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Abstract: In this study, we developed a lipid-coated hollow calcium phosphate (LCP) nanoparticle
for the combined application of two chemotherapeutic drugs to human lung cancer A549 cells.
Hydrophilic doxorubicin (DOX) was incorporated into the hollow structure of hollow calcium
phosphate (HCP), and a lipid bilayer containing hydrophobic paclitaxel (PTX) was subse-
quently coated on the surface of HCP. The study on combinational effects demonstrated that
the combination of DOX and PTX at a mass ratio of 12:1 showed a synergistic effect against
A549 cells. The particle size, zeta potential, and encapsulation efficiency were measured to obtain
optimal values: particle size was 335.0 3.2 nm, zeta potential —41.1 mV, and encapsulation
efficiency 80.40%2.24%. An in vitro release study indicated that LCP produced a sustained
drug release. A549 cells had a better uptake of LCP with good biocompatibility. Furthermore,
in vitro cytotoxicity experiment, apoptosis analysis, in vivo anti-tumor efficacy and protein
expression analysis of Bax, Bcl-2, and Caspase-3 demonstrated that the co-delivery system
based on LCP had significant synergistic anti-tumor activity. All conclusions suggested that
LCP is a promising platform for co-delivery of multiple anti-tumor drugs.
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Introduction

Lung cancer has become the leading cause of cancer deaths due to smoking and air
pollution in recent years. Chemotherapy and radiation therapy are main methods of
cancer treatment. Treatment with single chemotherapeutic drugs has shown many
limitations, such as undesirable side effects, drug resistance, biotoxicity, and low
bioavailability.! To overcome these defects, a synergistic co-delivery drug system
has been developed that attracted considerable attention. Drug combinations not only
reduce the frequency and dosage of drug administration but also relieve drug resistance
and improve therapeutic efficacy.>?

The combination of doxorubicin (DOX) and paclitaxel (PTX) is the most effective
and common regimen in first-line lung tumor treatments.* It is worth noting that DOX
and PTX possess different water solubility and action mechanisms. DOX, as a hydro-
philic drug, binds to DNA or RNA to inhibit synthesis of nucleic acids, while PTX, as
a hydrophobic drug, acts on tubulin and inhibits cell mitosis.’ Chen et al successfully
designed and developed pluronic-based functional polymeric mixed micelles for the
co-delivery of DOX and PTX to multidrug-resistant human breast cancer tumors.®
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Feng et al prepared porous poly lactic-co-glycolic acid
(PLGA) microspheres for synergistic co-delivery of DOX
and PTX in pulmonary inhalation treatments.” Wang et al
enhanced the anti-tumor efficacy by co-delivery of DOX
and PTX with amphiphilic methoxy PEG-PLGA copoly-
mer nanoparticles on three different types of tumor cells.?
However, these synergistic co-delivery drug systems have
low drug loading, and the two drugs with a synergistic effect
are generally disproportioned with one having a larger pro-
portion than the other. According to the literature, when the
molar ratio of DOX to PTX is greater than 1:1, the combina-
tion of drugs has a synergistic effect, and the effect increases
with increases in the DOX/PTX ratio.” In the clinical setting,
it is easy to overlook the water solubility, optimal dose ratio
of synergistic co-delivery, drug loading capacity, and interac-
tion for these carriers. Therefore, it is meaningful to develop
anew drug-delivery system with optimal parameters for the
delivery of drug combinations.

Nanoparticles with hollow structures provide a good
structure base. Nanometer hollow structures have larger
volumes, which are suitable for drug storage, and the shell
structures can increase drug diffusion resistance and regulate
drug release.”!! For poorly water-soluble drugs, the space
limited effect of hollow nanostructures can inhibit drug
crystallinity, decrease drug particle size, and improve drug
water solubility. At present, there are many studies on the
application of hollow nanoparticles to improve the water
solubility of insoluble drugs and regulate drug release.'?
For inorganic hollow nanoparticles, undegradability and
toxicity are inevitable issues. Problems with organic hollow
nanoparticles include shrinking and collapsing during the
preparation process and poor dispersibility."

Calcium phosphate (Ca,(PO,),), a biocompatible inor-
ganic material, possesses stable physicochemical properties,
bioactivity, and pH sensitivity.'* This makes Ca,(PO,), a
potential platform for synergistic co-delivery system. In this
study, we designed a biocompatible phospholipid-coated
drug-delivery system based on hollow calcium phosphate
(HCP) nanoparticles for co-delivery of DOX and PTX to
enhance the anti-tumor efficacy of drugs on human lung
cancer A549 cells. This study evaluated whether the phos-
pholipid-coated hollow calcium phosphate nanoparticles
(LCP) could be used as a potential candidate for synergistic
co-delivery drug system.

Materials and methods

Materials

PTX and DOX were provided by Xi’an Natural Field Bio-
Technique Co., Ltd. (Xi’an, China) and Hubei Yuancheng

Company (Hubei, China) with a purity >99%. Styrene
(St) monomer, potassium persulfate (K,S,0,), anhydrous
ethanol, tetrahydrofurane, and calcium chloride (CaCl))
were purchased from Tianjin Yongsheng Fine Chemical
Co., Ltd. (Tianjin, China). Ammonium dihydrogen phos-
phate (NH,H,PO,) and dichloromethane were supplied by
Tianjin Guangfu Fine Chemical Co., Ltd. (Tianjin, China).
Soya lecithin was purchased from Shanghai Tywei Pharma-
ceutical Co., Ltd. (Shanghai, China), and cholesterol was
purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Fluorescein isothiocyanate (FITC) and
rhodamine phalloidin were purchased from Beijing Dingguo
Changsheng Biotechnology Co., Ltd. (Beijing, China) and
trypsin was purchased from Genview (Beijing, China).
Deionized water was used in all experiments.

Synthesis of LCP

Step one

Polystyrene (PS) nanospheres were prepared by soap-free-
emulsion polymerization method." Briefly, 170 mL H,O
and 10 mL St (with removal of polymerization inhibitor)
were added to a three-necked flask reactor. The mixture was
then stirred at 120 rpm under 70°C, and N, atmosphere was
introduced for 10 min. K,S,0, (0.007 g/mL, 10 mL) aqueous
solution was added to the reaction solution and continuously
stirred for 28 h. The synthesized emulsion was cooled to
room temperature and centrifuged at 10,000 rpm for 20 min.
Finally, the isolated precipitate (PS) was washed with water
and anhydrous ethanol and dried at 50°C.

The sulfonated PS nanospheres (SPS) were obtained as
follows: 1 g of PS nanospheres was dispersed in 30 mL of
concentrated sulfuric acid and sonicated for 1-2 min. The
mixture was then stirred at 40°C for 10 h. The reaction system
was then cooled to room temperature, and the product was
centrifuged and washed with anhydrous ethanol repeat-
edly. After drying in a vacuum at 40°C, SPS nanospheres
were obtained.'¢

Step two

HCP was synthesized using SPS nanospheres as a colloidal
crystal template. A certain amount of SPS nanospheres
prepared in step 1 was dispersed in 100 mL of deionized
water by ultrasonication. The suspension was stirred at room
temperature. Subsequently, 1.2 mL NH, _H,PO, (0.1 mol/L)
and 2 mL CaCl, (0.1 mol/L) were added.'"'® The mixture was
allowed to react for 4-5 h. The emulsion was centrifuged at
10,000 rpm for 10 min, and the precipitate was then washed
with anhydrous ethanol and dried at 40°C. The white fine
powders obtained were soaked twice (at an interval of 12 h)
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in tetrahydrofuran to remove template. Finally, HCP was
obtained after washing with anhydrous ethanol three times
and drying at 50°C.

Step three

LCP was fabricated by thin-film hydration method.” Soya
lecithin/cholesterol mixture at a known molar ratio was dis-
solved in 5 mL of dichloromethane to form lipid film by a
rotary evaporator at 25°C. The film was hydrated with 5 mL
of phosphate-buffered solution (PBS, pH =6.8) containing
HCP for 30 min. The suspension was sonicated with a probe
at a power output of 40 W for 20 min. LCP was separated
by centrifugation at 15,000 rpm for 10 min and freeze-dried
for further experiments.

Drug-loading procedure

PTX and DOX were selected as model drugs. At the begin-
ning, DOX was loaded onto HCP by adsorption equilibrium
method. About 250 mg HCP was soaked in 10 mg/mL
DOX aqueous solution for 4 h. The loading procedure
was performed in closed containers in the dark at room
temperature. The supernatant was removed by centrifuga-
tion at 6,000 rpm and the drug-loaded sample (DOX-HCP)
was dried in a vacuum. PTX, soya lecithin, and cholesterol
were dissolved in 5 mL dichloromethane to form drug-
loaded lipid film. The film was hydrated with 5 mL PBS
(pH =6.8) containing DOX-HCP for 30 min. The suspen-
sion was sonicated with a probe at a power output of 40 W
for 20 min. The drug-loaded sample (PTX/DOX-LCP)
was then separated by centrifugation and freeze-dried. The
preparation process of LCP containing only PTX or DOX
(PTX-LCP, DOX-LCP) was the same as mentioned earlier.
The loading capacity of PTX and DOX was determined by
HPLC (L-2400, HITACHI, Tokyo, Japan) equipped with a
Welch C18 column (4.6x200 mm, 5 um) and UV spectros-
copy (UV-2000, Unico Inc, Franksville, WI, USA) at 490 nm,
respectively.

Evaluation of HCP coating process
Measurements of particle size distribution and zeta
potential

The preparation process of PTX/DOX-LCP was the same
as mentioned earlier. The particle size, polydispersity index
(PDI), and zeta potential were measured using Malvern
Zetasizer (Nano-ZS90; Malvern Instruments Ltd., Malvern,
UK) to obtain optimal coating process conditions. The analy-
ses were performed at a scattering angle of 90° at 25°C, and
the samples were appropriately diluted with distilled water.

Determination of encapsulation efficiency (EE)

EE of PTX in PTX/DOX-LCP was measured for evaluat-
ing the coating process. The PTX of PTX/DOX-LCP was
extracted with methanol and determined by HPLC (L-2400,
HITACHI) equipped with a Welch C18 column (4.6x200 mm,
5 um). The mobile phase was a mixture of acetonitrile and
water (50:50, v/v), and detection was performed with a UV-vis
detector at 237 nm. The EE was calculated as follows:

Encapsulation  Amount of PTX present in LCP
Total amount of PTX

efficiency (%)

Characterization of LCP and PTX/

DOX-LCP

The structure and morphology of SPS nanospheres, HCP, and
LCP were characterized by transmission electron microscopy
(TEM; Tecnai G2F30; FEI Co, Hillsboro, OR, USA, operated
at 200 kV). Drug crystallinity was examined using differential
scanning calorimeter (DSC; DSC-60; Shimadzu, Kyoto, Japan)
at a constant heating rate of 10°C/min ranging from 30°C to
240°C under a constant nitrogen flow of 150 mL/min. Powder
X-ray diffractometer (PXRD; Rigaku Geigerflex XRD, Co.,
Tokyo, Japan, Cu-Ka radiation, 30 kV and 30 mA) was used to
further investigate the physical state of PTX and DOX with the
following parameters: step size of 0.02°, scanning rate of 4°/
min, and range (20) from 3° to 60°. Fourier-transform infrared
(FT-IR) spectra were recorded using FT-IR spectrometer rang-
ing from 400 to 4,000 cm™" (Bruker IFS 55; Bruker, Billerica,
MA, USA) and KBr pellet technique.

In vitro drug-release study

PTX/DOX-LCP powders (containing 0.78 mg PTX and
9.70 mg DOX) were dispersed in 200 mL PBS (pH =6.8)
release medium. The test was operated at 37°C£0.5°C, with
a paddle speed of 100 rpm. At predetermined time points,
5 mL of samples was withdrawn and replaced with 5 mL of
fresh release medium. The filtrate was passed through a 0.45
wm microporous membrane filter and used as the test sample.
The concentration of DOX was analyzed by UV spectroscopy
(UV-2000; Unico Inc.) at 490 nm. The amount of PTX was
measured at 237 nm by HPLC (L-2400; HITACHI) with a
Welch C18 column (4.6x200 mm, 5 wm). Acetonitrile—water
(50:50, v/v) was used as mobile phase.

In vitro cytotoxicity

Combinational effects of DOX and PTX

A549 cell lines were purchased from Jiangsu KeyGEN
BioTECH Corp., Ltd. A549 cells were cultured in RMPI
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1640 medium with 10% (v/v) heat-inactivated fetal bovine
serum at 37°C under 5% CO,. A549 cells were seeded into
96-well plates at 1x10* cells/well and incubated at 37°C for
24 h. The combinations of DOX and PTX at various mass
ratios were represented as follows: DOX/PTX = x/y, where
x/y denotes the mass ratio of DOX/PTX in combination.
Graded concentrations of drug solution (free DOX, free
PTX, DOX/PTX =12/1, DOX/PTX =6/1, DOX/PTX =3/1,
DOX/PTX =1/3, and DOX/PTX =1/6) were added to wells
and cultured for 24 h. Subsequently, MTT reagent (20 UL,
5 mg/mL) was added, and the cells were cultured for an
additional 4 h. The supernatant was then removed and the
medium was replaced with 200 uL. DMSO. After shaking
for 10 min, the absorbance was measured at 492 nm using
a microplate reader (Tecan, Mannedorf, Switzerland). The
cell viability was determined by comparing treated cells with
untreated cells using the following formula:?

A
Cell viability (%) = —2 % 100%

control

and A
and untreated cells, respectively.

where A_ denote the absorbance of treated cells

sample control

Cell viability

The cell viability of A549 cells treated with LCP was
determined as described earlier. A physical mixture (PM)
of free DOX and free PTX (DOX/PTX, which had the same
proportion as PTX/DOX-LCP) and PTX/DOX-LCP were
dispersed in hydroxypropyl methylcellulose (HPMC) solu-
tion for MTT analysis.

Flow cytometry assays

Apoptosis analysis was conducted using Annexin V-FITC
and PI apoptosis kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). A549 cells were seeded in 6-well
plates at 1x10° cells/well and incubated at 37°C for 24 h. The
cells treated with DOX/PTX and PTX/DOX-LCP for 48 h
were harvested by trypsinization. The harvested cells were
dispersed in 500 UL of binding buffer, and 5 UL of Annexin
V-FITC and 5 pL of PI (Nanjing Jiancheng) were then added
and mixed for 15 min. Finally, apoptosis status of A549 cells
was observed by flow cytometry (Becton Dickinson, Franklin
Lakes, NJ, USA).

Cellular uptake study

LCP was prepared by substituting DOX loaded into HCP with
FITC (FITC-LCP). FITC-LCP was used for confocal laser
scanning microscopy (CLSM; Leica Microsystems, Wetzlar,

Germany) observation. A549 cells were seeded in 6-well plates
at 5x10° cells/well and incubated at 37°C for 24 h. FITC-LCP
was added to wells at a concentration of 25 pg/mL. After vari-
ous times, the medium was removed and cells were washed
three times with PBS. The cells were then fixed with 4%
paraformaldehyde for 10 min and rinsed with PBS, and 1 mL
of 0.1% Triton X-100 was added to the wells for 10 min fol-
lowed by a PBS wash. Subsequently, 1 mL of 1% bovine serum
albumin was added for 30 min followed by three PBS washes.
Ultimately, the cells were stained with 1 pug/mL Hoechst 33342
for 20 min and 1 pg/mL rhodamine phalloidin for 30 min.
Meanwhile, FITC-LCP at different concentrations (20, 25, and
50 pg/mL) was cultured for 1 h according to the aforementioned
methods. The samples were observed by CLSM (Leica).

TEM analysis of cellular uptake

A549 cells were seeded in 6-well plates at 5x10° cells/well
and incubated at 37°C for 24 h. LCP (50 pug/mL) was then
added to the wells. After 3 h of incubation, the medium
was removed and the cells were washed three times with
PBS. The washed cells were collected and fixed with 3%
glutaraldehyde solution for 24 h at 4°C. The cells were then
embedded into 2% agarose gel followed by fixation with 1%
osmium tetroxide solution. After dehydration, the cells were
embedded into epoxy resin. The resin blocks were polym-
erized at 37°C, 45°C, and 60°C for 24 h. Ultrathin sections
were obtained by an ultramicrotome (EMUCS6; Leica) and
observed by TEM.

In vivo anti-tumor efficacy

In vivo anti-tumor efficacy was evaluated using subcutane-
ous A549 tumor-bearing nude mice (Beijing Weitong Lihua
Experimental Animal Technology Co. Ltd.). The animal
experiment was conducted in accordance with the guide-
lines of the Institutional Animal Care and Use Committee
of Liaoning Medical University and approved by the
committee (No 11400700217882). The tumor-bearing mice
were subcutaneously implanted with 0.1 mL of physiological
saline containing 5x10* A549 cells in the left and right hind
legs. Drug administration began when the tumor volume
reached ~50-70 mm? (set as 0 days). The tumor-bearing
mice were randomly divided into the following three groups:
physiological saline, DOX/PTX, and PTX/DOX-LCP. The
mice were administered 0.45 umol/L of total drugs every
3 days. Tumor size was measured by a caliper, and tumor
volume was estimated using the following equation:?!

V = 0.5 xlength x (width)?
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After dosing for 15 days, the animals were killed by
cervical dislocation and solid tumors were excised and pho-
tographed. Subsequently, the solid tumors were fixed with
paraformaldehyde, embedded into paraffin, and sectioned.
Each section was stained by hematoxylin and eosin (H&E)
and then observed under a fluorescent microscope (Leica
DMI 4000B; Leica).

Determination of Bax, Bcl-2, and

Caspase-3 protein expression levels

Total protein was extracted from tumor tissues by ultrasonic
grinding. Protein concentrations were adjusted to a certain
value as determined by the bicinchoninic acid method. In
accordance with method of the “molecular cloning experi-
ment guide” (second edition), the concentrated and separation
gels were prepared. The protein samples and the buffer solu-
tion were mixed at a ratio of 4:1 and the solution was boiled
for 5 min. The samples (10 uL) and the standard protein
were subjected to SDS-PAGE electrophoresis at a voltage
of 90 V. After electrophoresis, the proteins were transferred
to polyvinylidene difluoride membranes and then blocked
with tris-buffered saline tween buffer (TBST) containing
5% skim milk for 1 h. The membranes were then incubated
overnight with primary antibodies. After three TBST washes,
the membranes were incubated with secondary antibodies
for at least 2 h, and they were then washed three times with
TBST. Enhanced chemiluminescence reagents and X-ray
film were used to develop the blots in a darkroom, and blot
analysis was performed by Pro Analyzer 4.0 software (Bio-
Rad Laboratories Inc.).

Results and discussion

Evaluation of HCP coating process

The phospholipid-coating process was optimized by orthogo-
nal method to obtain the optimal formulation. Pre-experiments
results indicated that there was some loss of DOX absorbed
in HCP during coating process, but the drug loading of
DOX was almost identical after coating process. Therefore,
DOX loading had no effect on the coating process. Three fac-
tors, namely the soya lecithin/cholesterol molar ratio, DOX—
HCP concentration, and PTX concentration, were selected to
optimize PTX/DOX-LCP preparation procedure.?

Particle size, PDI, zeta potential, and EE of PTX in PTX/
DOX-LCP are listed in Table 1. PTX/DOX-LCP showed
a larger particle size than LCP. This was because PTX
was loaded into LCP so that the particle size was slightly
increased. As the concentration of PTX increased from
10 to 30 mg, the particle size of PTX/DOX-LCP gradually

Table | Characterization of PTX/DOX-LCP with different pres-
criptions (n=3)

Formulation Prescription Particle PDI Zeta EE (%)

size potential

(nm) (mV)
HCP - 257.3 0.187 — -
LCP A, B, 297.8 0.259 —40.1 -
PTX/DOX-LCPI A B, C, 300.1 0.016 —29.6 63.14
PTX/DOX-LCP2 A B, C, 3115 0.084 -36.2 56.43
PTX/DOX-LCP3 A B, C, 308.0 0.100 -16.8 60.61
PTX/DOX-LCP4 A, B C, 3487 0211 -39.8 78.92
PTX/DOX-LCP5 A, B, C, 335.0 0.228 —41.1 80.40
PTX/DOX-LCPé A, B, C, 3134 0.062 —40.1 79.95
PTX/DOX-LCP7 A,B C, 389.1 0.134 -37.3 66.83
PTX/DOX-LCP8 A,B, C, 3712 0.390 -383 78.71
PTX/DOX-LCP9 A, B, C, 4738 0.048 —42.1 65.41

Notes: A, molar ratio of soya lecithin/cholesterol (A‘, 3:1; Az' 4:1; A3, 5:1); B, the
concentration of DOX-HCP (B, 100 mg; B,, 200 mg; B,, 300 mg); C, the con-
centration of PTX (CI, 10 mg; Cz, 20 mg; Ca' 30 mg). ~ indicates absence of data.
Abbreviations: HCP, hollow calcium phosphate; LCP, lipid-coated hollow calcium
phosphate; DOX, doxorubicin; PTX, paclitaxel; PDI, polydispersity index; EE,
encapsulation efficiency.

increased. However, the EE of PTX decreased when the
concentration of PTX reached 30 mg. Thus, the maximum
concentration of PTX loaded into lipid bilayer was 20 mg.
PTX-LCPS5 with soya lecithin/cholesterol at a molar ratio
of4:1,200 mg DOX-HCP, and 20 mg PTX showed optimal
particle size (335.0£3.2 nm) and high EE (80.40%12.24%)).
Therefore, the optimized PTX-LCP5 was selected as the best
formulation for further experiments.

The loading capacity was calculated using the following
formula:*

Loading capacity (%) =
Amount of drug in LCP
Total amount of the drug — Loaded sample

The loading capacities of PTX and DOX were
3.81%%0.13% and 45.96%0.27%, respectively, which
suggested that HCP had a high adsorption capacity and was
suitable to be used as a carrier of drugs. More importantly,
the real mass ratio of DOX and PTX in PTX/DOX-LCP was
12:1, thus conforming to synergistic ratio. Therefore, LCP
was regarded as a promising carrier for synergistic co-delivery
of DOX and PTX, based on water solubility, optimal dose
ratio of synergistic co-delivery, and drug-loading capacity.

Morphology and structure

The morphology and structure of SPS nanospheres, HCP, and
LCP were observed by TEM. As shown in Figure 1 A, the aver-
age diameter of monodispersed SPS colloidal crystal template
was 257 nm. After sulfonation, the negatively charged sulfonic
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Figure | TEM images of SPS nanospheres (A), HCP (B), and LCP (C). Magnification x30,000.
Abbreviations: TEM, transmission electron microscopy; SPS, sulfonated polystyrene nanospheres; HCP, hollow calcium phosphate; LCP, lipid-coated hollow calcium

phosphate.

acid groups were exposed on the surface of PS nanospheres to
attract the positively charged Ca** ions through electrostatic
adsorption. Subsequently, addition of PO’ ions caused CaP
precipitation to deposit on the surface of SPS nanospheres.
The HCP displayed a hollow structure after removing the
SPS template (Figure 1B), which was suitable for the storage
of poorly soluble drugs or water-soluble drugs. The hollow
structure could allow highly uniform drug dispersion and
improve drug stability due to the protective effect of shell
structure. Moreover, for poorly water-soluble drugs, the hollow
structure could also effectively decrease drug particle size and
reduce drug crystallinity. According to the Ostwald—Freundlich
equation, a decrease in the drug particle size and an increase in
the specific surface area would improve the drug solubility.**
A lipid bilayer could allow the introduction of poorly water-
soluble drugs in a certain ratio to achieve co-delivery of drugs.
Figure 1C shows that lipid was homogenously coated on the
surface of HCP nanoparticles. Thus, LCP nanoparticles had
great potential as co-delivery drug carriers.

In vitro cytotoxicity assay

Combinational effects of DOX and PTX

To determine the ideal ratio of DOX and PTX in LCP for
in vitro and in vivo experiments, MTT assay was conducted
to investigate the combinational effects of DOX and PTX.
The inhibitory concentration to produce 50% cell death
(IC,,), combination index (CI,,), and dose-reduction index
(DRI) of different compositions (free DOX, free PTX,
DOX/PTX =12/1, DOX/PTX =6/1, DOX/PTX =3/1,
DOX/PTX =1/3, and DOX/PTX =1/6) are shown in Table 2.
When DOX was the predominant drug in the combination
therapy, the IC,  values of DOX were lower than that of free
DOX treatment. At the same time, the DRI values were all
greater than 1, representing a reduction in dose and toxic-
ity as well as synergistic effect. However, when PTX was
the predominate drug in the combination therapy, the IC,

values of PTX were more than that of free PTX treatment.
The CI,, values were less than 1 when DOX was the pre-
dominate drug, and DOX and PTX displayed a synergistic
effect.” In conclusion, DOX and PTX with a mass ratio of
12:1 showed an excellent synergistic effect, which agreed
with the literature. According to the literature, when the molar
ratio of DOX and PTX was greater than 1:1, the combination
therapy displayed a synergistic effect.’

Cell viability

Figure 2 shows the cell viability of LCP at various concen-
trations (from 10 pg/mL to 500 pg/mL). The cell viability
of A549 cells was >95% at the highest concentration
(500 pg/mL), which demonstrated that LCP was nontoxic.
The PTX/DOX-LCP exhibited a higher inhibition rate than
DOX/PTX. These results indicated that LCP, as a co-delivery
drug carrier, could improve absorption of PTX and DOX as
well as enhance the effects of drugs. This effect was related
to the inhibition of cell growth. Figure 2B shows that the
IC,, values of PTX and DOX in DOX/PTX (42.65 ng/mL,
486.93 ng/mL) were slightly higher than that of PTX and
DOX in PTX/DOX-LCP (36.31 ng/mL, 413.18 ng/mL).
It was obvious that the solubility of DOX remained unchanged

Table 2 IC Clso, and DRI of different compositions to A549 cells

50’

Compositions IC,, (ng/mL) Cl,, DRI for DRI for
DOX PTX
DOX 407.38 - - -
DOX/PTX =12/1 112.20/9.33 0.6l 3.64 3.02
DOX/PTX =6/1 109.65/18.20 0.92 3.72 1.55
DOX/PTX =3/1 69.18/22.91 0.98 5.88 1.23
DOX/PTX =1/3 64.57/194.98 7.08 6.29 0.14
DOX/PTX =1/6 39.81/239.88 8.6l 10.20 0.12
PTX 28.18 - - -
Note: ‘' indicates absence of data.

Abbreviations: DOX, doxorubicin; PTX, paclitaxel; DRI, dose-reduction index;
ICSO, the inhibitory concentration to produce 50% cell death; CISO, combination index.
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Figure 2 (A) Cell viability of LCP at various concentrations and (B) cell inhibition rate of PTX/DOX-LCP and DOX/PTX.

Abbreviations: LCP, lipid-coated hollow calcium phosphate; DOX, doxorubicin; PTX,

in the two groups as DOX was a water-soluble drug. How-
ever, PTX remained a poorly water-soluble drug in HPMC
solution, which resulted in PTX being in a non-ideal dissolved
state in the cell viability experiment. Thus, the ratio of DOX
and PTX in the actual state was greater, and according to
the conclusion of the combinational effect study, effects of
PTX/DOX and PTX/DOX-LCP for A549 cells were more
pronounced. For poorly water-soluble drugs, this was in line
with the actual state of preparation.

In vitro drug-release study

As shown in Figure 3A, the PTX/DOX-LCP showed a
sustained-release behavior for drugs. The concentration of dis-
solved PTX in PBS (pH =6.8) release medium reached ~78%
at 2 days, while the corresponding concentration was 58%
for DOX. The release of PTX was slightly faster than that of
DOX. The reason for this result was that the shell structure
and phospholipid layer as the double barriers significantly
increased the drug diffusion resistance. A sustained-release
effect could maintain an effective drug concentration for a
long time, prolong the time of drug action, improve curative
effects, and reduce side effects.

PXRD, DSC, and FTIR characterization

The PXRD and DSC patterns were measured to confirm the
change in drug crystallinity.?* The PXRD patterns of PTX,
DOX, HCP, LCP, PTX-LCP, DOX-LCP, PTX/DOX-LCP
and the same proportion of PM are shown in Figure 3B. PTX
and DOX displayed many diffraction peaks, which indicated
that PTX and DOX were crystalline drugs. The pure PTX and
DOX showed distinctive characteristic diffraction peaks at
12° and 22°, respectively. PTX-LCP did not show any crys-
talline diffraction pattern compared with pure PTX, which

paclitaxel.

indicated that PTX was loaded into LCP and in an amorphous
form as PTX was dispersed in lipid bilayer as molecular state.
The crystalline diffraction pattern was markedly weakened in
DOX-LCP compared to pure DOX. This showed that DOX
loaded into LCP was in a microcrystalline state. The spatial
confinement effect of hollow structure could effectively
decrease drug particle size and reduce drug crystallinity.
However, its diameter size was 257 nm (>60 nm). According
to relevant literatures,?’! drugs absorbed in mesoporous state
usually were in amorphous form, while drugs absorbed in
macroporous state usually were dispersed in microcrystalline
form. Therefore, PTX was in an amorphous state and DOX
was in a microcrystalline form in PTX/DOX-LCP. But a
change in the state of DOX did not change its solubility.

The DSC results were consistent with those of the PXRD
characterization. As shown in Figure 3C, pure PTX and pure
DOX produced a single sharp endothermic peak at ~220°C.
The endothermic peak disappeared in PTX-LCP and was
reduced in DOX-LCP. These data further confirmed that
PTX absorbed onto LCP was in an amorphous state and that
DOX was in a microcrystalline form.

The FT-IR spectra were used to investigate the chemical
groups on the surface of the materials and analyze the inter-
action between drugs and LCP.* The FTIR spectra of PTX,
DOX, HCP, LCP, PTX-LCP, DOX-LCP, PTX/DOX-LCP,
and PM are shown in Figure 3D. The FTIR patterns of PTX/
DOX-LCP and PM were coincident, which indicated that the
drugs and LCP did not interact with each other.

Apoptosis analysis
As shown in Figure 4, PTX/DOX-LCP (74.2%) and
DOX/PTX (53.5%) induced apoptosis compared to the control
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Figure 3 (A) In vitro drug-release curves of PTX/DOX-LCP powders. (B—D) The PXRD patterns, DSC patterns, and FT-IR spectra of PTX, DOX, HCP, LCP, PTX-LCP,
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Abbreviations: LCP, lipid-coated hollow calcium phosphate; DOX, doxorubicin; PTX, paclitaxel; PXRD, powder X-ray diffractometer; DSC, differential scanning calorimeter;

FT-IR, Fourier-transform infrared; HCP, hollow calcium phosphate.

group (15.6%). DOX binds to DNA and topoisomerase 11
and PTX stabilizes microtubule complexes to promote cell
apoptosis. These two factors worked in synergy to promote
cell apoptosis. In the control group, the majority of A549 cells
were observed in the first quadrant as shown in Figure 5A.
As seen in Figure 5B and C, the number of early apoptotic
cells increased in DOX/PTX and PTX/DOX-LCP groups.
PTX/DOX-LCP led to the highest degree of apoptosis, which
was due to improvement in drug absorption and enhancement
of curative effect by means of the LCP carrier.

Cell uptake study

CLSM was conducted to test if FITC-LCP could be effec-
tively taken up by A549 cells. Figure 6A exhibits the images
of A549 cells treated with FITC-LCP at various time periods.

Apoptosis rate (%)

I

Control group

DOX/PTX

PTX/DOX-LCP

Figure 4 Apoptosis rate images of the control, DOX/PTX, and PTX/DOX-LCP
groups.

Abbreviations: LCP, lipid-coated hollow calcium phosphate; DOX, doxorubicin;
PTX, paclitaxel.
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Figure 5 The flow cytometry images of the control group (A), DOX/PTX group (B), and PTX/DOX-LCP group (C).
Abbreviations: LCP, lipid-coated hollow calcium phosphate; DOX, doxorubicin; PTX, paclitaxel.
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Figure 6 The CLSM images of A549 cells treated with FITC-LCP at various time periods (A) and at various concentrations (B). Magnification x600.
Abbreviations: CLSM, confocal laser scanning microscopy; FITC, fluorescein isothiocyanate; LCP, lipid-coated hollow calcium phosphate.

There was strong colocalization of FITC-LCP and the red
dye at early time points, suggesting that LCP was bound to
F-actin. With increasing time from 0.5 to 3 h, FITC-LCP was
delivered into the cytoplasm, and the amount of uptake gradu-
ally increased. Thus, the cellular uptake was time dependent.
Figure 6B showed that at 1h the amount of FITC-LCP
uptake also continuously increased when the concentration
of FITC-LCP increased from 20 to 50 pwg/mL. The uptake of
FITC-LCP was also dependent on concentration.

The intracellular uptake of FITC-LCP in A549 cells
was further investigated by TEM. As shown in Figure 7,
FITC-LCP was delivered into A549 cells by endocytosis
and distributed to vesicular or cytosolic compartment of
cells. It could be obviously observed that the surface of LCP
was wrapped by microfilaments.?* Microfilaments had an

important role on cell adhesion, movement, endocytosis,
and so on. Accordingly, the LCP uptake process was associ-
ated with the inclusion of microfilaments. The TEM images
proved the cellular uptake of FITC-LCP, and this result was
consistent with that of the CLSM.

In vivo anti-tumor efficacy

As shown in Figure 8A, the tumor volumes of PTX/
DOX-LCP and DOX/PTX were much smaller than that of
saline group throughout the experimental period. Before
the treatment, the mean tumor volumes of saline, DOX/
PTX, and PTX/DOX-LCP groups were 6019, 7315, and
6516 mm’, respectively. In contrast, the mean tumor volumes
of saline, DOX/PTX, and PTX/DOX-LCP groups were
2,540%12, 1,720£25, and 1,280+£19 mm?® after treatment.

submit your manuscript

7988

Dove

International Journal of Nanomedicine 2017:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Application of LCP in co-delivery of DOX and PTX

Figure 7 TEM images of FITC-LCP not taken up (A) and intracellular uptake in A549 cells (B). Magnification x20,000.

Note: Arrows point at microfilaments.

Abbreviations: FITC, fluorescein isothiocyanate; LCP, lipid-coated hollow calcium phosphate; TEM, transmission electron microscopy.

The tumor tissues excised from tumor-bearing nude mice
showed different sizes (Figure 8B). The tumor size treated
with saline was the largest and those treated with PTX/DOX-—
LCP was the smallest among the three groups. These results
indicated that PTX/DOX-LCP significantly inhibited tumor
cell proliferation in vivo.

The excised tumor tissues were sectioned to study histo-
pathology.* As shown in Figure 9, the tumor tissue necrotic
area in PTX/DOX-LCP group was the largest among the
three groups. Nucleus in PTX/DOX-LCP group showed
more marked shrinkage and fragmentation. After staining
with H&E, the viable tumor cells would be stained purple.
There were many viable tumor cells observed in groups
treated with saline and DOX/PTX. However, viable tumor
cells in the tumor tissues of PTX/DOX-LCP group were

dramatically reduced. As expected, PTX/DOX-LCP signifi-
cantly suppressed proliferation of A549 cells compared to
DOX/PTX group. In addition, the combined synergistic effect
of DOX and PTX was promoted due to favorable cellular
uptake and delivery conferred by LCP. Furthermore, LCP
improved the absorption of drugs to enhance the treatment
concentration of drugs.

Protein expression of Bax, Bcl-2, and
Caspase-3

The relationship between the expression levels apoptosis
factor and apoptosis induction of PTX/DOX-LCP in A549
cells was investigated. The expression levels of Bax, Bcl-2,
and Caspase-3 proteins were are in Figure 10. After PTX/
DOX-LCP treatment, Bax and Caspase-3 levels significantly
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Figure 8 (A) The tumor volume curves of the saline, DOX/PTX, and PTX/DOX-LCP groups. (B) The images of tumor tissues excised from the tumor-bearing nude mice

of the saline, DOX/PTX, and PTX/DOX-LCP groups.

Abbreviations: LCP, lipid-coated hollow calcium phosphate; DOX, doxorubicin; PTX, paclitaxel.
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Figure 9 Histological examination of excised tumor tissues of the saline, DOX/PTX, and PTX/DOX-LCP groups under different magnification.
Abbreviations: LCP, lipid-coated hollow calcium phosphate; DOX, doxorubicin; PTX, paclitaxel.

increased, while Bcl-2 showed a clear reduction. The incre-
ment in Bax protein expression would induce A549 cells
apoptosis via the intrinsic pathway.** Moreover, the increase
in Caspase-3 protein expression and reduction in Bcl-2
protein expression would also promote cell apoptosis and
enhance anti-tumor efficacy.’ This experiment showed that

PTX/

Blank DOX/PTX DOX-LCP

Caspase-3

Ty e ~-

Bax

Bcl-2

B-actin

— N —

Figure 10 Images of Bax, Bcl-2, and Caspase-3 protein expression levels of the
blank, DOX/PTX, and PTX/DOX-LCP groups.

Abbreviations: LCP, lipid-coated hollow calcium phosphate; DOX, doxorubicin;
PTX, paclitaxel.

the co-delivery system of PTX and DOX by LCP could
regulate the expression of different protein factors to achieve
anti-tumor activity.

Conclusion

According to the evaluation of the HCP coating process, the
optimum formulation was obtained for further experiments.
The TEM results indicated that monodispersed SPS nano-
spheres (257 nm), HCP with a hollow structure, and LCP
were successfully prepared for co-delivery of PTX and DOX
anti-tumor drugs. MTT assay was performed to evaluate the
combinational effects of DOX and PTX. When the mass
ratio of DOX and PTX was 12:1, the co-delivery system
displayed a superb synergistic effect. The loading capacity
of PTX and DOX was 3.81%+0.13% and 45.96%%0.27%
respectively, which conformed to the synergistic mass ratio
of 12:1. The in vitro release experiment showed that LCP
produced a sustained drug release to obtain long-lasting
therapeutic results and reduced frequency of drug adminis-
tration to improve therapeutic efficacy. Characterization by
PXRD, DSC, and FTIR demonstrated that DOX and PTX
were successfully incorporated into LCP in a microcrystalline
form and an amorphous form, respectively. CLSM and TEM
were conducted to verify that FITC-LCP could be effectively
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taken up by A549 cells. The in vitro cytotoxicity experiment
demonstrated that cell inhibition rate of PTX/DOX-LCP was
the highest. The apoptosis and in vivo anti-tumor efficacy
analyses as well as the analysis of Bax, Bcl-2, and Caspase-3
protein expression levels further proved that PTX/DOX-LCP
could suppress tumor proliferation and promote A549 cells
apoptosis. In addition, LCP possessed several attractive
advantages including good biocompatibility, biodegrad-
ability, and nontoxicity. Based on these findings, it has been
concluded that LCP appears to be a promising carrier to
enhance anti-tumor efficacy.
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