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synergistic anti-tumoral therapy
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ABSTRACT
A co-loaded drug delivery system based on ascorbyl palmitate that can transport various functional
drugs to their targets within a tumor represents an attractive strategy for increasing the efficiency of
anticancer treatment. In this study, we developed a dual drug delivery system to encapsulate ascorbyl
palmitate (AP) and paclitaxel (PTX) for synergistic cancer therapy. AP, which is a vitamin C derivative,
and PTX were incorporated into solid lipid nanoparticles (AP/PTX-SLNs), which were used to treat mur-
ine B16F10 melanoma that had metastasized to the lungs of mice. These nanoparticles were spherical
with an average size of 223nm as measured by transmission electron microscope and dynamic light
scattering. In vitro cytotoxicity assays indicated that the AP/PTX-SLNs with an AP/PTX mass ratio of 2/1
provided the optimal synergistic anticancer efficacy. In vivo, AP/PTX-SLNs were revealed to be much
more effective in suppressing tumor growth in B16F10-bearing mice and in eliminating cancer cells in
the lungs than single drug (AP or PTX)-loaded SLNs via a synergistic effect through reducing the Bcl-2/
Bax ratio. Furthermore, no marked side effects were observed during the treatment with the AP/PTX-
SLNs, indicating that the co-delivery system with ascorbyl palmitate holds promising clinical potential
in cancer therapy.
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1. Introduction

Vitamin C (Vc), also known as ascorbate or L-ascorbic acid, is
an important water-soluble vitamin in humans and is essen-
tial for carnitine, collagen and neurotransmitter biosynthesis.
As a pharmacological agent, ascorbic acid has many applica-
tions, such as antioxidant, anti-atherogenic, and immunomo-
dulator functions and the ability to prevent colds (Naidu,
2003b), etc. In the mid-twentieth century, a study hypothe-
sized that cancer may be related to changes in connective
tissue, which may be a consequence of vitamin C deficiency
(Mc, 1959). In 1970 s, Ewan Cameron and Linus Pauling sum-
marized a series studies on the antitumoral effects of high
doses of vitamin C and concluded that ascorbic acid
extended the lifespan of cancer patients and enhanced the
quality of life (Cameron & Campbell, 1974; Cameron &
Pauling, 1976). By contrast, several subsequent randomized
controlled trials of high-dose oral vitamin C (10 g daily) failed
to demonstrate similar benefits (Creagan et al., 1979; Moertel
et al., 1985), and some even hold the idea that an overdose
of vitamins may even increase the risk of cancer, opening
the issue of therapeutic effectiveness to controversy. While
recent studies showed that high dose of vitamin C exhibit
anticancer effect only administered intravenously (approxi-
mately 40–400mg/kg) or intraperitoneally (4 g/kg) (Padayatty

et al., 2004; Chen et al., 2008; Verrax & Calderon, 2009;
Takemura et al., 2010). Since then, numerous in vitro studies
on both human and animal tumors have been carried out to
elucidate the role of ascorbic acid in the prevention of differ-
ent types of cancer, including studies of prostate (Pollard
et al., 2010), pancreatic (Du et al., 2010, Espey et al., 2011),
hepatocellular (Lin & Chuang, 2010), ovarian (Chen et al.,
2008), colon (Ha et al., 2009; Pathi et al., 2011), mesothelioma
(Takemura et al., 2010), neuroblastoma (Hardaway et al.,
2012), and malignant melanoma (Kang et al., 2003; Miles
et al., 2015) cell lines. Nevertheless, the in vivo application of
ascorbate is currently limited by the very high blood concen-
trations that are required to achieve therapeutic levels in
tumors (Ohno et al., 2009). In general, patients do not seem
to well tolerate treatments of such high doses of the drug,
and therefore, nanoparticle-based delivery is one approach
that could be used to reduce the drug dose and improve
drug pharmacokinetics. However, the formulation of drug
delivery systems with ascorbic acid is rarely reported because
this substance, which is highly soluble in water, is extremely
sensitive to air, light, and heat and can be easily destroyed
by prolonged storage or over processing (Naidu, 2003b). To
overcome these problems, ascorbic acid can be chemically
modified by esterification of the hydroxyl group with
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long-chain organic or inorganic acids. As a result, several
more stable hydrophobized derivatives of ascorbate that
retain the anti-cancer activity of ascorbate have been
explored (Miwa et al., 1988; Lee et al., 2009; Sawant et al.,
2011). Among them, ascorbyl palmitate has attracted exten-
sive interest as an anticancer compound because of its lipo-
philic nature, allowing it to easily cross cell membranes
(Banks & Kastin, 1985).

Ascorbyl palmitate (AP), a synthetic lipophilic derivative of
ascorbic acid, has been used as a source of vitamin C and as
an antioxidant for foods, pharmaceuticals, and cosmetics
(Austria et al., 1997; Perrin & Meyer, 2003; Lee et al., 2009).
Moreover, AP has been found to inhibit the cell proliferation
and DNA synthesis of various cancer cells, including breast,
colon, glioblastoma, skin, and brain cancer cells (Naidu,
2003a). Although AP is more stable than vitamin C, the thera-
peutic efficacy of AP is limited due to its water insolubility,
rapid degradation (accelerated by metal ions and/or light),
and low bioavailability. Therefore, new technologies including
nanoparticles that can enhance its delivery efficacy and
reduce the dose of administration for Vc while not reducing
its anti-cancer efficacy are highly desired.

Solid lipid nanoparticles (SLNs) are novel nanocarriers with
a size range of 10 to 1000 nm (Muller et al., 2000). They have
attracted great attention as a good drug delivery system
because of their unique structure and properties, such as
excellent biocompatibility, controlled release of drug, good
physicochemical stability, better accumulation in solid tumors
through the enhanced permeability and retention (EPR)
effect, and their ability to improve the bioavailability of drugs
and to protect them from the external environment (Kristl
et al., 2003; Maeda et al., 2013; Guney et al., 2014; Wang
et al., 2015b; Qu et al., 2016; Guo et al., 2017). Recently, an
increasing number of studies have reported nano-sized car-
riers designed for combination drug delivery to obtain
enhanced and synergistic therapeutic efficacy in chemother-
apy. Combination therapy is a promising strategy for anti-
cancer treatment in clinical practice, which has the potential
to not only reduce individual drug-related toxicity by reduc-
ing the dose of each agent required and achieve synergistic
anticancer effects but also to suppress multi-drug resistance
(MDR) by acting through different mechanisms (Wang et al.,
2011; Wang et al., 2015c). More importantly, AP can act as
both the lipid matrix which carries the drug and the chemo-
therapeutics. Recently, AP was used to modify the surface of
liposomes to evaluate the potential of ascorbate as a novel
ligand in the preparation of pharmaceutical nanocarriers with
enhanced tumor-cell specific binding (D’Souza et al., 2008).
However, the therapeutic effect and delivery of AP against
cancer still remained uncertain.

In this study, to maximize the therapeutic efficacy of AP,
we present an ascorbyl palmitate-based nanoparticle system
in which both a derivative of Vc and chemotherapeutics
paclitaxel (PTX) can be loaded for the treatment of cancer.
Given its liposoluble nature, AP is an ideal candidate for load-
ing into solid lipid nanoparticles. Our goal here was to evalu-
ate the potential of AP-based nanoparticles combined with
PTX (AP/PTX-SLNs) for killing cancer cells. We investigated
the physiochemical properties and drug release behavior of

this dual drug co-delivery system. The cellular uptake and
synergistic anticancer effect of the AP/PTX-SLNs were also
studied in the B16F10 cell line both in vitro and in vivo.

2. Materials and methods

2.1. Materials

Glyceryl monostearate (GMS) was purchased from
Taiwei Pharmaceutical Co., Ltd (Shanghai, China).
Dimethyldioctadecylammonium bromide (DDAB) and couma-
rin-6 were purchased from Sigma-Aldrich (St. Louis, MO).
Ascorbyl palmitate (AP) was obtained from Tokyo chemical
Industry Co., Ltd. Pluronic F-68 was supplied from Nanjing
Well chemical Co., Ltd (Nanjing, Chain). Paclitaxel (PTX) was
obtained from Haoxuanbio. Co., Ltd (Xi’an, China), and 3-(4,5-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was obtained from Amresco (Solon, OH). All other chemicals
were reagent grade and used as received without further
purification.

2.2. Cell culture and animals

The murine melanoma cell line B16F10 was obtained from
the American Type Culture Collection (ATCC) and cultured
with RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin. Female
C57BL/6 mice (18–20 g) were supplied by the Laboratory
Animal Center of the Third Military Medical University
(Chongqing, China). All animal experiments were approved
by the Institutional Animal Care and Ethic Committee of
Third Military Medical University. The animals were main-
tained at animal care facility for at least one week with fresh
diet and water before experiments.

2.3. Preparation and characterization of vitamin C
derivative-based solid lipid nanoparticles for paclitaxel
(AP/PTX-SLNs)

AP-incorporated composite SLNs loaded with paclitaxel were
fabricated via a modified ultrasound method (Silva et al.,
2011) under sterile condition. In brief, GMS (50mg), DDAB
(5mg), PTX (2mg) and AP (4mg) were heated to 85 �C, which
is 5–10 �C above the melting point of GMS. The aqueous
phase containing Pluronic F-68 in double-distilled water
(5mL) was simultaneously heated to the same temperature.
A pre-emulsion was obtained by adding the aqueous phase
to the molten lipid phase. Then, an ultrasonic probe (6mm
diameter) was placed in this pre-emulsion via sonication in a
VCX 130 Ultrasonic Cell Disrupter (SONICS). A power output
with an amplitude of 50% was applied for 25minutes at a
temperature above the melting temperature, and AP/PTX-
SLNs were formed after cooling the mixture to room tem-
perature in an ice bath (Shi et al., 2012). AP-SLNs, PTX-SLNs
and blank SLNs were prepared in the same way but without
AP or/and PTX.

The particle size, polydispersity and zeta potential were
measured by using a Nano ZS90 Zetasizer (Malvern, UK). In
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addition, the stability of AP-SLNs, PTX-SLNs and AP/PTX-SLNs
were evaluated by measuring various physiochemical proper-
ties of SLNs, including the changes in the size and encapsula-
tion efficiency after storing at 4 �C for one week. The
morphology of the SLNs was examined using a transmission
electron microscope (TEM) (TEM-1400 plus, JEOL). The entrap-
ment efficiency (EE) of AP and PTX was calculated using
high-performance liquid chromatography (HPLC). A reverse
phase HPLC column (Kromasil ODS-1 C18, 5lm,
150� 4.6mm) was used. The flow rate was set at 1mL/min,
and the temperature was set at 30 �C. To quantify AP, the
mobile phase consisted of acetonitrile: 0.5% acetic acid at
95:5 v/v, and the wavelength of detection was 243 nm. For
PTX, the mobile phase was composed of acetonitrile:water at
80:20 v/v, and the wavelength was 227 nm. The amounts of
free drugs in the SLNs suspensions were separated via an
ultrafiltration method using centrifugal filter tubes with a
10 kDa molecular weight cutoff (Millipore). The encapsulation
efficiency was calculated by the following equation.

Encapsulation efficiency %

¼
�
1� weight of free drug

weight of the feeding drug

�
� 100

Drug loading yield %

¼Weight of encapsulated drug in SLNs
Total weight of SLNs

� 100

The release profiles of AP and PTX from the SLNs were
monitored according to a dialysis method (Wang et al.,
2015a). Briefly, 1mL of SLNs (containing 0.4mg of PTX and
0.8mg of AP) was placed in the dialysis bag (molecular
weight cutoff of 10 kDa) and immersed into 100mL of PBS
(pH 7.4 or 5.5) containing 20% ethanol (Yoksan et al., 2010),
then the entire system was incubated at 37 ± 1 �C under con-
stant shaking at 100 rpm. At pre-determined time intervals,
1mL of release media were removed from the dialysate and
replaced by an equal volume of PBS/ethanol buffer. The
amount of AP and PTX in the dialysate was determined by
HPLC.

2.4. Differential scanning calorimetry (DSC)

The dried samples, including AP, PTX, blank SLNs, AP-SLNs,
PTX-SLNs and AP/PTX-SLNs, were characterized using a DSC
analyzer (DSC 200F3, NETZSCH). All samples were weighed
and sealed in the aluminum cell and then heated from 25 �C
to 350 �C at a rate of 10 �C/min under a nitrogen
atmosphere.

2.5. In vitro cytotoxicity analysis

B16F10 cells and A549 cells were seeded at a density of
1� 104 cells per well in 96-well plates and grown to approxi-
mately 70% confluence prior to drug treatment. The culture
media were replaced with 100lL of fresh culture media. AP,
PTX, APþ PTX (a mixture of AP and PTX), AP-SLNs, PTX-SLNs,
AP/PTX-SLNs, or AP-SLNsþ PTX-SLNs (a mixture of AP-SLNs
and PTX-SLNs) were added to the cells. The concentrations of
AP were 40, 20, 10, 5, 2.5 lM and the concentrations of PTX

were 9.6, 4.8, 2.4, 1.2, 0.6 lM, respectively. Following incuba-
tion for 24 h, the cell viability was measured by 3-(4, 5-dime-
thythiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT)
assays. The absorbance of each plate was read at 490 nm
using a Spectra max plus microplate reader (Molecular
Devices, CA). The concentrations of AP and PTX required to
inhibit cell growth by 50% (IC50 value) were calculated. All
the experiments were repeated five times.

To further study the synergy of AP/PTX-SLNs, the combin-
ation index (CI) was determined (Wang et al., 2015c). The CI
analysis provides qualitative information regarding the nature
of the drug synergism. The CI was calculated according to
the following equation:

CI50 ¼ ðDÞA
ðD50ÞA

þ ðDÞP
ðD50ÞP

;

where (D50)A and (D50)P represent the IC50 values of AP alone
and PTX alone, respectively. (D)A and (D)P represent the
concentrations of AP and PTX, respectively, in the com-
bination system at the IC50 value. A CI value <1 represents
synergism, ¼1 represents addition, and >1 represents
antagonism.

2.6. Cellular uptake studies

The cellular uptake and distribution of SLN formulations were
characterized by fluorescence microscopy and flow cytome-
try. Briefly, B16F10 cells were seeded at a density of 2� 105

cells per well in 12-well culture plates and further cultured
overnight. For imaging, coumarin-6 was incorporated into
the SLNs to obtain the fluorescence-labeled composite nano-
particles. The coumarin-6 labeled formulation and free cou-
marin-6 at different concentrations were added to the cells
without serum, and the cellular uptake was observed in a
time- or dose-dependent manner. Following incubation at
37 �C, the B16F10 cells were washed twice with PBS, har-
vested, and analyzed using a Ti-S fluorescence microscope
(Nikon, Tokyo, Japan) and a flow cytometer (Navios,
Beckman, CA).

2.7. Cell apoptosis analysis

Cell apoptosis was assessed by fluorescence microscopy and
flow cytometry (He et al., 2015). B16F10 cells were seeded at
5� 105 cells per well in 6-well plates and incubated over-
night. The culture media were replaced with 1mL of fresh
culture media. AP solution, PTX solution, APþ PTX solution,
AP-SLNs, PTX-SLNs, or AP/PTX-SLNs were added to the cells
at a concentration of 2.05 lg/mL of AP or/and 1.0lg/mL of
PTX. After 24 h of incubation, the cells were rinsed with PBS,
and the cell nuclei were then incubated with (40-6-diamidino-
2-phenylindole (DAPI) for 3–5min. The morphology of the
cell nuclei was analyzed using a Nikon fluorescence micro-
scope. For flow cytometry, after culturing for 24 h, the float-
ing and adherent cells were collected and stained with an
Annexin V-FITC Apoptosis Detection Kit (Beyotime, China)
according to the manufacturer’s instructions. The apoptotic
cells were examined using a flow cytometer.
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2.8. Western blot analysis of Bcl-2 and Bax

After 24-h treatment of AP, PTX, AP-SLNs, PTX-SLNs and
AP/PTX-SLNs (AP: 4.05lg/mL; PTX: 2.025 lg/mL), the media
were aspirated, and the B16F10 cells were washed twice with
ice-cold PBS. The proteins were harvested from the cells using
cell lysis buffer (Beyotime, Shanghai, China) containing 1mM
PMSF (Beyotime, Shanghai, China). The protein concentrations
were measured using a BCA Protein Assay Kit (Beyotime,
Shanghai, China). The proteins were separated by 10% (for
Bcl-2, Bax) SDS-polyacrylamide gels and electrophoretically
transferred onto PVDF membranes (Millipore, MA). The mem-
branes were blocked with 6% nonfat milk at 37 �C for 1 h and
then incubated overnight with the corresponding primary
antibodies (rabbit anti-Bax antibody (Abcam, Cambridge, UK),
rabbit anti-Bcl-2 antibody (Abcam, Cambridge, UK), and
b-actin antibody (Cell Signaling Technology, Danvers, MA)) at
4 �C. The blots were incubated with peroxidase-conjugated
AffiniPure goat anti-rabbit or anti-mouse IgG (1:5000, ZSGB-
BIO, Beijing, China) as the secondary antibodies for 1 h at
37 �C. The blots were detected with the Immobilon Western
Chemiluminescent HRP Substrate (Millipore, MA). The protein
levels were quantified via densitometry using LabQuant
Software (Warwickshire, UK).

2.9. In vivo imaging assay

1,1-Dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine (DiD,
KeyGEN, China) was used to label the SLN formulations for in
vivo imaging. In brief, 100 lg of DiD were added to the mol-
ten lipid phase followed by SLN preparation mentioned
above. The mice were administered the SLN formulations
and free DiD at an equivalent of 200 lg DiD per kg body
weight. At the desired time interval, each group was anesthe-
tized following injection with 3.5% chloral hydrate, and then
the fluorescence signals of mice were recorded (Ex¼ 644 nm;
Em¼ 667 nm) using an IVISVR Spectrum system (Caliper,
Hopkington, MA) at pre-determined time points. Next, the mice
were sacrificed, and the major organs from the euthanized ani-
mals were also imaged under the same set of parameters.

2.10. In vivo therapeutic experiments

An in situ murine lung tumor model was established by intra-
venous injection of 5� 105 B16F10 cells via the lateral tail
vein into C57BL/6 mice (Chen et al., 2010). The mice were
randomly divided into seven groups (AP, PTX, APþ PTX, AP-
SLNs, PTX-SLNs, AP/PTX-SLNs and PBS). Beginning on day 9,
the B16F10-bearing mice were administered i.v. injections of
the various drug-containing formulations via the tail vein every
day at doses of 4mg PTX per kg body weight until day 16. The
body weight was monitored every day. On day 21, the animals
were sacrificed after six injections, and their B16F10-bearing
lungs were collected, weighted and analyzed by H&E staining.

2.11. TUNEL assay

TUNEL assays were performed with a one-step TUNEL
Apoptosis in situ detection kit (KeyGEN, Nanjing). Briefly, after

treatment with various drug-loaded SLN formulations, both
normal lungs and B16F10-bearing lungs were excised and
fixed in 10% formaldehyde overnight, which were then paraf-
fin-embedded and sectioned using a Leica microtome. The
apoptotic cells in the tumor tissues were detected by a
TUNEL assay. The dewaxed sections were stained green
(Streptavidin-FITC), which revealed TUNEL-positive nuclei.
Simultaneously, the cell nuclei were stained with DAPI. The
samples were imaged using a fluorescence microscope.

2.12. Preliminary safety evaluation

The toxicity of the AP/PTX-SLNs was evaluated based on the
health of the C57BL/6 mice (18–20 g). After i.v. injection of
free AP, free PTX or the AP/PTX-SLNs (4mg/kg of PTX), serum
from each group was collected and assayed for the concen-
trations of proinflammatory cytokine interleukin-6 (IL-6) and
anti-inflammatory cytokine interleukin-10 (IL-10) using com-
mercial ELISA kits according to the manufacturer’s instruc-
tions (BOSTER, Wuhan, China). The absorbance at 450 nm
was measured using a Spectra max plus microplate reader
(Molecular Devices). Furthermore, major organs, including the
heart, liver, spleen, lung, kidney and brain, were collected for
histopathology investigation. Untreated mice were used as
controls.

After treatment with various SLN formulations, the tissues
were collected, fixed in 10% formaldehyde and then
embedded in paraffin to prepare paraffin-embedded sections.
The paraffin-embedded sections were stained with hema-
toxylin and eosin (H&E) for histopathologic evaluation.
Injuries were examined microscopically for evidence of cellu-
lar damage and inflammation. All images of stained sections
were captured using a light microscope (Olympus, Japan).

2.13. Statistics

All quantitative data were reported as the mean± standard
deviation from at least three separate experiments performed
in triplicate, unless otherwise noted. Statistical significance
was evaluated by Student’s t-test. For comparisons of more
than two groups, one-way ANOVA followed by post hoc t-
tests was performed and the levels of significance were set
as p< .05.

3. Results and discussion

3.1. Preparation and characterization of AP/PTX-SLNs

Although major limitations of vitamin C for use as an anti-
cancer drug can be solved by using more stable hydrophob-
ized derivatives of ascorbate (such as ascorbyl palmitate), the
poor water solubility and delivery efficiency of such deriva-
tives remain deficient. To the best of our knowledge, nano-
particle delivery systems can improve the stability and
solubility of drugs and improve drug pharmacokinetics.
Therefore, in this study, a vitamin C derivative (ascorbyl
palmitate, AP) and paclitaxel (PTX) dual-loaded composite
solid lipid nanoparticles (SLNs) were developed to improve
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the antitumoral effects of AP and decrease the side effects of
PTX. In detail, the dynamic light scattering (DLS) results
showed that the average diameters of the blank SLNs, the
AP-SLNs, the PTX-SLNs and the AP/PTX-SLNs with different
AP/PTX ratios (2/1, 1/1 and 1/2) were 154, 189, 225, 223, 254
and 249 nm, respectively. These results suggested that the
vitamin C derivative AP was successfully encapsulated into
the SLNs with a size distribution of 223 nm, which was
slightly larger than the blank SLNs (Figure 1(A)). The zeta
potentials of the various SLNs were positively charged
(Figure 1(B)) due to the positive DDAB that was used.

TEM images revealed that all SLNs formulations were
spherical in shape, and their diameters were consistent with
the nanoparticle size as measured by DLS (Figure 1(C)).
Further characterization indicated that AP was encapsulated
at extraordinarily high entrapment efficiencies of 97.66% in
the AP-SLNs and 96.27% in the AP/PTX-SLNs. The entrapment
efficiency of PTX was 98.8% in the PTX-SLNs and 93.58% in
the AP/PTX-SLNs (Figure 1(E)). The drug-loading capacity of
AP/PTX-SLNs was 6.3% for AP and 3.07% for PTX, respect-
ively. It can be observed from Figure 1(E) that there were no
significant changes in the mean particle size upon storing

Figure 1. In vitro characterization of the AP/PTX-SLNs. (A) The average size and PDI of the SLNs, the AP-SLNs, the PTX-SLNs and the AP/PTX-SLNs. (B) The zeta
potential of the four formulations. (C) TEM images of the four formulations. Scale bar: 200 nm. (D) Differential scanning calorimetry (DSC) thermograms of the AP/
PTX-SLNs. (E) The encapsulation efficiency and stability of the AP-SLNs, the PTX-SLNs and the AP/PTX-SLNs at different time intervals. (F) Release profiles of AP and
PTX from the formulations in PBS with 20% ethanol at pH 7.4 (a); the influence of pH (5.5 and 7.4) on the release of AP and PTX from the AP/PTX-SLNs (b).
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(p> .05). However, the encapsulation efficiencies of these for-
mulations decreased with extended storage times, indicating
that the AP/PTX-SLNs were not stable and required immedi-
ate preparation at the time of use or lyophilization for stor-
age. Both AP and PTX were released more slowly from the
AP/PTX-SLNs than from the single drug loaded SLNs (Figure
1(F)). AP and/or PTX exhibited sustained release from the AP-
SLNs, PTX/SLNs and AP/PTX-SLNs for up to 48 h. In the initial

6 h, the released amount of AP reached 84.23%, whereas less
than 25% was released from the AP/PTX-SLNs. Additionally,
the drug release rates increased as the pH decreased from
7.4 to 5.5, which suggested that acidic conditions increased
the release efficiency compared with neutral conditions.
Generally, a pH of 5.5 simulates the tumor environment and
the lysosomal environment. Therefore, enhanced AP/PTX
release at pH 5.5 would aid in cancer therapies.

Figure 2. Cellular uptake of SLNs by the B16F10 cells illustrated by fluorescence images and flow cytometry histograms. Intracellular distribution of coumain-6-
loaded SLNs for different coumain-6 concentrations (A) at different time points (B). The color green represents coumain-6-loaded SLNs absorbed by cells; blue is the
color of cell nucleus stained with DAPI. Scale bar represents 40 lm. (C) The fluorescence intensity of the cells after incubation with free coumarin-6 and the SLNs at
the indicated time points. (D) The fluorescence intensity of the cells after incubation with different concentrations of free coumarin-6 and the SLNs. The MFI of SLNs
was larger than that of Coumarin-6 at corresponding time or concentration. The data are presented as the mean ± SD (n¼ 3).
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3.2. Differential scanning calorimetry (DSC) analysis

DSC was used to investigate the thermal properties of the
nanoparticles, which can provide relevant physicochemical
data concerning the state of the drug incorporated in the
SLN formulations. Therefore, we examined the physical state
of the drugs encapsulated in the SLNs via DSC. As shown in
Figure 1(D), AP exhibited a melting endotherm peak at
approximately 118 �C, and PTX revealed a melting peak
at 221 �C and a decomposition peak at 242 �C, which
implies that free AP and PTX are in the crystal state.

After encapsulation inside the SLNs, all characteristic peaks of
both drugs disappeared. It could be concluded that majority
of AP and PTX formulated in the SLNs were in an amorphous
or disordered crystalline phase molecular dispersion state in
the lipid matrix (Xin et al., 2010). In addition, the polar part
(ascorbate) of AP is hydrophilic, which can destabilize a
hydrophobic matrix of SLNs immersed in the water. After the
hydrophobic matrix was destroyed, the drugs in the amorph-
ous state or disordered crystalline form could release from
the lipid matrix more easily.

Figure 3. Antitumoral effects of the SLN formulations in the B16F10 cells in vitro. (A) Flow cytometric analysis of B16F10 cell apoptosis induced by the SLN formula-
tions. (B) Cell apoptosis induction and morphological changes in the B16F10 cells induced by different formulations of AP and AP/PTX-SLNs (arrows: cell apoptosis).
Scale bar represents 20 lm.
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3.3. Cytotoxicity and synergistic effects of AP and PTX
in the AP/PTX-SLNs

To verify the synergistic effect of this co-delivery system
based on PTX and the vitamin C derivative (AP), the in vitro
anticancer effects of the free drugs and the drug-loaded
nanoparticles against B16F10 cells and A549 cells were eval-
uated via MTT assays. The cell viability histograms are shown
in Figure S2. After 24 h of incubation, the cytotoxicity of AP,
PTX, the APþ PTX, the AP-SLNs, the PTX-SLNs, the AP/PTX-
SLNs and the AP-SLNsþ PTX-SLNs on B16F10 cells was
observed for different concentrations of AP and PTX, con-
forming to the dose-dependent cell proliferation inhibition
behavior. The combination of AP and PTX led to enhanced
cell proliferation inhibition. The AP/PTX-SLNs and the
AP-SLNsþ PTX-SLNs exhibited the best anticancer activity
compared to AP, PTX, the APþ PTX, the AP-SLNs and the
PTX-SLNs at AP concentrations from 2.5 to 20 lM (p< .05).
When the concentration of AP increased to 40 lM, the cyto-
toxicity of the AP-SLNs, the PTX-SLNs and the AP/PTX-SLNs
showed no significant differences in the cells (p> .05). The
similar trend of cytotoxicity of AP/PTX-SLNs was observed in
A549 cells (Figure S2B), suggesting that AP/PTX-SLNs were
effective against different tumors. In AP-SLNsþ PTX-SLNs
group, both AP-SLNs and PTX-SLNs should be prepared sep-
arately and then subjected to combination use. These com-
plex procedures make the co-loading of AP and PTX into the
same SLN system valuable. To determine the optimal ratio of
PTX to AP in the AP/PTX-SLNs for in vitro and in vivo treat-
ment, the cytotoxicity of the AP/PTX-SLNs (with different
mass ratios of 2/1, 1/1, and 1/2) against the B16F10 cell line
was assessed. The IC50 values and combination index (CI50)
values of the AP/PTX-SLNs were calculated and are

summarized in Table S1. CI50 values lower than, equal to, or
higher than ‘1’ indicate synergism, addition, or antagonism,
respectively (Lv et al., 2014). According to the results, the
CI50 value of the AP/PTX-SLNs (AP/PTX, 1/2) against the
B16F10 cells was 1.38 ± 0.11, indicating no synergism against
the B16F10 cells. The CI50 values of the AP/PTX-SLNs with
AP/PTX ratios of 2/1 and 1/1 were 0.78 ± 0.10 and 1.01 ± 0.10,
respectively. This result indicated that the AP/PTX-SLNs with
an AP/PTX ratio of 2/1 (CI50¼0.78) would provide the optimal
synergistic combination of AP and PTX. Thus, this ratio was
used for the following in vitro and in vivo experiments.

3.4. Cellular uptake of paclitaxel/vitamin C derivative
composite SLNs loaded with paclitaxel

The cellular uptake of the AP/PTX-SLNs was evaluated by
fluorescence microscopy and flow cytometry. To facilitate
detection of the nanoparticles in the cellular uptake studies,
coumarin-6 was incorporated into the SLNs because couma-
rin-6 is widely used as a replacement fluorescent imaging
marker of hydrophobic drugs (Zhang et al., 2010). In this
study, the time- and concentration-dependent internalization
of the SLNs was investigated. As exemplified in Figure 2, the
B16F10 cells incubated with coumarin-6 labeled SLNs and
free coumarin-6 demonstrated gradual increases in green
fluorescence in the cytoplasm with time and with increasing
concentration, indicating that the uptake of SLNs and free
coumarin-6 were both time- and concentration-dependent.
Compared with the free coumarin-6, the SLNs corresponded
to significantly improved cellular uptake, which suggested
that the SLNs could more effectively facilitate the uptake of
drugs into cells. The mean fluorescence intensity was

Figure 4. Drug treatment results in modulation of anti- and pro-apoptotic proteins (Bcl-2/Bax) in the B16F10 cells. (A) The cells were treated with Vc, AP, or PTX for
24 h. (B) The cells were treated with AP-SLNs, PTX-SLNs and AP/PTX-SLNs for 24 h. Densitometric measurements were assessed using LabQuant Software. The pro-
tein expression levels were normalized to those of PBS control (100%). The data are presented as the means ± SD (n¼ 3); �p < .05.
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quantitatively assessed via flow cytometry (Figure 2(C,D)).
Higher cellular uptake efficiencies were clearly observed for
the SLNs groups compared with the coumarin-6, which fur-
ther confirmed the result observed from the fluorescent
microscopy (Figure 2). The qualitative and quantitative results
showed that the SLNs exhibited increased cellular permeabil-
ity and improved the cellular uptake of AP and PTX.

3.5. Cell apoptosis assay

To investigate the influence of the AP/PTX-SLNs on cell apop-
tosis, we quantified the proportion of apoptotic cells by
annexin V-FITC and PI double staining (Shen et al., 2012; Cao
et al., 2015). As shown in Figure 3(A), AP/PTX-SLNs induced a
significantly higher apoptotic and necrotic rate compared
with other groups, including the B16F10 cells treated with
the APþ PTX solution, the AP-SLNs and the PTX-SLNs
(p< .05). The apoptotic and necrotic rate of the B16F10 cells
treated with the free APþ PTX solution was extremely higher
than that of the cells treated with the free AP and PTX solu-
tions (p< .05), suggesting that the combined use of AP and
PTX could increase the antitumoral efficiency.

The B16F10 cells were further stained by DAPI to evaluate
the morphological changes of the cell nuclei by fluorescence
microscopy. As shown in Figure 3(B), the nuclei in the
B16F10 cells of the negative control group continued to
exhibit a regular rounded shape with integrated homoge-
neous chromatin distributions after DAPI staining. In contrast,
chromatin condensation, nuclear fragmentation and even
apoptotic body production were observed in the free AP-, PTX-,
APþ PTX-, AP-SLN-, PTX-SLN- and AP/PTX-SLN-treated groups.
Among all formulations, the AP/PTX-SLNs induced the highest
level of B16F10 cell apoptosis, suggesting a synergistic effect of
the paclitaxel/vitamin C derivative composite nanoparticles.

3.6. Mechanism of the synergistic effect of AP/PTX-SLNs

To further elucidate the observed enhanced anticancer effect
of the composite SLN delivery system and to verify the

synergistic effect imposed by paclitaxel and the vitamin C
derivative, a combination index (CI50) assay and the potential
molecular mechanism responsible for the co-delivery system
were proposed. As observed in Table S1, the CI50 of AP/PTX-
SLNs was 0.78 ± 0.10, which indicated a synergy in inhibiting
cell proliferation. It has been reported that paclitaxel, a
mitotic inhibitor, promotes tubulin polymerization and the
formation of dysfunctional microtubules, disrupting the nor-
mal tubule dynamics required for cellular division and thus
provoking cell death (Lv et al., 2014). The expression of Bcl-2,
a typical apoptosis-related protein, potentiates the inhibition
of tubulin polymerization that can be stimulated by Bax (Bcl-
2 family) (Knipling & Wolff, 2006). Bcl-2, as the nodal point at
the convergence of multiple pathways with broad relevance
to oncology, is best known for its ability to suppress apop-
tosis (Yip & Reed, 2008). Decreased expression of Bcl-2 can
induce apoptosis, while lack of Bax proteins protects cells
from apoptosis (Cory & Adams, 2002). It has also been found
that the ratio of Bcl-2 to Bax is important in deciding
whether cells die or survive (Jun et al., 2007). Therefore, the
decreasing of Bcl-2/Bax ratio in paclitaxel treatment is a sign
of synergistic interaction. First, we investigated the expres-
sion of Bcl-2 and Bax in the B16F10 cells by western blotting
after treatment with free Vc, AP and PTX for 24 h. As shown
in Figure 4(A), there was a sight down-regulation of Bcl-2
expression in the PTX group, while the expression level of
Bcl-2 in the Vc group was not significantly changed, probably
because the dosage of Vc used in this antitumor study was
too low. Additionally, the cellular uptake of Vc was limited by
its intrinsic water solubility property. Compared with the Vc
group, the Bax expression level in the PTX or AP group was
up-regulated and the Bcl-2/Bax ratio was decreased in the
following order from greatest to lowest: Vc>AP> PTX.
However, increasing the liposolubility of Vc in the form of AP
can improve the efficacy of down-regulating Bcl-2 expression
and up-regulating Bax expression. These results conformed
to the conclusion that only high doses of ascorbic acid have
the ability to induce cancer cell death. Therefore, a simple
and valid drug delivery system is highly desired for

Figure 5. In vivo fluorescence images of SLNs in mice and mature SLN levels in the tumor-bearing lungs. (A) Time-dependent intensity images of the fluorescence
distribution in the mice. (B) In vivo fluorescence images of major organs at 2 h after injection of SLNs.
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improving the drug delivery efficacy against tumor cells. In
light of this, SLN-based delivery is one approach that can be
used to solve this problem.

After precisely loading drugs into the SLNs, we investi-
gated the expression of Bcl-2 and Bax after treatment with
the AP-SLNs, the PTX-SLNs and the AP/PTX-SLNs. As shown
in Figure 4(B), the levels of Bcl-2 in the B16F10 cells were
reduced upon treatment for 24 h with the various SLNs for-
mulations. The AP/PTX-SLNs almost completely depleted the
expression of Bcl-2 and were more effective than other groups.
On the contrary, the expression levels of Bax were increased
significantly in the AP/PTX-SLN group. Compared with PTX- or

AP-loaded SLNs, AP/PTX-SLNs showed the much lower Bcl-2/
Bax ratio in B16F10 cells (p< .05). Conclusively, the AP/PTX-
SLNs exhibited a greater efficacy in inducing cell apoptosis by
reducing the Bcl-2/Bax ratio accompanied by promoting tubulin
polymerization (Knipling &Wolff, 2006).

3.7. In vivo imaging for biodistribution

Fluorescence imaging was employed to monitor the in vivo
biodistribution and tumor targeting characteristics of the
SLNs containing DDAB. DiD fluorescence probe and DiD-
labeled SLNs were administered intravenously into the mice

Figure 6. The improved antitumor efficiency and preliminary safety evaluation of the AP/PTX-SLNs. (A) Images of the B16F10-bearing lungs on day 21 after seven
consecutive i.v. injections of AP/PTX-SLNs (n¼ 5). (B) The antitumoral effects of different treatments evaluated by the B16F10-bearing lung weight (n¼ 5); n.s., not
significant. (C) Histological staining of the B16F10-bearing lungs after various treatments (arrows: tumor nodules). (D) Body weight monitoring of the B16F10-bear-
ing mice after different treatments (n¼ 5). Serum concentrations of IL-6 (E) and IL-10 (F) in the C57BL/6 mice at 6 h after intravenous injection with the AP/PTX-
SLNs.
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though the tail vein, and DiD signals were measured at pre-
determined time points using an IVISVR Spectrum system to
capture the distribution patterns in live mice. As shown in
Figure 5(A), fluorescence signals could be observed in the
tumor-bearing lungs as early as 0.5 h after injection and
exhibited a maximum fluorescence signal at 1.0 h post-injec-
tion that decreased after 2 h post-injection. Compared with
the SLN group, the fluorescence signals of the free DiD
group were much weaker at all time points post-injection
and were primarily located in the liver. After 2 h, the mice
were sacrificed, and the major organs from the euthanized
animals were also imaged under the same set of parameters.
As expected in the SLNs group, a dramatic increase in the
DiD signal was observed in the tumor-bearing lungs, which
indicates that many SLNs accumulated in the tumor-bearing
lungs, primarily due to the ability of the delivery vehicle to
be physically entrapped in the capillary bed of the lungs.
Thus, it serves as a drug reservoir that can facilitate such
nanocarriers to permeate into tumor sites because of the
enhanced permeation and retention (EPR) effect.

3.8. In vivo anti-cancer efficacy of the AP/PTX-SLNs in
the B16F10 lung metastasis tumor model

In this study, in situ lung metastasis tumor-bearing mice
were utilized to assess the effect of the AP/PTX-SLNs on
tumor inhibition. Their tumor morphology and weights were
monitored, and histological analysis and TUNEL staining anal-
yses were also performed. As shown in Figure 6(A), the lungs
excised from the normal group exhibited normal physio-
logical morphology. However, tumor nodules covered nearly
the entire surface of the lungs in the untreated tumor-bear-
ing mice (PBS group). The B16F10-bearing tumor nodules
that were detected in the lungs of the AP-, PTX- and
APþ PTX-treated groups were decreased in the mice that
were treated with the drug-loaded SLNs (AP-SLNs, PTX-SLNs
and AP/PTX-SLNs), especially in the AP/PTX-SLN-treated
group. The average weights of the tumor-bearing lung tis-
sues were calculated and are shown in Figure 6(B). As
expected, significant decreases in the B16F10-bearing lung
weights were found in all drug-containing SLN groups com-
pared with the PBS and free drug groups (p< .05). More
importantly, the AP/PTX-SLNs exhibited the highest antitu-
moral efficiency compared with the free drug groups (AP,
PTX and APþ PTX) and single drug-loaded SLN (AP-SLNs and
PTX-SLNs) groups (p< .05). The average body weight of the
AP/PTX-SLNs groups was not significantly different compared
to the normal groups (p> .05). Furthermore, the histopath-
ology of the tumor-bearing lung tissues was further analyzed
by observing the hematoxylin and eosin (H&E)-stained slides
under an optical microscope. As shown in Figure 6(C), most
of the lung tissues treated with the AP/PTX-SLNs contained
noticeably lower densities of tumor cells than those of the
other groups (AP, PTX, APþ PTX, AP-SLNs and PTX-SLNs)
(Figure 6(C)). Moreover, the tumor-bearing mice treated with
the AP/PTX-SLNs exhibited less tumor lesions and more
healthy alveoli than the single drug-treated mice, which was
consistent with the macroscopic observations. The in vivo

experiments supported the synergism of AP and PTX in the
SLNs. It can also be observed from Figure 6(D) that body
weights of the mice did not decrease following treatment,
indicating that no significant toxicity occurred in these
groups within the experimental periods. The tumor-bearing
lung tissues were further sectioned after treatment for TUNEL
staining. The results showed a similar trend of cell apoptosis
induced by the formulations (Figure S3). The SLNs loaded
with dual drugs induced the highest levels of cell apoptosis
among the various formulations (Figure S3), further validating
the combined administration effect of AP and PTX on B16F10
tumors. The free drugs induced few apoptotic cells in vivo,
probably owing to the low level of drug concentration in the
tumor sites mediated by the EPR effect. Moreover, free drugs
in the serum were metabolized and cleared more quickly
than drugs bounded in the nanoparticles before accumulat-
ing in the tumor. Therefore, it can be concluded from these
findings that SLNs improve the accumulation of drugs in the
tumor and promote antitumoral efficiency. In addition, vita-
min C, including AP, could facilitate paclitaxel chemotherapy
in vivo, and a simple and valid delivery system is essential for
improving the efficacy of chemotherapy. The inhibition effi-
cacy of the formulations decreased in the following order
from most effective to lease effective: AP/PTX-SLNs> PTX-
SLNs>AP-SLNs>APþ PTX> PTX>AP.

3.9. Preliminary toxicity evaluation

In addition to characterization of the anticancer efficacy of
the AP/PTX-SLNs in vivo, we also evaluated their in vivo tox-
icity and inflammation in terms of histological examinations
and serum concentrations of IL-6 and IL-10. Healthy C57BL/6
mice were i.v. injected with different drug formulations at a
PTX dose of 4mg/kg, which was equal to the therapeutic
dose. Histopathology confirmed the absence of inflammatory
responses in the tissue following administration of the AP/
PTX-SLNs (Figure S4), which suggests that the SLN formula-
tions are biocompatible.

Other hematological parameters such as IL-6 and IL-10
were also examined to investigate whether the AP/PTX-SLNs
induced an immune response, and the results are shown in
Figure 6(E, F). Compared to untreated control mice, both IL-6
and IL-10 were within the normal levels (p> .05). Therefore, the
AP/PTX synergistic combination-based SLN therapy did not
induce toxicity and represents a promising strategy for pacli-
taxel/the vitamin C derivative in promoting anti-cancer effects.

4. Conclusions

In summary, we exploited a drug delivery system carrying
ascorbyl palmitate and paclitaxel for synergistic/improved
anticancer therapy. The obtained AP/PTX-loaded solid lipid
nanoparticles were spherical with an average size of 223 nm,
as observed by dynamic light scattering. These systems not
only exhibited high levels of encapsulation efficiency (96.27%
for AP, 93.58% for PTX) but also increased cellular permeabil-
ity and improved the cellular uptake of drugs in B16F10 cells.
The in vitro cytotoxicity test showed that the AP/PTX-SLNs
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with an AP/PTX ratio of 2/1 provided the optimal synergistic
anticancer efficacy of AP and PTX. The cationic SLNs facili-
tated the accumulation of drugs into the lungs and could be
used as drug carriers to treat lung cancer with low toxicity.
Overall, this paclitaxel/vitamin C derivative composite nano-
particle system enhanced the therapeutic tumor suppression
of PTX via a synergistic effect that reduces the Bcl-2/Bax ratio
accompanied by promoting tubulin polymerization.
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