK-8 assay is frequently used to detect the
toxic effects of drugs on cells. It was thus used to evaluate
the cytotoxic effects of free DTX and DTX/GA-HA-NPs
on HepG2 cells. ICs is the dose which led to a 50% reduc-
tion in viable cells compared with the control, reflecting the
sensitivity of cells to drugs. The ICy, values of free DTX and
DTX/GA-HA-NP after 24 h were 15.7 and 4.3 pg/ml (equiva-
lent free DTX), respectively (Table IT), and the IC;, of DTX was
3.6 times that of DTX/GA-HA-NPs. After 48 h of incubation,
the ICs, values of the free DTX and DTX/GA-HA-NPs cells
were 3.8 and 1.6 yg/ml (equivalent free DTX), respectively.
Cell survival was lower with DTX/GA-HA-NPs compared
with DTX as presented in Fig. 5. Therefore, HepG2 cells are
more sensitive to DTX/GA-HA-NPs than free DTX.

DTX/GA-HA-NPs inhibit the colony formation ability of
HepG2-cell. The effects of free DTX and DTX/GA-HA-NPs
on the colony formation ability of HepG2 cells were also
evaluated. Cells were incubated with an equivalent dose of
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Figure 3. (A) High-performance liquid chromatogram of DTX with detection at 232 nm. (B) Calibration curve of DTX using linear regression model. (C) In vitro
cumulative release profile of DTX from DTX-loaded glycyrrhetinic acid-modified hyaluronic acid nanoparticles. DTX, docetaxel; C, concentration.

Table II. IC;, values of DTX and DTX/GA-HA-NPs on HepG2
cells following 24 and 48 h of incubation, respectively.

1Cs, pg/ml
Time (h) DTX DTX/GA-HA-NPs
24 15.7+0.81 4.3+0.29
48 3.8+0.20 1.6+0.23

+

Values are expressed as the mean =+ standard deviation (n=3).
DTX/GA-HA-NPs, DTX-loaded glycyrrhetinic acid-modified hyal-
uronic acid nanoparticles; DTX, docetaxel.

free DTX or DTX/GA-HA-NPs. As presented in Fig. 6, free
DTX and DTX/GA-HA-NPs inhibited the colony forma-
tion of HepG2 cells in a dose- and time-dependent manner.
However, the colony formation of HepG2 cells treated with
DTX/GA-HA-NPs was significantly lower than that of
cells treated with free DTX. In addition, a colony forma-
tion assay was performed to examine the antitumor effects
of DTX/GA-HA-NPs against HepG2 cells. The number of
colonies of HepG2 cells treated with DTX/GA-HA-NPs
was significantly lower than that of control cells and cells
treated with free DTX (Fig. 6). These results suggested that
DTX/GA-HA-NPs significantly inhibited the colony forma-
tion ability of HepG2 cells.

DTX/GA-HA-NPs induce apoptosis of HepG2 cells.
Fluorescence micrographs indicated that the morphology of

cells treated with DTX/GA-HA-NPs changed, and in certain
cases, the nucleus was crescent-shaped or even broken (Fig. 7).
Therefore, the percentage of apoptotic cells was measured
using flow cytometry to assess whether DTX/GA-HA-NPs
induced apoptosis in HepG2 cells. The results indicated that
DTX/GA-HA-NPs significantly increased the percentage
of apoptotic HepG2 cells (Fig. 8). It was thus indicated that
DTX/GA-HA-NPs induce apoptosis in HepG2 cells.

DTX/GA-HA-NPs cause o-tubulin polymerization.
According to previous studies, DTX binds to the a-tubulin
subunit of microtubulin to cause tubulin polymerization.
Immunofluorescence staining technology was utilized to
examine the effects of DTX/GA-HA-NPs on HepG2 micro-
tubule cytoskeletons. As presented in Fig. 9, red fluorescent
staining of tubulin in untreated cells indicated intact cell
morphology and generally cytoplasmic distribution, while
staining of cells treated with DTX revealed partial polymer-
ization and a slight change in cell morphology. By contrast,
cells treated with DTX/GA-HA-NPs exhibited a large degree
of tubulin polymerization around their nuclei, less tubulin in
the cytoplasm and a markedly distorted morphology.

Discussion

NPs are nano-scale solid colloidal particles made of natural or
synthetic polymer carrier materials. As a drug delivery carrier,
NPs have unique advantages such as low toxicity, controlled
release, good stability and strong targeting. NPs have unique
advantages and potential application value in the field of
NP-targeted drug delivery systems. Ligand-functionalized
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NPs are able to deliver drugs to targets. The preparation  polymer materials and non-degradable polymer materials.
materials of NPs include natural polymer materials, synthetic =~ Zhang et al (37) coupled HA with aminated GA and prepared
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Figure 7. Effects of DTX and DTX/GA-HA-NPs on HepG2 cell apoptosis according to DAPI staining. Morphological changes of the nucleus was recorded after
the treatments of different drugs and a deformed nucleus and formation of apoptotic bodies were observed. DTX, docetaxel; DTX/GA-HA-NPs, DTX-loaded
GA-HA nanoparticles; GA-HA, glycyrrhetinic acid-modified hyaluronic acid. Scale bar, 100 pixels, 8,500 pm)
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GA-HA-NPs as a carrier to deliver PTX. Their results indi-
cated that GA-HA-NPs easily encapsulate PTX, with drug LC
and EE of as high as 31.16 and 92.02%, respectively, and the
cytotoxicity of HepG2 cells was greater than that of BI6F10
cells.

In the present study, DTX/GA-HA-NPs were indicated
to have a smaller particle size compared to GA/HA-NPs.
This smaller particle size may be due to the hydrophobicity
of the DTX encapsulated in the GA-HA-NPs. Hydrophobic
interactions between the component materials give the
DTX/GA-HA-NPs a more compact core. Furthermore, the

particle size of DTX/GA-HA-NPs measured by TEM was
smaller than that obtained with the particle size analyzer.
This difference may be due to different sample preparation
techniques; the laser particle analyzer measurements were
made under aqueous conditions, while the TEM images were
obtained with dried samples in which the hydrophilic shells of
the DTX/GA-HA-NPs may have shrunk.

During the preparation of GA-HA and DTX/GA-HA, the
excess organic solvent was removed by dialysis. Dialysis is a
purification technique used to prepare biomacromolecules,
featuring desalination, removal of small amounts of organic
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Control

DTX

DTX/GA-HA-NPs

o-Tubulin

Figure 9. Effects of DTX/GA-HA on the microtubule cytoskeleton of HepG2 cells (scale bar, 10 pm). DTX, docetaxel; DTX/GA-HA-NPs, DTX-loaded

GA-HA nanoparticles; GA-HA, glycyrrhetinic acid-modified hyaluronic acid.

solvents, removal of small biomolecule impurities and sample
concentration. The dialysis method is able to separate the excess
materials, drugs and related solvents (such as formamide,
ethanol) used during the synthesis of DTX/GA-HA-NPs from
the product and thus purify DTX/GA-HA-NPs. Therefore,
dialysis was used to remove excess drug, materials and related
solvents.

DTX enters cells through passive diffusion. In the
DTX/GA-HA-NPs prepared in the present study, GA has
a role in liver targeting and GA-R-mediated endocytosis
may be a key mechanism by which DTX/GA-HA-NPs
target the liver (38). Using GA-modified NPs as a carrier of
liver-targeted drugs provides a novel solution for the treat-
ment of liver cancer. Studies have indicated that, whether it is
the introduction of GA molecules on the C30-carboxyl group
or the C3-hydroxyl group, GA-modified NPs have the same
tendency to target the liver. The most common modification
is the amidation and esterification of GA and C30-carboxy
to obtain more active compounds, this was also the method
used in the present study. In the modified C3-hydroxyl group
of GA, the C30-carboxyl group should be protected first
because of its high activity and then the C3-hydroxyl group
should be amidated and esterified.

To examine the uptake and intracellular localization of
FITC-loaded GA-HA-NPs, two cell lines were selected for
comparison. The results indicated that the fluorescence of
FITC-GA-HA in HepG2 was stronger than that in MCF-7
cells. Among these cells, GA-R is widely expressed on
human liver cancer HepG2 cells (33,34) . Therefore, GA
receptor-mediated endocytosis may be a key mechanism by
which GA-HA-NPs target the liver. In 1990, Aruffo er al (39)
reported that CD44 is the major cell surface receptor of HA

and that HA is able to actively target the surfaces of liver
cancer cells to bind to the CD44 receptor and be taken up
by endocytosis. Zhang et al (37) coupled HA with aminated
GA and prepared GA-HA-NPs as carriers to deliver PTX.
Confocal microscopy indicated that the in vitro cellular
uptake of FITC-labeled GA-HA-NPs was higher than that
of free FITC and the green fluorescence intensity of HepG2
cells and B16F10 cells was higher than that of HELF cells
(normal fibroblasts), indicating that the mechanism of
GA-HA targeting may be the interaction between HA and
the CD44 receptor. Therefore, the breast cancer cell line
MCF-7 with no GA receptors expressed was selected for an
uptake study and a relatively smaller amount of fluorescence
was observed in the cytoplasm. Uptake by MCF-7 cells may
have been due to the binding affinity of HA to the CD44
receptor. Therefore, HepG?2 cells were used for subsequent
studies. In a preliminary experiment for the present study,
GA was added in advance and incubation was performed
for 2 h, followed by the addition of DTX/GA-HA, and it
was indicated that the fluorescence intensity was decreased
compared with the one with no GA incubation, suggesting
that during the pre-incubation, GA combined with the GA-R
on the surface of liver cancer cells, competitively inhibiting
the binding of DTX/GA-HA to GA-R, thereby inhibiting the
uptake of DTX/GA-HA (data not shown).

A mechanism for the cellular uptake of DTX/GA-HA
and release of DTX in cancer cells was proposed and illus-
trated in a schematic in Fig. 10. GA and HA self-aggregate
to form GA-HA, which is packaged with DTX to form
DTX/GA-HA-NPS. GA directs NPS to the surface of
liver/liver cancer cells, binds to GA-R receptors, enters
cells through endocytosis and exocytosis and releases DTX
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Figure 10. Schematic of DTX/GA-HA-NPs and release of DTX inside cancer cells. DT X, docetaxel; GA, glycyrrhetinic; HA, hyaluronic acid; DTX/GA-HA-NPs,

DTX-loaded GA-modified HA nanoparticles; R, receptor.

through lysosome to exert its efficacy (Fig. 10). However, the
process by which FITC-GA-HA is taken up by cells and the
associated biochemical events warrant further study.

All drugs known to bind human tubulin are associ-
ated with B-tubulin, including DTX. Previous studies have
confirmed that DTX binds the -tubulin unit, resulting in
tubulin polymerization (40,41). Therefore, a-tubulin was
chosen for verification and it was determined that DTX is
also able to enhance the polymerization of cellular tubulin by
binding a-tubulin. Therefore, the polymerization of DTX on
the cellular microtubule system is able to halt the cell cycle
by preventing mitosis. It was hypothesized that DTX and
DTX/GA-HA-NPs act on microtubules, affecting spindle
formation and causing cells to lose their dividing dynamics,
thereby inhibiting cell proliferation. Wang et al (42)
concluded that this blocking of the mitotic phase is the cause
of taxane-induced cytotoxicity. However, the biochemical
events associated with taxanes binding to microtubules and
downstream effects to cause apoptosis remain to be fully
elucidated. Further research by our group will aim to verify
the effects of DTX on cell cycle regulation to confirm its
mechanism of action.

In the present study, the ability of DTX to inhibit tumor
cell proliferation was examined. Inhibitory effects on prolif-
eration were examined by CCK-8 and cell colony formation
assays. It was first observed that the viability of HepG2 cells

treated with empty GA-HA-NPs was >90%, which was consis-
tent with previous studies (35) and indicated the biosafety of
the nanocarriers. The calculated ICy, values indicated that
HepG?2 cells were more sensitive to DTX/GA-HA-NPs than
free DTX. Furthermore, the CCK-8 assay indicated that the
viability of HepG2 cells significantly decreased after incuba-
tion with DTX and DTX/GA-HA-NPs. After 24 h, the cell
viability was <60% compared with the control. After 48 h,
the cell viability in the DTX group was <40%, while cell
viability in the DTX/GA-HA-NP group was <10% compared
with the control group. Thus, docetaxel effectively inhibits
HepG2 cell proliferation and this effect was enhanced by
the delivery of the drug via DTX/GA-HA-NPs. Similarly, it
was further confirmed by cell colony formation assay that
DTX/GA-HA-NPS can significantly inhibit the growth of
HepG?2 cells.

Wang et al (42) observed multiple roles of microtu-
bules in cell cycle and apoptosis regulation. In the present
study, it was observed that treatment with DTX and
DTX/GA-HA-NPs induced nuclear contraction and defor-
mation in the cells stained with DAPI. In addition, flow
cytometric analysis was performed and it was determined
that the apoptotic rate of HepG2 cells after incubation with
DTX and DTX/GA-HA-NPs was 18 and 24%, respectively.
The result of the present study was consistent with a previous
study (43), which also indicated DTX/GA-HA-NPs had
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higher delivery efficacy to liver cancer cells compare to free
drugs.

The present study only verified the liver targeting and
anti-tumor effects of DTX/GA-HA at the cellular level
and did not study the metabolism and kinetic effects of the
drug in vivo. Next, tumor-bearing experiments and in vivo
small animal imaging experiments will be performed by our
group to study the liver targeting and anti-tumor activity of
DTX/GA-HA in vivo.

In summary, DTX/GA-HA was successfully prepared,
which had good physical and chemical properties.
Furthermore, it had a good liver cancer cell targeting effect
in vitro, but the GA-mediated liver targeting transmembrane
mechanism requires further research. Subsequent to the study
of its in vitro anti-cancer activity, it is necessary to clarify the
role of DTX/GA-HA in inhibiting tumor activity and how it
affects the cell cycle, which may provide a good foundation
for further research on its anti-tumor effect in vivo.
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