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A B S T R A C T

A novel nanocrystals delivery system of parthenolide (PTL) was designed to combined application with sorafenib
(Sora) for advanced hepatocellular carcinoma (HCC) therapy, attempting to not only improve the poor aqueous
solubility of PTL, but also enhance the synergistic therapeutic effects with Sora. The PTL nanocrystals (PTL-NCs)
were prepared by precipitation-high-pressure homogenization method. The formed PTL-NCs with rod mor-
phology possessed size of 126.9 ± 2.31 nm, zeta potential of −11.18 ± 0.59 mV and drug loading of
31.11 ± 1.99%. Meanwhile, PTL in PTL-NCs exhibited excellent storage stability and sustained release beha-
vior. The combination therapy of Sora and PTL-NCs (Sora/PTL-NCs) in vitro for HepG2 cells presented superior
therapeutic effects over that of individual PTL and Sora on intracellular uptake, cell proliferation inhibition and
migration inhibition. Meanwhile the strongest anti-tumor effect with 81.86% inhibition rate and minimized
systemic toxicity of Sora/PTL-NCs in vivo were obtained on tumor-bearing mice compared with that of PTL
(48.84%) and Sora (58.83%). Thus, these findings suggested that PTL-NCs as an effective delivery system for the
synergistically used with Sora to gain an optimal response against HCC, for referenced in the industrialization of
nanocrystals products for intravenous administration.

1. Introduction

Hepatocellular carcinoma (HCC) is a highly malignant tumor, which
leads increased cancer mortality due to its early metastasis, poor
prognosis and tumor heterogeneity (Zhang et al., 2018). HCC has risen
to be the fifth commonest cancer and second cause of cancer death,
with 5-year survival rates below 5% (In Rae Cho et al., 2017; Walker
et al., 2019). Until now, surgical excision supplemented with che-
motherapy remains the major treatment for advanced HCC (Jiang et al.,
2018; Yu et al., 2014). However, poor selectivity and efficacy of che-
motherapeutic drugs may be accompanied by serious side effects, re-
sulting in unsatisfactory treatments (Shi et al., 2012). Hence, it is an
urgent need for developing systemic strategies against HCC with high
efficacy and low toxicity.

Currently, Sorafenib (Sora), an oral multi-kinase inhibitor, is firstly
approved by FDA in 2005 for advanced HCC treatment (Xu and Zheng,
2017). Sora can reduce tumor angiogenesis and induce tumor cell
apoptosis by inhibiting vascular endothelial growth factor (VEGF)
(Llovet, 2008). However, recent clinical reports demonstrated that HCC
displayed drug resistance to single antiangiogenic therapy due to

overexpressed nuclear factor-κB (NF-κB) (Han et al., 2017). NF-κB plays
a critical role in the proliferation and invasion of HepG2 cells as well as
the expression of invasion-related molecules (Wu et al., 2009). Re-
cently, the effective combination therapy of Sora with chemotherapy
agents such as paclitaxel (Lei et al., 2019) and rapamycin (Wang et al.,
2008) were investigated. These combination therapies could increase
tumor cellular sensitivity to chemotherapy agents and thus enhance
their anti-tumor efficacy. However, the co-delivery system was ex-
tremely limited on giving and adjusting proper dose, as well as main-
taining their stability, due to the different physiochemical properties of
the cooperators (Gill et al., 2012; Liu et al., 2012; Meng et al., 2013).

It has been reported that the combination of Sora and NF-κB in-
hibitors showed synergistic antitumor activity (Abdulghani et al., 2016;
Hikita et al., 2010). Several nature products with no major side effects
were investigated to exhibit antitumor effects via inhibiting NF-κB
signaling pathway, including parthenolide (Sohma et al., 2011), cur-
cumin (Qiao et al., 2012) and artemisinin (Zhu et al., 2012). Parthe-
nolide (PTL) is an active compound responsible for the anti-in-
flammatory therapy (Zhang et al., 2004), which was first found in
feverfew in 1990 (Groenewegen, 1990). Moreover, PTL has shown its
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potential to inhibit tumor cell proliferation, especially HepG2 cell line
(Carlisi et al., 2011; Kim et al., 2013; Lesiak et al., 2010; Sun et al.,
2014). The antitumor mechanism of PTL were played through inducing
autophagy and apoptosis as well as inhibiting angiogenesis (Sun et al.,
2014). In addition, PTL can also act by sensitizing tumor cells to con-
ventional chemotherapy drugs such as paclitaxel and vinorelbine (Liu
et al., 2008; Patel, 2000). Therefore, the combination therapy of PTL
and Sora may be exploited as an additional therapy effect. However, the
clinical value of PTL was hindered due to its poor aqueous solubility
and low oral bioavailability (Taleghani et al., 2017). Furthermore, the
gastrointestinal side effects caused by oral administration of PTL have
been identified in the Phase I trial (Eardie and Christy Yoder, 2004).
Therefore, it would be essential to develop formulations used in other
administration routes of PTL to overcome above drawbacks.

Nanotechnologies, including micelles (Watkins, 2011), nano-
particles (Zong et al., 2015) and liposomes (Jin et al., 2018), have
drawn many attentions in their abilities to improve undesired solubility
of insoluble drugs. However, low drug loading, poor stability, and
toxicity of excessive additives still limit their industrial production and
clinical application (Zhang et al., 2011). Nanocrystals (NCs) were
considered as a novel carrier-free nanoparticle strategy for enhancing
the water solubility of drugs since its excellent drug loading capacity,
simplicity in production and common applicability (Junyaprasert,
2015; Mishra and Srivalli, 2015). Additionally, NCs could not only
protect drugs from degradation and prolong their circulation time (Gao
et al., 2010), but also realize the sustained release and target to the
specific tissues or organs (Huang et al., 2010; Lin et al., 2014). An
unignorable superiority of the NCs is that they could be applied in
various administration routes including oral, intravenous and trans-
dermal administration and transformed into various dosage forms such
as tablets, capsules and so on (Lei et al., 2013). Meanwhile, several drug
nanocrystals products for oral formulations are already commercial
available owing to above advantages (Van Eerdenbrugh et al., 2008).
However, it is also remained challenges for the nanocrystals used in
parenteral administration to take into the markets as a result of their
instability during storage and application (Sun and Yeo, 2012).

Poloxamer 188 (F68), a nonionic surfactant, is widely used as sta-
bilizer of nanosuspensions since its steric stabilization effect on
avoiding the aggregation of nano-particles. More interestingly, studies
have shown that F68 can interact with drug-resistant tumors to enhance
tumor sensitivity of chemotherapeutic drugs. This phenomenon is re-
lated to the molecules size and hydrophilic lipophilic balance (HLB)
value of the poloxamer (Moghimi, 2000). Lecithin acts as a natural
ampholytic surfactant, which is considered a good excipient to enhance
physical stability of drug delivery systems such as liposomes and na-
noparticles (Hafner et al., 2009). This collaboration can possess both
electrostatic and steric interaction to prevent particle aggregation
during the homogenization progress, having a better effectiveness in
stabilization. Herein, the PTL-NCs for intravenous administration were
prepared using lecithin and F68 as stabilizers by precipitation-high-
pressure homogenization method (PHPH). The combined therapeutic
effects of PTL-NCs with Sora against HCC were investigated, including
in vitro cell cytotoxicity, cell uptake, cell migration and in vivo anti-
tumor assays of tumor-bearing nude mice.

2. Materials and methods

2.1. Materials

Parthenolide was provided by Ruifensi biology (Chengdu, China).
Sorafenib tosylate was obtained from Dalian Meilun Biotechnology Co.
Ltd. Poloxamer 188 was obtained from BASF Co. Ltd (Mannheim,
Germany). Lecithin was purchased from A.V.T Shanghai pharmaceu-
tical Co. Ltd. DMEM high glucose medium, phosphate buffer (PBS) and
trypsin with 0.25% EDTA were purchased from Jiangsu KeyGEN
BioTECH Co. Ltd (Nanjing, China) and fetal bovine serum (FBS) was

provided by GIBCO (USA) Life Technologies. 5-diphenyl-tetrazolium
bromide (MTT) was provided by Dalian Meilun Biotechnology Co. Ltd.
All the other reagents were analytical or chromatography grade and
used without further purification.

2.2. Cells and animals

HepG2 cell lines were obtained from the cell bank of Chinese
Academy of Sciences and cultured in DMEM high glucose medium at
37 °C in an atmosphere containing 5% CO2. The female BALB/c nude
mice (five weeks old) were purchased from Nanjing Cavans Biotech Co.
Ltd. The nude mice were kept with specific-pathogen free (SPF)
cleanliness level at a room temperature of 25 ± 2 °C and a relative
humidity of 50 ± 10%. Animal welfare and experimental procedures
were strictly in accordance with the Guide for the Care and Use of
Laboratory Animals and the related ethics regulations of China
Pharmaceutical University. Animal protocols were reviewed and ap-
proved by the Internal Animal Care and Use Committee of China
Pharmaceutical University.

2.3. Preparation and characterization of the nanocrystals

The nanocrystals were prepared by precipitation and high-pressure
homogenization method (PHPH). In brief, the organic phase was pre-
pared by dissolving PTL (120 mg) in ethanol (10 mL) and stirred until
dissolved completely. Meanwhile, appropriate amount F68 and lecithin
(1:2, w/w) were dissolved in 48 mL of water to obtain the aqueous
phase. The organic phase was added into the aqueous phase under
stirred continuously. After that, the solution was evaporated at 40 °C to
remove organic solvents. The crude nanocrystals were homogenized
respectively for 10, 15, 20, 30, 40 cycles with 500, 700, 1000 bar
pressure through high pressure homogenizer (ATS Industrial Systems
Co. Ltd).

The mean diameter, zeta potential and polydispersity index (PDI) of
the PTL-NCs were determined by dynamic light scattering (DLS)
(Malvern Company, England). The morphology of the PTL-NCs was
visualized by transmission electron microscope (TEM, Hitachi TEM
system).The PTL concentration and the drug loading (DL) in PTL-NCs
were determined by high performance liquid chromatography (HPLC)
(Shimadzu, HT-2010C) performed on Hedera ODS-2 C18 column with
mobile phase of acetonitrile-water (60/40, v/v) at flow rate of 1.0 mL/
min. The detection wavelength and column temperature were 210 nm
and 25 °C, respectively. The sample volume injected was 20 μL.

2.4. In vitro release

The release of nanocrystals in vitro was evaluated by dialysis
method. In brief, the prepared fresh nanocrystals (1 mL) and PTL sus-
pension (obtained by directly dispersing free PTL drug in pure water)
were placed in a dialysis bag (MWCO: 3500). Then the dialysis bag was
immersed in 40 mL phosphate buffer (pH = 7.4) release medium
containing 0.8% (w/v) sodium dodecyl sulfate (SDS) and placed in a
shaker with a speed of 100 rpm at 37 °C. During the study, 1 mL sample
was collected at certain time intervals (0.25, 0.5, 1, 2, 4, 6, 8, 10, 12,
24, 36, 48, 60, 72 h), while an equivalent volume fresh release medium
was supplemented immediately to maintain the sink condition. The
collected sample was filtered by 0.22 μm millipore filters before HPLC
determination. The experiment was performed in triplicate.

2.5. Stability of the nanocrystals

The PTL-NCs were lyophilized and reconstituted respectively with
deionized water at 0, 7, 14, 30, 60 and 90 days to investigate freeze-
drying stability. In addition, the storage stability of the PTL-NCs was
investigated at 4 °C. The particle size and PDI were measured using DLS
at 0, 2, 4, 6, 8, 10, 15, 30, 60 and 90 days, respectively. The PTL
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concentration of the PTL-NCs and the freeze-dried PTL-NCs were de-
tected at 0, 7, 14, 30, 60 and 90 days.

Considering the further in vitro and in vivo study, it was required to
determine the dilution stability. Detailly, the PTL-NCs were diluted
with DMEM complete medium into 10, 20, 50 and 100 times to detect
particle size and PDI.

2.6. Intracellular uptake quantification

For in vitro cellular uptake quantification assays, HepG2 cells were
seeded into 6-well plates at the density of 5 × 104 and incubated for
24 h at 37 °C. Then, the medium was removed and washed twice before
added following samples incubated for 4 h: (1) PTL (2.5, 5, 10 μM), (2)
PTL-NCs (2.5, 5, 10 μM), (3) Sora/PTL (10 μM/10 μM), (4) Sora/PTL-
NCs (10 μM/10 μM). After incubation, the cells were washed twice with
PBS to remove free drugs and fixed with 500 μL deionized water to lyse
cell with repeated freeze–thaw method. The intracellular drug content
was determined through HPLC analysis of above item 2.3. Protein
contents were quantified by a BCA assay kit (Jiangsu KeyGEN BioTECH
Co. Ltd).

2.7. Cellular proliferation inhibition

The methylthiazol tetrazolium (MTT) assay was used to test anti-
tumor activity of the PTL-NCs. Briefly, HepG2 cells were seeded in 96-
well plates and treated with different concentration of Sora (2.5, 5, 7.5,
10, 12.5, 15, 17.5 μM), PTL (10, 20, 40, 80, 100, 160, 200 μM), PTL-
NCs ( the equivalent of PTL 10, 20, 40, 80, 100, 160, 200 μM), Sora/
PTL (2:1, 1:1, 1:2, 1:4, 1:8), Sora/PTL-NCs (2:1, 1:1, 1:2, 1:4, 1:8) for
24 h. After that, the cells were incubated with 20 μL MTT (5 mg/mL) for
4 h to crystallize. After removing the pre-incubation solution, 150 μL
DMSO were added to each well, shaking until the formazan crystals
were dissolved completely. The absorbance (Abs) was measured at
490 nm by microplate reader (MK-3, Thermo, USA) and the cell via-
bility was calculated by Eq. (1). Combination index (CI) was used for
the quantitative analysis of combined therapeutic effects of PTL-NCs
and Sora. As theory of Chou-Talalay defined (Tang et al., 2018), CI >
1 for antagonism, CI = 1 for additive effect and CI < 1 for synergism.
Besides, the synergistic effects were inversely proportional to the CI
values. The CI value in combined therapy of Sora and PTL was calcu-
lated by Eq. (2):

= − − ×Cell viability % [(A A )/(A A )] 100%M B C B (1)

where AM, AC and AB were defined as the absorbance of drug treated
group, control group and blank group, respectively.

= +CI (D)Sora
(D )Sora

(D)PTL
(D )PTL50 50 (2)

where (D) Sora and (D) PTL were the concentration of Sora and PTL
used in combined therapy to achieve 50% inhibitory effects, (D50) Sora
and (D50) PTL were the concentration of Sora and PTL to achieve the
same effects individually.

2.8. Cell migration

To evaluate ability to migration of HepG2 cells, they were seeded in
6-well plate with 5 × 105 cells per well overnight. The cells were
washed twice mildly with PBS, then were incubated with each sample
as follow for 24 h, (1) Blank DMEM medium, (2) PTL (2.5 μM), (3) PTL-
NCs (2.5 μM), (4) Sora (2.5 μM), (5) Sora/PTL (2.5 μM/2.5 μM), (6)
Sora/PTL-NCs (2.5 μM/2.5 μM). Images were captured at 0 h and 24 h.
Image J software (NIH, Bethesda, MA, USA) was used to calculate
scratch area. The Eq. (3) was used to calculate the healing rate (in
triplicate).

= − ×Healing rate % (W W )/W 100%0 1 0 (3)

where W0 and W1 were defined as the scratch area at 0 h and 24 h,
respectively.

2.9. In vivo anti-tumor efficacy

2.9.1. Anti-tumor efficacy
HepG2 cells (about 6 × 106 cells) were injected into the right

armpit of the female BALB/c nude mice to obtain tumor-bearing nude
mice. When the volume of tumors reached 100 mm3, nude mice were
divided randomly into six groups (five mice per group) to give each of
the following samples, (1) Saline, (2) PTL (iv every two days, 12 mg/
kg), (3) PTL-NCs (iv every two days, 12 mg/kg), (4) Sora (oral every
day, 30 mg/kg), (5) Sora (oral every day, 30 mg/kg)/PTL (iv every two
days, 12 mg/kg), (6) Sora (oral every day, 30 mg/kg)/PTL-NCs (iv
every two days, 12 mg/kg). During the experiment, the survival states
of the mice (activity, sleep, tortuosity and death) were observed. Tumor
volume and body weight of nude mice were monitored every two days
during 15-day treatment. At the end of the experiment, the animals
were sacrificed by cervical dislocation. The subcutaneous metastatic
tumor and major organs were completely excised, weighed and used for
the pathological examination of HE staining and Ki-67 staining. The
tumor volume (V) and the tumor inhibition rate (TIR) were calculated
by Eqs. (4) and (5), respectively.

= × ×V 0.5 length wide2 (4)

= − ×TIR [(W W )/W ] 100%C E C (5)

where WE and WC were defined as the tumor weight of the experiment
group and control group.

The body decrease rate (BDR) was calculated as Eq. (6).

= − ×BDR [(W W )/W ] 100%F I F (6)

where WI and WF were defined as the initial body weight and final body
weight.

2.9.2. HE staining
The tumor and the organs (including heart, liver, spleen, lung and

kidney) of nude mice were excised and fixed with 4% paraformalde-
hyde at least 24 h. After that, they were performed for HE staining after
embedded and made into pathological sections, which were further
observed and imaged under the microscope (Nikon Corporation Tokyo,
Japan).

2.9.3. Ki-67 staining
Ki-67, a marker of cell proliferation, was discovered by the re-

activity of rabbit antiserum raised against the Hodgkin's lymphoma cell
line L428 (GERDE, 1983). To evaluate the tumor cell proliferation, all
stained slices were performed for Ki-67 staining and further observed
imaged under the microscope. The images were analyzed with Image J
software. Three 200 × fields view per slice per group were randomly
selected to calculate positive rate of Ki-67.

2.10. Statistical analysis

The results were expressed as mean ± standard deviation (SD).
The independent Sample’s T test with SPSS 19.0 (SPSS Inc., Chicago, IL)
was used to evaluate the data between two groups. p value of < 0.05
was considered as statistical significance.

3. Results and discussions

3.1. Preparation and characterization of the nanocrystals

The PTL-NCs were successfully prepared by PHPH method. In our
study, lecithin and F68 were employed as the stabilizers with the 2:1
ratio of lecithin to F68. The lecithin and F68 diffused rapidly and
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covered the surface of the crystals during homogenization progress,
which can gather the advantages of both steric and electrostatic stabi-
lization for achieving an efficient particle size reduction and stored
stability of PTL. The characteristics of PTL-NCs were shown in Fig. 1. In
addition, our results showed that the particle size and PDI of the PTL-
NCs were significantly influenced by the pressure and cycle times of
homogenization. The particle size decreased from 208.2 nm to
126.9 nm and the PDI decreased from 0.333 to 0.230 when the
homogenization pressure increased from 500 bar to 1000 bar (Fig. 1A).
According to the homogenization theory, higher-velocity fluid in the
homogenizer gap caused by higher pressure, leading to generation of
more gas bubbles eventually to break the microcrystals into nanocrys-
tals (Karadag et al., 2014). However, it seemed that continuous increase
on cycle times after 20 resulted in the fluctuation of particles size and
PDI, which might be due to a slightly reversible formation of aggregates
that were disaggregated in the next cycles (Mishra et al., 2009)
(Fig. 1B). Thus, 1000 bar and 20 times were considered as optimal
pressure and cycle times of homogenization to achieve the minimized
particle size and PDI.

Furthermore, DLS analysis and TEM images were performed to
characterize both the size distribution and morphology of PTL-NCs. The
PTL-NCs were possessed as rod morphology with a size of
126.9 ± 2.31 nm and 0.230 ± 0.024 PDI, indicating that the ob-
tained NCs were small and well dispersed. The zeta potential of NCs was
−11.18 ± 0.59 mV. The TEM images showed lager size of NCs could
be related to the crystal growth after dried according to Ostwald ri-
pening (Sharma et al., 2015), compared to DLS analysis (Fig. 1C).
Meanwhile, the drug loading of 31.11 ± 1.99% of the PTL-NCs were
achieved.

3.2. In vitro release

The release property of PTL from the PTL-NCs was evaluated by
dialysis bag method. As shown in Fig. 1D, the results showed that the
cumulative release amount of free PTL was only about 15% at 12 h and
20% at 72 h. While, PTL-NCs showed an appropriate release rate with a

dramatically rapid release about 65% at 12 h and 80% release at 72 h.
The appropriate drug release rate of the PTL-NCs could maintain a re-
latively stable blood concentration during intravenous administration,
avoiding excessive peak-to-valley efficacy and adverse effects of treat-
ment. The release profile of the PTL-NCs was defined as a two-phase
release: previously burst release and subsequently sustained release.
The previously burst release could be attributed to smaller particle size
and lager specific surface area of PTL-NCs, compared with PTL
(Koopaei et al., 2012). And the subsequently sustained release might be
contributed to enhance antitumor effects during long-term therapy (He
et al., 2015).

3.3. Stability of the nanocrystals

As shown in Fig. 2A, the particle size was around 140 nm after
lyophilization and the PDI was less than 0.292 for three months’ sto-
rage. It was reported that freeze-dried nanocrystals could minimize the
shortage of aggregation problem, providing the extra stability (Anup
et al., 2018). As shown in Fig. 2B, the particle size and PDI were
changed negligibly after the PTL-NCs was diluted to 10, 20, 50 and 100
times by DMEM complete medium. This indicated that PTL-NCs could
be available during intravenous infusion. By contrast, the storage sta-
bility of the PTL-NCs solution was unsatisfactory. Its particle size was
increased about 50 nm and the PDI was slightly increased to 0.265
during three months at 4 °C (Fig. 2C). Furthermore, we detected the PTL
concentration from PTL-NCs solution and freeze-dried PTL-NCs powder
after 90 days storage. The results showed that the PTL concentration
was decreased from 2.262 mg/mL to 1.998 mg/mL in PTL-NCs solution,
while it was changed negligibly in freeze-dried PTL-NCs (Fig. 2D). Thus,
the final form should be an important factor for PTL-NCs storage.

3.4. Intracellular uptake quantification

The intracellular uptake of Sora, PTL and PTL-NCs was evaluated by
BCA protein quantification. As shown in Fig. 3A, the intracellular drug
content was significantly enhanced by PTL-NCs compared to free PTL,

Fig. 1. The influence of (A) the pressure and (B) the cycle times of homogenization on particle size and PDI of the PTL-NCs. (C) The TEM images of the PTL-NCs. (D)
The PTL release profile of PTL-NCs in PBS (pH = 7.4) at 37 °C. Data are presented as mean ± SD (n = 3).
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when the feeding concentration of PTL arrived at 10 μM, indicating that
the form of NCs as drug carrier could promote the internalization of
PTL. While, there was no significant difference between PTL and PTL-
NCs at 2.5 μM and 5 μM. This might because that the internalization
pathway of NCs was altered from passive diffusion to endocytosis as the
drug concentration upregulated. Based on these results, the combined
concentration of Sora and PTL-NCs was selected at 10 μM, respectively.
After incubation for 4 h, compared to Sora, the intracellular uptake of
Sora treated with Sora/PTL and Sora/PTL-NCs were statistically in-
creased (Fig. 3B), which might be due to the inhibition of P-glycopro-
tein efflux by PTL (Dajun Liu et al., 2013). According to Fig. 3C, the
intracellular PTL content of Sora/PTL-NCs group was nearly twice that
of Sora/PTL group, which was consistent with the results of the single
treatment with PTL and PTL-NCs. Thus, the PTL-NCs served as a high-
efficiency drug delivery system not only exhibited superior cell uptake
activity, but also enhanced the intracellular uptake of Sora.

3.5. In vitro antiproliferation

The in vitro antiproliferation activity of PTL-NCs was investigated
through MTT assay. As Fig. 4A shown, the inhibitory effects of PTL and

PTL-NCs were increased with PTL concentration. The half-maximal
inhibitory concentration (IC50) of PTL and PTL-NCs were 50.891 and
33.618 μM, respectively, suggesting that the PTL-NCs exhibited better
antiproliferation activity compared to PTL on HepG2 cells. These might
be related to the nanocrystal structure of the PTL-NCs, which were
internalized via endocytosis rather than passive diffusion, leading to
better cytotoxicity than that of PTL (Miao et al., 2016).

The combined therapeutic effects of Sora and PTL-NCs were also
characterized by MTT assay. As illustrated in Fig. 4B, 4C, after in-
cubation for 24 h, all treatments displayed dose-dependent cytotoxicity,
especially the combinations of Sora and PTL-NCs gave rise to increased
inhibitory effects. Sora/PTL-NCs showed significantly higher inhibitory
effects on HepG2 cells in comparison to Sora/PTL, indicating that PTL-
NCs exhibited better combined therapeutic effects with Sora in vitro.
This might be attributed to the delayed release of the drug from NCs
system (Shi et al., 2019). As theory of Chou-Talalay defined (Chou,
1983), the CI values of Sora/PTL-NCs at molar ratios of 1:8, 1:4, 1:2, 1:1
and 2:1 were 1.033, 0.855, 0.637, 0.346 and 0.495, respectively, which
were slightly lower than that of Sora/PTL (1.146, 0.922, 0.853, 0.480
and 0.583) (Fig. 4D). These data intuitively indicated that the in vitro
synergistic antitumor effects of Sora/PTL-NCs with lower CI values at

Fig. 2. The particle size and PDI of the PTL-NCs after (A) lyophilization, (B) dilution, (C) storage at 4 °C. (D) The PTL concentration of the PTL-NCs solution and
freeze-dried PTL-NCs during a 90-day’s storage. Data are presented as mean ± SD (n = 3).

Fig. 3. The intracellular uptake drug content of different groups was evaluated by the ratio of drug (ng)/protein (μg). (A) The PTL content in HepG2 cells in the
treatment of PTL and PTL-NCs at 2.5 μM, 5 μM and 10 μM, respectively. (B) The intracellular Sora content and (C) the intracellular PTL content in HepG2 cells in the
treatment of Sora (10 μM), PTL (10 μM), PTL-NCs (10 μM), Sora/PTL (10 μM/10 μM) and Sora/PTL-NCs (10 μM/10 μM). Data are presented as mean ± SD (n = 3).
* means p < 0.05, ** means p < 0.01.
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same molar ratio were stronger, compared with Sora/PTL, which were
consisted with previous results. Contacted with the the intracellular
uptake results, the accumulation of Sora in cells were enhanced by the
combination with PTL, but it did not mean that the inhibitory effects on
HepG2 cells were always increased with PTL ratio. This could be ex-
plained that the slightly antagonistic interaction between PTL and Sora
were exhibited as the intracellular drugs contents reached to a certain
concentration (Lifen Deng et al., 2013; Pawaskar et al., 2013). Herein,
to achieve a maximized synergistic effect, the combination of Sora and
PTL with a molar ratio of 1:1 was chosen as optimal regimen for further
study.

3.6. Cell migration

The ability of Sora, PTL, PTL-NCs, Sora/PTL and Sora/PTL-NCs to
impede HepG2 cell migration were tested through the wound healing
assays. As shown in Fig. 5A, the control group (blank DMEM medium)
performed strongest migration ability with the healing rate of 82.21%,
while PTL-NCs and Sora groups exhibited a certain antimigration ac-
tivity. Compared to control group, the treatments of Sora/PTL-NCs on
HepG2 cells showed the most efficient migration inhibitory activity
with the weakest healing rate of 27.04%. It suggested that PTL-NCs was
effective in the suppression of HepG2 cells migration. Meanwhile, the
strong synergistic effects were achieved through combined application
of Sora and PTL-NCs.

3.7. In vivo anti-tumor efficacy

The HepG2 cell subcutaneous tumor-bearing nude mice model was
used to assess in vivo anti-tumor assays. As presented in Fig. 6A, the
tumor volume of nude mice treated with saline were increased rapidly
over time. Despite the tumor growth of PTL group was slightly in-
hibited, no statistically difference was observed between PTL groups

and saline group. This might be related to poor accumulation of free
PTL in tumors via passive diffusion (Maedaa and Daruwalla, 2009).
However, after intravenous injection of PTL-NCs, the tumor growth
exhibited significant inhibition rate of 48.84%. The possible explana-
tion of this behavior could be that the small size of NCs about 100 nm
was favorable for passively targeting to the tumor site via the enhanced
permeability (Sarbari and Sahoo, 2011). Meanwhile, the nude mice
treated with Sora performed 58.83% tumor inhibition rate. Re-
markably, the nude mice treated with Sora/PTL-NCs showed strongest
inhibition rate with 81.86%, resulting in the smallest tumor volume and
tumor weight after 15-day treatment (Fig. 6C). The relative tumor in-
hibition rate of the treatment with Sora/PTL-NCs was increased about
23% compared to Sora alone.

The body weight change of nude mice was considered as an im-
portant indicator to evaluate the toxicity of different treatments. As
illustrated in Fig. 6B, the body weight of PTL and PTL-NCs changed
negligibly, suggesting no obvious systemic toxicity. Despite the final
body weight of nude mice treated with Sora, Sora/PTL and Sora/PTL-
NCs decreased slightly, compared to saline group, there were no sig-
nificant difference for Sora (p = 0.214), Sora/PTL (p = 0.163) and
Sora/PTL-NCs (p = 0.312). Moreover, HE staining of major organs of
nude mice were shown in Fig. 6E. Almost all visceral tissues with dif-
ferent treatments performed similar morphological characteristics,
suggesting the low system toxicity at the test dose. Additionally, as
shown in Fig. 6F, the HE staining of tumor tissues treated with saline
showed normal morphological characteristics with no cell necrosis,
indicating vigorous growth of tumor cells. In contrast, tumor tissues of
nude mice with treatments of Sora, PTL-NCs and Sora/PTL-NCs ex-
hibited a certain degree of tumor cell reduction and necrosis, especially
that of Sora/PTL-NCs. Furthermore, the Ki-67 protein, a human nuclear
antigen only expressed in the G 1, S and G 2 phases of the cell cycle,
used as a cell proliferation indicator (Schmilovitz-Weiss, 2011). The Ki-
67 positive cells in the Sora/PTL-NCs with positive rate of

Fig. 4. (A) The in vitro antiproliferation activity of PTL and PTL-NCs, variable molar ratios of Sora to (B) PTL and (C) PTL-NCs in HepG2 cells after incubation for
24 h. (D) The CI value of Sora and PTL combinations at different molar ratios. Data are presented as mean ± SD (n = 6). * means p < 0.05, ** means p < 0.01 and
*** means p < 0.001.
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Fig. 5. (A) The antimigration activity of different treatments in HepG2 cells after incubated for 24 h. (B) The migration healing rate of different treatments in HepG2
cells after incubated for 24 h. Data are presented as mean ± SD (n = 3). * means p < 0.05, ** means p < 0.01.

Fig. 6. In vivo therapeutic effects of different treatments on HepG2 tumor-bearing nude mice model. (A) Tumor volume, (B) Body weight, (C) Average weight and (D)
images of excised tumors at day 15. (E) The HE staining images of major organs of tumor-bearing nude mice in response to different treatments at day 15 (200×). (F)
The histological analysis of tumor slices after HE staining and Ki-67 staining in response to different treatments at day 15 (200×). Data are presented as mean ± SD
(n = 5). * means p < 0.05, ** means p < 0.01 and *** means p < 0.001.
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7.69 ± 1.05% was notably less than saline group (46.58 ± 1.36%),
indicating significantly inhibited proliferation of tumor cells after
treatment. Hence, Sora/PTL-NCs achieved its synergistic combination
therapy via inhibition of tumor cells proliferation and induction of
tumor cells necrosis in vivo, which was compatible with the in vitro
studies. Based on the reported data, the oral bioavailability of Sora in
female mice was about 78.6%, which might mean almost complete
absorption (Liu et al., 2016). Contacted with the results of MTT assay,
the combination therapy of Sora and PTL-NCs with the molar ratio of
1:1 showed strongest inhibitory effects to HepG2 cells, but the ratio of
1:2 with CI value less 1 (CI = 0.637) also exhibited good synergistic
activity. Therefore, to keep the synergistic effects in vivo, it could be
supposed that the molar ratio of two drugs at tumor site might be
within 1:2–1:1.

The combined administrations at a 1:1 M ratio of Sora to PTL-NCs
have proved to be effectively inhibited tumor growth, but it remains to
been verified whether this is the optimal combination regimen for
clinical trial. In preclinical tumor models, the administered dose of
sorafenib (30 mg/kg) equivalents to in vitro concentrations of 4.2 μM,
which is less than 30% of therapeutic dose in human patients
(Shacham-Shmueli et al., 2012). Of significant note, for the higher dose
accompanied by more obvious toxicity, it did not mean that the patients
treated with the higher dose at the same dose molar ratio were more
appropriate than lower dose during clinical treatment (Blanco et al.,
2014). Therefore, both pharmacokinetics and pharmacodynamics as-
says of the combined regimens with various molar ratios may need to
be performed simultaneously. In addition, to increase clinical feasibility
of combination therapy, we will design administration groups with
high, median and low dose at the same dose molar ratio in follow-up
experiments. To sum up, the combination therapy of Sora with oral
administration and PTL-NCs with intravenous administration was ef-
fective for enhancing anti-tumor efficacy without toxicity on major
organs, which was the first attempt to enhance the antitumor efficacy of
Sora. Furthermore, to achieve better drug compliance and synergistic
antitumor efficacy, we are trying to investigate the combined oral
therapy, especially the PTL-NCs with different particle sizes combined
with Sora to reduce the gastrointestinal response and enhance the ab-
sorption of PTL.

4. Conclusion

In summary, a PTL-NCs formulation was developed for the combi-
nation therapy with Sora to treat HCC. The PTL-NCs was beneficial for
tumor passive target via small uniform size about 100 nm, and it ex-
hibited high dilution stability and storage stability, especially stored
after lyophilization. Furthermore, in vitro release profile confirmed that
PTL-NCs could provide the sustained release of PTL, contributing to
enhance therapeutic effects through prolonged treatment time. It was
worth noting that Sora/PTL-NCs exhibited superior synergistic in-
tracellular uptake, cell proliferation inhibition and migration inhibition
against HCC in vitro. In vivo anti-tumor studies revealed that the Sora/
PTL-NCs with tumor inhibition rate by 81.86% performed excellent
synergistic therapeutic effects compared to that of sole Sora and PTL.
Moreover, a minimized systemic toxicity was observed on tumor-
bearing mice treated with Sora/PTL-NCs. Herein, the PTL-NCs with
high biosecurity may not only provide a strategy for the combination
therapy with Sora to enhance synergistic anti-tumor effects, but also
develop a reference for the drug nanocrystals applied in intravenous
administration to realize industrial production.
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