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Hesperitin enhances the ability of daunorubicin by co-loading 
with MPEG-PCL nanoparticles to induce apoptosis in gastric 
cancer
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ABSTRACT

Tumor targeting delivery system has been suggested as an attractive strategy 
against tumor progression. And combination chemotherapy is essential and effective 
in preventing gastric cancer. Hesperitin (HE) has been suggested to exhibit anti-
cancer ability through inducing apoptosis in many tumors without obvious toxicity, 
and it exerts synergistic anti-cancer ability with other drugs. Clinical application of 
daunorubicin (DA) in treatment of various cancers has been restricted. Targeted 
delivery of anti-cancer drugs could reduce their off-target effects and promote their 
efficacy. In our paper, HE and DA co-loaded methoxy poly (ethylene glycol)-poly(ε-
caprolactone) (MPEG-PCL) nanoparticles were prepared through an assembly method. 
The morphology, particle size (about 38 nm), zeta potential, release profile in vitro, 
cell proliferation and cytotoxicity effects were investigated. The results suggested that 
HE and DA could be efficiently loaded into MPEG-PCL nanoparticles synchronously, 
and in vitro study indicated that they could be released from the nanoparticles in an 
extended period. in vitro, HE/DA/MPEG-PCL exerted an enhanced cytotoxicity and 
high apoptosis-inducing activities of gastric cancer cells. Importantly, HE/DA/MPEG-
PCL exhibited better cancer targeting and accumulation, enhancing the anti-tumor 
efficacy with little toxicity. Together, HE/DA/MPEG-PCL promoted the drug target on 
tumor site with preferable anti-tumor effects, which could be a promising therapeutic 
strategy against human gastric cancer.

INTRODUCTION

Gastric cancer is a frequently occurring cancer, and 
responsible for ~989,600 novel diagnoses and ~738,000 

cases of mortality worldwide annually [1, 2]. The majority 
of patients admitted to hospital are in the advanced stage 
of gastric cancer and less than 1/2 of these patients survive 
for >5 years [3, 4]. Chemotherapy is, presently, the most 
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common therapeutic method to treat gastric cancer. 
However, a variety of chemotherapeutic drugs fail to prevent 
cancer progression, which is mainly due to severe systemic 
toxicity, the nonselective tumor accumulation, as well as 
multidrug resistance [5–7]. Thus, effective therapeutic 
strategies are urgently necessary to suppress gastric cancer. 
Accordingly, combination treatment with nanotechnology 
accompanied with traditional chemotherapy is reported as a 
promising strategy against cancer [8].

Nanotechnology plays an essential role in drug 
delivery systems, which could improve anticancer efficacy 
and attenuate the side effects of various chemotherapeutic 
drugs [9, 10]. Nano-materials, including polymeric 
micelles, and liposomes, have been widely used as 
important carriers to deliver hydrophobic drugs [11, 12]. 
Particularly, the self-assembled polymeric micelles have 
attracted researchers’ attention due to their promising 
vehicles for delivery of drug in cancer therapy [13]. 
Polymeric micelles have a typical core-shell structure, 
and in which hydrophobic drugs could be solubilized 
and stabilized in hydrophobic inner core of micelles [14, 
15]. Further, the hydrophilic outer shell could improve 
the steric stabilization and extend the circulation time 
[16]. Generally, polymeric micelles could effectively and 
selectively accumulate in tumor site through enhanced 
permeability and retention effect, thus promoting the 
therapeutic strategies of chemotherapeutic drugs [17, 18].

Hesperidin (HE, Figure 1A) is one of the 
bioflavonoids, which is abundantly found in Citrus species 
and is the major active constituent of tangerine (Citrus 
reticulata) as well as sweet orange (Citrus sinensis) 
peel [19, 20]. Hesperetin has been suggested to exhibit 
biological activities of anti-cancer, anti-oxidant, anti-
inflammatory and chemo-preventive properties for co-
delivery [21–23]. The clinical use of HE has been limited 
owing to their low water solubility and bioavailability in 
vivo. The solubility of HE in water was only 8.03 μg/mL 
[24]. And the poor bioavailability of hydrophobic drugs 
requires high concentrations to overcome sub-therapeutic 
levels in blood [20, 25]. Daunorubicin (Figure 1B) is 
widely used in the treatment of cancers through inducing 
arrest cell growth and apoptosis [26]. Disappointedly, 
the clinical application of DA is limited due to its 
severe side effects, such as cardiotoxicity, bleeding, and 
gastrointestinal disorders [27, 28]. Thus, it is important to 
explore a novel formulation to the co-deliver HE and DA 
to prevent gastric cancer effectively considering their high 
hydrophobicity and side effects, respectively.

In the present study, HE and DA were encapsulated 
using PEG-PCL micelles, contributing to the generation 
of HE/BA/M nano-micelles. Next, the effect of HE/
BA/M nano-micelles on human gastric cancer cells 
was investigated. PEG-PCL micelles based on HE/DA 
conjugates were developed for targeting delivery and 
enhancing the anti-cancer efficacy of DA. HE/BA/M 
nanoparticles effectively suppress gastric cancer cells 

proliferation through inducing apoptosis, and in vivo 
C57BL6 mice and SGC7901-tumor bearing nude mice were 
applied to further explore the pharmacokinetic behaviors, 
antitumor effects, bio-distribution, as well as the toxicity 
of HE/BA/M nanoparticles. Our findings indicated that 
HE/BA/M nanoparticles supplied an effective formulation 
of HE and DA, which might be a promising therapeutic 
strategy for gastric cancer treatment in future.

RESULTS

The preparation of daunorubicin-hesperitin-
MPEG-PCL (HE/DA/M) nano-micelles

In our study, the HE/DA/M nanoparticles were first 
made via a two-step self-assembly protocol. From Figure 
1C, HE and MPEG-PCL copolymer were dissolved together 
in acetone. Then, the organic phase was evaporated using 
a rotary evaporator, which was performed under the 
reduced pressure. Following, the core-shell structured 
hesperitin-MPEG-PCL nanoparticles were formed through 
water addition using the core-encapsulated hesperitin. 
Subsequently, PBS and DA solution were added into the 
mixture of hesperitin-MPEG-PCL nanoparticles under 
mechanical stirring persistently, which contribute to 
the formation of daunorubicin-hesperitin-MPEG-PCL 
(HE/DA/M) nanoparticles. The core-shell structured 
daunorubicin-hesperitin-MPEG-PCL nanoparticles were 
created using core-encapsulated HE and DA via the self-
assembly procedure of DA, HE and MPEG-PCL. Next, 
the nanoparticles of HE/DA/M were further characterized. 
The transmission electron microscopy (TEM) was used to 
observe the morphology of HE/DA/M nanoparticles (Figure 
1D). The particle size distribution of freshly-prepared HE/
DA/M nanoparticles was exhibited in Figure 1E. The mean 
particle size was 38 nm, which revealed the narrow particle 
size distribution of HE/DA/M nanoparticles. As shown in 
Figure 1F, the zeta potential of nanoparticles was -8.9 mv.

The assessment of drug release in vitro

In this regard, we attempted to explore the release 
profiles of HE/M nanoparticles, DA/M nanoparticles, as 
well as HE/DA/M nanoparticles in PBS with PH 7.4 at 
37°C containing 10% FBS. As shown in Figure 2A and 
2B, we found that both HE and DA could be released from 
HE/DA/M nanoparticles. However, the cumulative release 
rates of HE and DA from HE/DA/M nanoparticles were 
much slower in comparison to the HE/M nanoparticles and 
DA/M nanoparticles singly.

HE/DA/M suppressed the cell viability of gastric 
cancer cells

In this experiment, gastric cancer cell lines of 
SGC7901 and MGC803 were implicated to evaluate 
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the anti-cancer effects of HE/DA/M nanoparticles. 
Therefore, a 24-h dose-dependent study was conducted. 
HE/M nanoparticles, DA/M nanoparticles and HE/
DA/M nanoparticles were exposed to gastric cancer 
cells at the indicated concentrations. As shown in Figure 
3A and 3B, we found that both HE/M nanoparticles 
and DA/M nanoparticles showed suppressive role in 
the proliferation of gastric cancer cell lines, which was 
not as significant as the use of HE/DA/M nanoparticles. 
HE/DA/M nanoparticles exposure exhibited greater 
cytotoxicity to SGC7901 and MGC803 cells at the same 
concentrations of HE and DA alone. Following, HE/M 
(100 ng/ml) nanoparticles, DA/M nanoparticles (100 
ng/ml) and HE/DA/M nanoparticles (100:100 ng/ml) 
were chosen to treat gastric cancer cells. In Figure 3C 
and 3D, the morphology of gastric cancer cells indicated 

that administration of HE/DA/M nanoparticles exhibited 
more effective role in suppressing the growth of gastric 
cancer cells, which was in line with the results of MTT 
analysis above. Furthermore, to calculate the cytotoxicity 
of HE/M, DA/M and HE/DA/M nanoparticles, human 
normal gastric epithelium cell line (GES1), human 
normal liver cell line (HL-7702), and rat cardiac muscle 
cell line (H9C2) were treated to different concentrations 
of HE, DA or HE/DA nanoparticles as indicated for 24 
h, followed by MTT analysis. Following the induction 
of HE, DA and HE/DA nanoparticles, the cell viability 
was not significantly changed compared to the Con 
group in GES1, HL-7702 and H9C2 cells (Figure 3E-
3G). Therefore, MTT analysis indicated that HE/DA 
nanoparticles might be safe for application against 
human gastric cancer progression.

Figure 1: Daunorubicin-Hesperitin-MPEG-PCL (HE/DA/M) nano-micelles are prepared by a self-assembly procedure. 
(A) The chemical structure of daunorubicin. (B) The chemical structure of hesperitin. (C) The Daunorubicin-Hesperitin-MPEG-PCL (HE/
DA/M) nano-micelles were prepared in a two-step method by self-assembly. DA and HE were co-dissolved in acetone, and then the mixture 
was added into distilled water for stirring. Following, 1 mL of 10×PBS (0.1 M, pH 7.4) was added into 8 mL HE/MPEG-PCL nano-micelles 
for complete mixing. Subsequently, 1 mL of DA solution (5 mg/mL) was slowly dripped into the mixture under the continuous stirring using 
a mechanical stirrer. (D) The TEM image of HE/DA/M nano-micelles was exhibited. (E) The size distribution of DA-HE-MPEG-PCL (HE/
DA/M) nano-micelles was shown. (F) Zeta potential distribution of DA-HE-MPEG-PCL (HE/DA/M) nano-micelles was displayed.
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HE/DA/M induces apoptosis in human gastric 
cancer cells

In order to explore if apoptosis was involved in the 
suppression of the growth of gastric cancer cells, flow 
cytometry analysis was used here. From Figure 4A, more 
apoptotic cells were observed in HE/DA/M nanoparticles-

treated groups, which were comparable to the HE/M and 
DA/M groups, as well as the Con group in both SGC7901 
and MGC803 cells (Figure 4B and 4C). In addition, we also 
verified the expression of essential signaling proteins related 
to apoptosis through western blotting analysis. From Figure 
4D, the protein expression levels of cleaved Caspase-8 
(cleaved Casp-8), cleaved Caspase-9 (cleaved Casp-9), 

Figure 2: The assessment of drug release in vitro. (A) HE was released from HE/DA/M nano-micelles in vitro. (B) DA was released 
from HE/DA/M nano-micelles in vitro.

Figure 3: HE/DA/M suppressed the cell viability of gastric cancer cells. Gastric cancer cell lines of (A) SGC7901 and (B) 
MGC803 were cultured with HE/M, DA/M or the two in combination (the ratio of HE to DA was 1:1.) for 24 h, followed by 
MTT analysis to evaluate the cell viability. The morphology of (C) SGC7901 and (D) MGC803 cells treated under various 
conditions as indicated. (E) Human normal gastric epithelium cell line (GES1), (F) human normal liver cell line (HL-7702), 
and (G) rat cardiac muscle cell line (H9C2) were treated to different concentrations of HE, DA or HE/DA (The ratio of HE to 
DA was 1:1.) nanoparticles as indicated for 24 h, followed by MTT analysis.
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cleaved Caspase-3 (cleaved Casp-3) and poly (ADP-ribose) 
polymerase (cleaved PARP) were all remarkably increased 
after treatment with HE/M (100 ng/ml) nanoparticles, 
DA/M nanoparticles (100 ng/ml), and especially HE/
DA/M nanoparticles (100:100 ng/ml) in gastric cancer 
cell lines. Next, only HE/DA/M nanoparticles at various 
concentrations as indicated for 24 h were used to gastric 
cancer cells for apoptosis-related signals investigation. The 
data indicated that HE/DA/M-induced expression of cleaved 
Casp-8, -9, -3 and PARP was dose-dependently in gastric 
cancer cell lines (Figure 4E). Further, proliferation-related 
signals were measured using western blot analysis. PCNA 
and Cyclin D1, playing an important role in promoting cell 
proliferation, were dramatically suppressed by HE/DA/M 
nanoparticles in a dose-dependent manner. In contrast, p21 
and p27 were highly induced due to HE/DA/M exposure, 
which was also in a concentration-dependent manner 
(Figure 4F and 4G). The cell apoptosis could be induced 
by both extrinsic and intrinsic signaling pathways. And the 
growth process was inhibited by HE/DA/M via blocking the 
proliferative process.

The in vivo pharmacokinetics evaluation of 
HE/DA/M nanoparticles

The mean plasma concentration-time curves of 
HE/M, DA/M and HE/DA/MP nanoparticles in mice after 
intravenous administration of HE/M, DA/M and HE/DA/
MP nanoparticles were shown in Figure 5A and 5B. HE/
DA-loaded micelles dramatically enhanced the plasma 
concentration of HE and DA in comparison to the HE/M 
and DA/M nanoparticles. The results indicated that HE/DA/
MP nanoparticles could markedly improve the concentration 
of HE and DA in blood. As shown in Figure 5C and 5D, the 
ex vivo fluorescent images of excised tumors and organs, 
isolated from mice treated with HE/DA/MP nanoparticles 
for 0.5 and 2 hours, indicated that most of the HE/DA/MP 
nanoparticles accumulated in the tumor tissues, and some 
were distributed in liver, renal, heart, spleen, as well as 
the lung. The bio-distribution of HE and DA was further 
measured and the results were exhibited in Figure 5E and 
5F, resp n ectively. The quantitative distribution results of 
HE and DA in vivo were in line with the qualitative results 
evidenced by fluorescence images, indicating that HE/
DA/MP nanoparticles mainly accumulated in tumor tissue 
samples, followed by liver, renal, heart, spleen and lung. In 
addition, more concentrations of HE and DA were released 
from HE/DA/MP than that in the HE/MP and DA/MP 
groups. Thus, higher accumulation of HE/DA/MP in tumor 
would be conducive to exhibit better antitumor effects 
in vivo.

The in vivo biosafety evaluation of HE/DA/M 
nanoparticles

C57BL6 mice were administered with HE/MP (5 
mg/kg), DA/MP (5 mg/kg) and HE/DA/MP (The ratio of 

HE to DA was 1:1, at 5 mg/kg.) for consecutive 7 weeks. 
Next, all mice were sacrificed for isolation of organs, 
including liver, renal, heart and lung, and collection of 
blood. The histological examination showed that compared 
to the Con group in the absence of any treatments, liver, 
kidney, heart and lung of the drug-treated groups had no 
appreciable pathological lesion, indicating that there might 
be none of toxicity of HE/MP, DA/MP and HE/DA/MP 
(Figure 6A). Following, in order to verify the long-term 
toxicity of HE/M, DA/M and HE/DA/M nanoparticles, 
the blood biochemistry indexes, such as AST, ALT, BUN 
and CREA, were evaluated. ALT and AST levels indicate 
the liver functions of mice, and BUN and CREA levels 
suggest the renal function [29, 30]. Our data revealed that 
no significant difference was observed in each index of 
the treated mice in comparison to the group without any 
treatments, further confirming that HE/DA/MP might 
possess no harmful effects on the liver and renal functions 
(Figure 6B).

The anti-tumor effects of HE/DA/M 
nanoparticles on SGC7901-bearing mice

To calculate the anti-cancer effects of HE/DA/MP 
in vivo, the subcutaneous injection of SGC7901 cells was 
applied. As shown in Figure 7A, we found that significant 
anti-cancer ability was observed in HE/M, DA/M, and 
HE/DA/M nanoparticles groups, which were comparable 
to the Con group. And of note, HE/DA/M nanoparticles 
exhibited stronger anti-tumor role in SGC8901-bearing 
tumor samples compared to the HE/M and DA/M single 
group. Consistently, the tumor weight and volume in the 
HE/DA/M nanoparticles group was obviously smaller 
than that of Con, HE/M and DA/M nanoparticles groups 
(Figure 7B and 7C). Figure 7D and 7E exhibited the liver 
weight and body weight of mice from different groups, 
indicating that there was no alterations among each group, 
which demonstrated that there might be no severe side 
effects of HE/M, DA/M and DA/HE/M nanoparticles.

The immunohistochemical (IHC) analysis of HE/
DA/M nanoparticles on tumor tissues

In order to further calculate the therapeutic 
efficiency of HE/M, DA/M and DA/HE/M to mice with 
SGC7901 tumor in vivo, the histological assays of tumors 
was conducted after 28 days of intravenous administration 
of drugs. H&E staining and KI-67 analysis indicated 
that HE/M, DA/M and HE/DA/M treatments reduced 
the progression of tumor tissues, evidenced by reduced 
number of tumor cells and KI-67 positive levels (Figure 
8A and 8B). IHC analysis demonstrated the increasing 
in mean areas which were positively stained for TUNEL 
and cleaved Caspase-3 in HE/M, DA/M and HE/DA/M-
treated tumor tissue samples, which were comparable to 
the Con group. And obviously, HE/DA/M-treated groups 
exhibited higher levels of TUNEL and cleaved Caspase-3 
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Figure 4: HE/DA/M induces apoptosis in human gastric cancer cells. (A) Gastric cancer cell lines of SGC7901 and MGC803 
were treated with HE/M (100 ng/ml), DA/M (100 ng/ml) or the two (100:100 ng/ml) in combination for 24 h, and then flow cytometry 
analysis was used to calculate the apoptosis cells. The percentage of (B) SGC7901 and (C) MGC803 undergoing apoptosis was quantified 
and exhibited. (D) SGC7901 and MGC803 were exposed to HE/M (100 ng/ml), DA/M (100 ng/ml) or the two (100:100 ng/ml) in 
combination for 24 h. And, western blot analysis was used to calculate apoptosis-related proteins, including cleaved Caspase-8, -9, -3, and 
PARP. (E-G) SGC7901 and MGC803 cells were cultured with various concentrations of HE/DA/M (0, 20, 60, 80 and 100 ng/ml in 1:1 
dilution) for 24 h, followed by PCNA, Cyclin D1, p21 and p27 evaluation via western blot analysis. The data are represented as the mean 
± SEM. +P<0.05, +++P<0.001 versus the group of Con; **P<0.01, ***P<0.001 versus the group of HE/DE/M.
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in tumor sections (Figure 8A, 8C and 8D). These data 
above suggested that HE/DA/M effectively suppressed 
gastric cancer cells growth in vivo.

DISCUSSION

Chemotherapy is reported as one of the most 
effective treatments for tumors [5, 6, 31]. However, anti-

cancer drugs administration usually results in side effects, 
including hair loss, nausea, and vomiting, limiting the 
dosage and frequency of drugs [32, 33]. In addition, a 
variety of drugs, including natural extracts, are restricted 
for their poor water solubility with low bioavailability 
[34, 35]. Hesperitin is reported to possess anti-cancer 
ability, such as prostate cancer and esophageal cancer [22, 
36, 37]. Unfortunately, its efficiency was limited due to 

Figure 5: The in vivo pharmacokinetics evaluation of HE/DA/M nanoparticles. The mice were administered with HE/M (5 
mg/kg), DA/M (5 mg/kg) or the two (ratio of HE to DA, 1:1, 5 mg/kg) in combination. Plasma concentration-time curves of (A) HE and (B) 
DA are assessed and shown. Fluorescent images of tumors and major tissues, including liver, renal, heart, spleen and lung, harvested from 
SGC7901-bearing mice at (C) 0.5 hours and (D) 2 hours after intravenous administration of the two drugs in combination (ratio of HE to 
DA, 1:1, 5 mg/kg). The scale bar = 5 mm. Quantitative assays of the distribution of (E) HE and (F) DA in SGC7901 tumor-bearing mice at 
2 hours after the intravenous administration of HE/DA/M nanoparticles. The data are represented as the mean ± SEM.
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high hydrophobicity [20, 25, 47]. Daunorubicin is mainly 
used for prevention of leukemia, breast cancer, and colon 
cancer [26, 27, 38, 39]. Daunorubicin is accompanied with 
cardiac toxicity, which restrained the dosage that could be 
used [40]. Application of nanoparticles as carrier systems 
for chemotherapeutic drugs are accumulating attention 
for the specificity of nanoparticles for tumor tissues, 
promoted efficiency, and reduced side effects [41, 42]. 
The biodegradable nano-carriers have intense potential 
to deliver two or more drugs. Co-delivery using a single 
nano-carrier ensures the controlled drug ratios, same drug 
disposition behavior and hence maximizing the therapeutic 
efficacy [43–45].

Here in our study, the MPEG-PCL micelles 
were used to co-deliver HE and DA, developing an 
intravenously-injectable formulation. Micelles could 
be prepared from polyethylene glycol (PEG) and poly 
(ε -caprolactone) (PCL), which are biodegradable, and 
amphiphilic, respectively, providing the hydrophilic and 
hydrophobic components [46, 47]. The hydrophobic PCL 
segments pack together to form the core, functioning as a 
potential nano-container of hydrophobic drugs, whereas 
the outer hydrophilic PEG is a stabilizing shell. Therefore, 
the encapsulation of hydrophobic drugs into the core-shell 
nanostructure could completely render them dispersible 

in solution [48, 49]. The present study was undertaken 
for co-delivery of HE and DA by using MPEG-PCL as 
drug delivery carrier for gastric tumor targeting. In our 
study, the HE/DA/M nano-micelles were prepared through 
a two-step nano-precipitation method, which was simple 
to scale up. The MPEG-PCL co-polymer self-assembled 
into the core-shell structures, encapsulating HE, DA, 
and HE/DA during the process. Particle size is important 
parameter for consideration in oral absorption, toxicity and 
systemic distribution [50]. The HE/DA/M nano-micelles 
were evidenced as monodisperse, and the average particle 
size of these particles was about 38 nm.

The therapeutic effects of HE/DA/M nanoparticles 
were investigated through in vitro and in vivo. The in vitro 
study for release analysis indicated that HE/DA/M nano-
micelles significantly released HE and DA, which were 
more slowly than that of HE/M and DA/M nanoparticles 
individually. The combination of the small particle size 
and slow rate of HE and DA release from HE/DA/M nano-
micelles could potentially circulate in organism bodies for a 
long time after application, contributing to the plasma drug 
concentrations. in vitro, MTT analysis indicated that HE/
DA/M nano-particles exhibited stronger anti-tumor activity 
in gastric cancer cells than individual treatment of HE/M 
and DA/M nano-micelles. In addition, HE/DA encapsulated 

Figure 6: The in vivo biosafety evaluation of HE/DA/M nanoparticles. (A) Pathological lesions in the major organs, including 
liver, renal, heart and lung, evaluated by H&E staining, the scale bars present 200 μm. (B) The blood biochemistry for liver and renal 
function, evidenced by ALT and AST, as well as BUN and CREB, respectively. The data are represented as the mean ± SEM.
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Figure 7: The anti-tumor effects of HE/DA/M nanoparticles on SGC7901-bearing mice. (A) The representative images of 
excised tumor from the sacrificed mice bearing SGC7901 cells. The changes in (B) tumor weight and (C) tumor volume were measured. 
(D) The liver weight and (E) body weight of mice were assessed. The data are represented as the mean ± SEM. +P<0.05, ++P<0.01, and 
+++P<0.001 versus the group of Con; **P<0.01, ***P<0.001 versus the group of HE/DE/M.

Figure 8: The immunohistochemical (IHC) analysis of HE/DA/M nanoparticles on tumor tissues. (A) H&E staining of 
tumor samples were exhibited. The immunohistochemical analysis of KI-67, TUNEL and Cleaved Caspase-3 expressions in tumor tissue 
samples from mice treated under different conditions as indicated were displayed. (B) KI-67, (C) TUNEL and (D) cleaved Caspase-3 
positive levels were quantified following the IHC analysis. The data are represented as the mean ± SEM. +P<0.05, ++P<0.01, +++P<0.001 
versus the group of Con; *P< 0.05, **P<0.01, ***P<0.001 versus the group of HE/DE/M.
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in HE/DA/M nano-micelles was more effective in 
potentiating gastric cancer cell apoptosis. Importantly, the 
percentage of apoptotic cells in HE/DA/M nano-micelles-
treated group was higher than those in HE/M- and DA/
M- treated groups, which was likely due to the stronger 
synergistic anti-tumor effects of the drugs, the polymer 
as well as the smaller particle size of nano-micelles. 
Apoptosis, a canonical pathway allowing cells to undergo 
a highly regulated form of cell death in response to pro-
apoptotic stimuli, is triggered by multiple signal pathways 
[51–53]. Recently, a variety of studies have indicated that 
there are mainly two pathways included in the modulation 
of apoptosis. The one is extrinsic pathway, including the 
ligand interaction with their cell surface respective death 
receptors. The protease Caspase-8, Caspase-3 and other 
down-streaming Caspases can be activated, resulting in the 
apoptotic cascade [54]. And the other is intrinsic pathway, 
which is relied on Caspase-9 cleavage, and has a close 
relationship with mitochondria [55]. Our finding indicated 
that HE/DA/M nanoparticles could significantly induce the 
cleavage of Caspase-8, Caspase-9, Caspase-3 and PARP, 
indicating a stronger effect of HE/DA/M on apoptosis 
induction than HE/M and DA/M nano-micelles. Moreover, 
the in vivo study confirmed that the application of HE/
DA/M nanoparticles was more effective in suppressing 
gastric tumor growth, which was comparable to the HE/M 
and DA/M individual treatment in a subcutaneous SGC8901 
tumor model, further proved by H&E staining, TUNEL and 
cleaved Caspase-3 positive areas in tumor tissue samples. 
Proliferative activity of a tumor defines its aggression, and 
is an indicator of the prognosis [56]. A number of indicators 
of proliferative activity are known. The greatest interest in 
recent years has focused on the biomarker, KI-67, as an 
index of proliferative activity. Thus, KI-67 staining in our 
study suggested that HE/DA/M nanoparticles exhibited 
greater anti-proliferative effects against gastric tumor 
progression [57, 58]. In addition, PCNA plays an important 
role in the initiation of cell proliferation. This molecule 
is observed in proliferating cells or cells that demonstrate 
a proliferating tendency. Therefore, PCNA reflects the 
proliferating condition of the whole cell population [59, 
60]. Cyclin D1 is a member of a family of three closely 
associated D-type Cyclins, D1, D2 and D3, which promote 
progression through the G1-S phase of the cell cycle [61]. 
High levels of Cyclin D1 have been detected in numerous 
cancer cell lines through DNA amplification and/or Cyclin 
D1 over-expression [62, 63]. Here in our study, we found 
that compared to HE/M and DA/M nano-micelles treatment, 
HE/DA/M exhibited stronger inhibitory role in PCNA and 
Cyclin D1 expression, contributing to the suppression of 
gastric cancer cell proliferation. p21 and p27 are important 
cyclin-dependent kinase inhibitors, playing an essential role 
in the induction of cell cycle arrest, suppressing cancer cell 
proliferation [64, 65]. Consistently, in our study, HE/DA/M 
greatly improved p21 and p27 expressions.

Moreover, our HE/DA/M nano-micelles showed 
stronger anti-cancer effects than DA/M nano-micelles or 

HE/M nano-micelles in vivo. And the ex vivo fluorescent 
images of excised tumors and organs confirmed the anti-
cancer effects of HE/DA/M nano-micelles. Most of the 
drug micelles accumulated in the tumor, and some were 
distributed in liver, renal, heart, spleen and lung. The findings 
suggested that HE/DA/M nano-micelles showed specificity 
to be accumulated in tumor tissues. Additionally, the toxicity 
of HE/DA/M formulation in vivo was investigated through 
assessing essential hepatic and renal health indexes [26, 30, 
66, 67]. AST, ALT, BUN and CREA contents in mice with 
treatment of HE/DA/M nano-micelles were similar to that 
in the Con group, indicating that HE/DA/M nano-micelles 
caused no severe hepatic and kidney toxicity. Further, the 
histological analysis of major organs of liver, renal, heart 
and lung suggested that no obvious pathological damage was 
induced by HE/DA/M nanoparticles.

In summary, here in our study, the intravenously-
injectable HE/DA/M nano-micelles were successfully 
prepared, exhibiting promoted anti-cancer ability in 
gastric cancer, which was attributed to its direct cellular 
cytotoxicity, enhanced effects on apoptosis induction, 
slower release and tumor targeting capacity. And the 
excellent anti-cancer effects were along with low toxicity 
both in vitro and in vivo. The data indicated that HE/DA/M 
nano-micelles possess potential value to prevent human 
gastric cancer.

MATERIALS AND METHODS

Materials

Hesperitin was purchased from Sigma (St. Louis, 
MO, USA). Daunorubicin was purchased from Santa 
Cruz (Dallas, TX, USA). 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) were purchased 
from Beyotime Institute of Biotechnology (Shanghai, 
China). Aspartate aminotransferase (AST) Assay Kit, 
Alanine aminotransferase (ALT) Assay Kit, Urea (BUN) 
Assay Kit and Creatinine (Cr) Assay kit were purchased 
from Nanjing Jiancheng Bioengineering Institute 
(Nanjing, China). Annexin V-FITC/PI Detection kit was 
obtained from keyGEN Biotech (Shanghai, China). The 
enhanced chemiluminescence (ECL) and bicinchoninic 
acid (BCA) were purchased from Thermo Fisher Scientific 
(San Diego, CA, USA).

Preparation and characterization of 
daunorubicin-hesperitin-MPEG-PCL (HE/
DA/M) nano-micelles

MPEG-PCL copolymer with a designed molecular 
weight of 14 000 g/mol was synthesized via ring-opening 
polymerization. Predetermined amounts of MPEG 
(Mn=2000, Jenkem Technology Co, Ltd, Beijing, China) 
and ε-caprolactone (Jenkem Technology Co, Ltd) were put 
in a dried three-necked flask containing stannous octoate 
dissolved in anhydrous toluene solution. The reaction 
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system was refluxed under dry nitrogen atmosphere at 
130°C for 24 h. The crude copolymer was dissolved in 
dichloromethane followed by evaporation of the toluene 
solution. The solution was then added to cold diethyl ether to 
eliminate the unreacted MPEG. Subsequently, the resultant 
block copolymer was dried to a constant weight in a 
vacuum oven at room temperature and stored in the air-tight 
bags pending characterization. The MPEG-PCL formation 
was determined using proton nuclear magnetic resonance 
(1H NMR) and gel permeation chromatography (GPC). 
1H NMR spectrum was obtained with a Bruker AVANCE 
600 spectrometer (Bruker, Germany) with deuterated 
chloroform as the solvent. Additionally, the number average 
molecular weights, the weight average molecular weight 
and the polydispersity index were confirmed through a gel 
permeation chromatography (GPC) system equipped with a 
refractive index detector and a Styragel HR column. HPLC-
grade tetrahydrofuran was introduced as the eluent at a flow 
rate 1.0 mL/min. The calibration curve was generated using 
polystyrene standards with a molecular weight range from 
900 to 30 000 g/mol. 5 mg HE and 90 mg MPEG-PCL 
copolymer were co-dissolved in acetone (2 ml) to form an 
organic phase. Then, the mixture was added into water with 
mechanical stirring moderately. Along with the diffusion 
of acetone into water, the HE and amphiphilic MPEG-PCL 
were self-assembled into core-shell structured HE/MPEG-
PCL nano-micelles. Finally, the mixture was evaporated at 
55°C using a rotary evaporator under the reduced pressure 
to diminish acetone. Next, 1 mL phosphate-buffered saline 
(PBS, 10×, 0.1 M, pH 7.4) was added into 8 ml HE/MPEG-
PCL nano-micelles and completely mixed. And 1 mL DA 
solution (5 mg/ml) was slowly dripped into the mixture with 
continuous stirring. The HE/DA/M nano-micelles were 
prepared. The resulting HE/DA/M nano-micelle solution 
was filtered through a 200 nm syringe filter (Whatman 
Inc., USA) to remove the bacteria and insoluble drugs. The 
filtered HE/DA/M nano-micelles were then lyophilized and 
stored at 4°C for further exploration. The HE/MPEG-PCL 
(HE/M), and DA/MPEG-PCL (DA/M) micelle formulations 
were prepared using the same method, but in the absence of 
HE or DA in the mixtures.

The distribution of nanoparticle size and the zeta 
potential of prepared HE/DA/M nano-micelles were 
calculated through dynamic light scattering (DLS) using 
a Zetasizer Nano-ZS instrument (Malvern Instruments, 
UK). During the measuring process, the temperature was 
maintained at 25 °C. Size is represented as the mean value 
of 20 runs with triplicate assessments for each run. The 
morphology characteristics of HE/DA/M nano-micelles 
were observed with a transmission electron microscope 
(TEM) (Hitachi, Tokyo, Japan). The diluted micelles 
were placed on a copper grid, negatively stained with 
phosphotungstic acid (2%) and dried at room temperature 
before TEM observation.

Cell culture in vitro

Human gastric cancer cell lines of SGC7901 and 
MGC803 were obtained from American Type Culture 
Collection (ATCC, Manassas, VA, USA) Human normal 
gastric epithelium cell line (GES1), human normal liver 
cell line (HL-7702), and rat cardiac muscle cell line 
(H9C2) were purchased from the Cell Bank of the Type 
Culture Collection of the Chinese Academy of Sciences 
(Shanghai, China). And all cells were maintained in 
RPMI-1640 medium (Gibco, Grand Island, NY, USA) 
with 10% fetal bovine serum (FBS, Hyclone, Thermo 
Scientific, USA) in a humidified CO2 incubator under 5% 
CO2. The cells were harvested in a 0.025% trypsin-EDTA 
(Gibco) with phosphate buffered saline solution, plated at 
the required cell number, and allowed to adhere before 
drug treatment. The cells were exposed to different doses 
of drugs for study.

In vitro cytotoxicity

MTT was used to calculate cell viability. 2×104 
cells/well were seeded on 96-well plates and incubated at 
37°C overnight under an atmosphere of 95% air and 5% 
CO2, and then treated with various concentration of HE/M, 
GA/M and HE/DA/M (0, 20, 40, 60, 80 and 100 ng/ml) 
for 24 h. MTT solution (300 μL/well) was added after 
incubation. Following incubation at 37°C for an additional 
4 h, the supernatants were removed and 200 μl dimethyl 
sulfoxide (DMSO, Sigma-Aldrich Chemical Co., USA) 
was added into each well to dissolve the formazan crystals. 
The 96-well plates were then placed in a microplate reader 
(Bio-Tek, USA) to assess the absorbance at 490 nm. Each 
test performed in triplicate.

Drug release in vitro

HE/DA/M (500 ul) nano-micelle solution was put 
into a dialysis bag, and HE/M (500 ul) nano-micelles and 
DA/M (500 ul) nano-micelles were applied as the controls. 
The dialysis tubes were then incubated in pre-warmed PBS 
(30 mL, pH 7.4) supplemented with 10% FBS at 37°C. 
Next, the incubation medium was replaced with fresh 
medium at the predetermined time points. The drugs that 
released into the incubation medium were tested by high 
pressure liquid chromatography (HPLC). The experiment 
was independently repeated three times.

Flow cytometry

The treated gastric cancer cells were harvested in 
PBS. Then, the cells were incubated with annexin V-FITC 
and PI for 15 min at room temperature in a darkroom. The 
stained cells were then analyzed using flow cytometry (BD 
Pharmingen, USA).
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Western blot analysis

Gastric cancer cells after different treatments 
were harvested and washed with chilled PBS. The cells 
and gastric tumor tissues were lysed in 50 mM Tris-Cl 
(pH 7.5) supplemented with 0.5% deoxycholic acid, 
150 mM NaCl, 0.1% SDS, 1% NP-40, and a protease 
inhibitor (Sigma Aldrich) on ice for 10 min to yield a 
homogenate. Then, the final supernatants were obtained 
by centrifugation at 14,000×g for 20 min at 4°C. Protein 
concentration was determined using BCA protein assay 
kit with bovine serum albumin as a standard. Sample-
loading buffer was added, the mixture was boiled for 5 
min. And the total protein extract are used for Western 
blot analysis. 40 μg of total protein was loaded and 
proteins were separated using 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and electrophoretically transferred to the polyvinylidene 
difluoride membranes (PVDF, Millipore, USA). The 
membranes were then blocked with 5% skim milk Tris 
buffered saline with 0.1% Tween 20 (TBST), washed, 
and then incubated with primary antibody overnight at 
4°C. The primary antibodies were shown as followings. 
The membrane was then washed with TBST for three 
times, followed by incubation with a horseradish 
peroxidase (HRP)-conjugated secondary antibody 
(Amersham Biosciences) at room temperature for 2h. 
Following another round of washing with TBST, the 
membrane was then developed using ECL, and exposed 
to Kodak (Eastman Kodak Company, USA) X-ray film. 
Every protein expression levels will be defined as grey 
value using ImageJ 1.38 software (National Institutes 
of Health, USA) and standardized to housekeeping 
gene of GAPDH and expressed as a fold of control. 
All experiments were performed in triplicate and done 
three times independently. The primary antibodies for 
GAPDH (sc-293335, 1:200, Santa Cruz Biotechnology, 
USA), Caspase-8 (ab25901, 1:1000, Abcam, USA), 
Caspase-9 (ab2324, 1:1000, Abcam, USA), PCNA 
(ab18197, 1:1000, Abcam, USA), Cyclin D1 (ab61758, 
1:1000, Abcam, USA), p21 (ab86696, 1:1000, Abcam, 
USA), p27 (ab212252, 1:1000, Abcam, USA), Caspase-3 
(ab2302, 1:1000, Abcam, USA), and PARP (ab4830, 
1:1000, Abcam, USA) were employed.

Pharmacokinetics analysis in vivo

40 male C57BL6 mice (18-22 g, 6-8 weeks old) 
were randomly dividedinto four groups (n=10 in each). 
The mice were fasted for 12 hours with free access to 
water before dosing. Saline, HE/M (5 mg/kg), DA/M (5 
mg/kg) and HE/DA/M (The ratio of HE to DA was 1:1 
at 5:5 mg/kg.) were injected into the mice by the tail 
vein. At the end of the experiment, the blood samples 
were collected through puncturing the reto-orbital sinus 
and subsequently were centrifuged at 3,000×g for 15 

min to obtain serum, followed by detection of liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) 
after precipitation with methanol.

Assessment of anti-cancer effects in vivo

40 male, 5 weeks old, 15-18 g, BALB/c-nu 
mice were injected with SGC7901 cells (1×106) 
subcutaneously in the left flank of mice, purchased 
from the Animal experiment center of Hunan province 
(Changsha, Hunan PR, China). Mouse care and usage 
were performed according to the ethical guidelines of 
Xiangya Hospital, Central South University (Changsha, 
China). All protocols were in accordance with the 
Regulations of Experimental Animal Administration 
issued by the Ministry of Science and Technology of the 
People’s Republic of China. All mice were performed 
to adjust the environment for 7 days previous to the 
experiments. The mice were raised in air-conditioned 
pathogen-free rooms (25 ± 2°C, 50 ± 10% humidity) 
under controlled lighting (12 h light/day) and fed with 
water and standard laboratory food. When the tumors 
were visible, the mice were randomly divided into four 
groups (10 mice per group). The control group received 
the vehicle (PBS) injection, and the treatment group was 
administered with HE/M (5 mg/kg), DA/M (5 mg/kg) 
and HE/DA/M (The ratio of HE to DA was 1:1 at 5:5 mg/
kg.) through tail vein injection [68–70]. When the tumor 
volume reached to 50 mm3, the administration of vehicle 
or drugs was started to animals daily. 28 days later, 
all mice were sacrificed, and tumors were excised and 
measured. The tumor tissues were fixed in 10% formalin. 
After embedding in paraffin, immunohistochemical 
analysis was performed.

Measurement of plasma biochemistry indicators

180 male, 5 weeks old, 15-18 g, BALB/c-nu mice 
were injected with SGC7901 cells (1×106) subcutaneously 
in the left flank of mice. All mice were randomly divided 
into 4 groups (n=45 per group) as followings. When the 
tumor volume reached to 100 mm3, the administration of 
vehicle, HE/M (5 mg/kg), DA/M (5 mg/kg) and HE/DA/M 
was started to animals each day. The side effects of HE/
DA/M nano-micelles in vivo were measured. Briefly, after 
the drug administration for 1, 7, 14, 21, 28, 35, 42 and 49 
days (n=6 in each group), the blood of each mouse was 
extracted through eyeballs and the serum was separated 
by centrifuge at 3,000×g for 15 min. Then, the activities 
of ALT, AST, BUN and CREA in serum were evaluated 
following the manufacturer’s protocol to calculate the 
organ toxicity. At the end of the experiment, all rest of 
mice were sacrificed, and the liver, renal, heart and lung 
tissues were excised, weighed, and fixed in 10% formalin 
for histology analysis.
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Tumor-targeting ability in vivo

24 male, 5 weeks old, 15-18 g, BALB/c-nu mice 
were injected with SGC7901 cells (1×106) subcutaneously 
in the left flank of mice, purchased from the Animal 
experiment center of Hunan province (Changsha, Hunan 
PR, China). When the tumor volume reached to 150 
mm3, the administration of vehicle, HE/M (5 mg/kg), 
DA/M (5 mg/kg) and HE/DA/M (5 mg/kg) was started 
to animals daily. Following, at 0.5 hours and 2 hours 
post-administration, the mice (n=6 in each group) were 
sacrificed. The tumor, liver, heart, spleen, kidney, and 
lung were excised, rinsed with saline, and then imaged 
with Maestro Imaging System (Caliper, Hopkinton, MA, 
USA) in vivo imaging system. For quantification analysis, 
after 2 hours of administration of saline, HE/M, DA/M, 
and HE/DA/M, the tissue samples including tumor, liver, 
kidney, heart, spleen, and lung were excised, weighed, 
homogenized with methanol, and then quantified using 
LC-MS/MS.

Immunohistochemical analysis

Formalin-fixed tumor tissue samples were 
embedded in 4% paraffin and thenthe paraffin-embedded 
specimens were cut into serial sections (3-um thickness). 
Primary tumors, liver, heart, lung, and renal sections 
were stained with hematoxylin and erosion (H&E) 
and tumor specimens were immunostained with KI-67 
(Abcam, 1:500), and cleaved Caspase-3 (Abcam, 1:500). 
In brief, Tumor tissues were deparaffinized in xylene, 
which was followed by hydration using graded alcohol, 
and then treated with 3% H2O2 for 15 min. The boiling 
sodium citrate buffer was applied for antigen retrieval. 
Next, tissue sections were incubated with 10% normal 
goat serum for 15 min, and then incubated with primary 
antibodies of KI-67, and Caspase-3 at 4°C overnight. 
And then, the slides were rinsed with PBS for three 
times, and incubated with secondary antibody at 37°C for 
30 min. 3,3'-diaminobenzidine (DAB) was used for the 
staining of nuclear. And hematoxylin (Sigma Aldrich) 
was added for the background counterstaining. Images 
were captured using a microscopy (Olympus, Japan). The 
apoptosis of gastric tumor tissues was evaluated using 
TUNEL assay with the In situ Apoptosis Detection Kit 
(Abcam) according to the manufacture’s protocol. After 
deparaffinization and hydration, tumor tissue sections were 
washed with PBS twice and then incubated with proteinase 
K (20 μg/ml, Abcam) for 25 min at 37°C, followed by 
washes with PBS. Then, all sections were incubated with 
TUNEL mixture. Finally, the tissue sections were observed 
with a microscopy (Olympus, Japan).

Statistical analysis

Experiments were performed in triplicate and 
analyzed using GraphPad Prism® version 5.03 software. 

Results are expressed as mean ± standard error (SEM). 
Statistical analysis was performed through one-way 
analysis of variance with least significant difference post-
hoc tests to identify differences between mean values of 
different groups. P < 0.05 was considered as statistical 
significant.
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