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Background: Intratumoral injection is a palliative treatment that aims at further improvement
in the survival and quality of life of patients with advanced or recurrent carcinomas, or cancer
patients with severe comorbidities or those with a poor performance status.

Methods: In this study, a solvent-injection method was used to prepare paclitaxel-cholesterol
complex-loaded lecithin—chitosan nanoparticles (PTX-CH-loaded LCS_NPs) for intratumoral
injection therapy, and the physicochemical properties of NPs were well characterized.
Results: The particle size and zeta potential of PTX-CH-loaded LCS_NPs were 142.8340.25 nm and
13.50£0.20 mV, respectively. Release behavior of PTX from PTX-CH-loaded LCS_NPs showed a
pH-sensitive pattern. The result of cell uptake assay showed that PTX-CH-loaded LCS_NPs could
effectively enter cells via the energy-dependent caveolae-mediated endocytosis and macropinocytosis
in company with the Golgi apparatus. Meanwhile, PTX-CH-loaded LCS_NPs had a better ability to
induce cell apoptosis than PTX solution. The in vivo antitumor results suggested that PTX-CH-loaded
LCS_NPs effectively inhibited mouse mammary cancer growth and metastasis to distant organs
and significantly improved the survival rate of tumor-bearing mice by intratumoral administration.
Conclusion: In general, our study demonstrated that PTX-CH-loaded LCS_NPs used for
palliative treatment by intratumoral injection showed improved safety and antitumor efficacy,
which provided an alternative approach in the field of palliative chemotherapy.

Keywords: lecithin, chitosan, paclitaxel, nanoparticles, pH responsive, palliative chemotherapy,

intratumoral injection

Introduction

For early stage malignant solid tumors, the preferred treatment is surgical resection,
unless adjacent important structures prevent complete excision. But for advanced
carcinomas at stage III-IV or inoperable sites, surgical excision is not an effective treat-
ment, which necessitates new treatment modalities for some esophageal carcinomas,’
lung cancers,” and gastrointestinal cancers,** as reported. And for patients with severe
comorbidities or a poor performance status, such as the elderly patients, they cannot
undergo the injury caused by surgical treatment. Treatment of inoperable and meta-
static disease requires a systemic treatment strategy. To get further improvements
in survival and quality of life, two options for palliative treatment remain: palliative
irradiation and chemotherapy.’ Radiation therapy may be an option to unresectable
tumors of certain histologic types, but for the radiation-insensitive tumors, we have
to turn to chemotherapy. The dose of a chemotherapeutic agent used for systemic
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chemotherapy delivered systemically might be toxic on
vital organs and tissues, which requires a good performance
status of the patients. As for inoperable radiation-insensitive
cancer patients with a poor performance status, palliative
intratumoral injection chemotherapy may provide a mean-
ingful response.

Palliative intratumoral injection chemotherapy is clini-
cally used in treating lung cancer guided with bronchoscopic
endobronchial ultrasound,®’ central airway obstruction
caused by lung carcinoma,® extremity melanoma,’” dysphagia
caused by carcinoma,'® malignant biliary obstruction,'
recurrent head and neck squamous cell carcinoma,>*!* and
midcervical carcinoma.'* In recent years, several intratumoral
delivery systems have been developed that are mainly based
on polymers and involve hydrogels,'*'® microparticles,'>"
nanoparticles,?® nanofibers,” etc. For intratumoral injection
formulation, hydrogels were publicly recognized, including
modified chitosan thermosensitive hydrogel'’!® and poly
(e-caprolactone) nanoparticles amalgamated with in situ
gel.' For localized therapy, intratumoral injection leads to a
long retention time at the site that consequently releases the
antitumor drug in a continuous and sustained manner. And the
nanoparticles need more efficient drug delivery into cancer
cells to achieve the enhanced permeation and retention (EPR)
effect.”? However, the gels were mostly thermosensitive or
pH sensitive, and they would turn into solid once injected into
tumor so that the drug was distributed inside the solid tumor
unevenly and pressure problems followed. Lecithin—chitosan
nanoparticles, as a carrier of hydrophobic drugs, were posi-
tively charged as reported and, might be strongly attached to
the negatively charged cell membrane, which could enhance
the EPR effect of nanoparticles at tumor sites and offer better
coverage for topical drug delivery,?2* ultimately exerting
quick efficacy in the tumor. The extracellular pH of solid
tumors and lysosome is lower than that of normal tissues.?
The release of drugs loaded in chitosan nanoparticles could
be accelerated by decreasing the media pH.'* The pH sensi-
tivity behavior could accelerate drug release at tumor sites
and decrease the side effects, which can contribute to the
targeted tumor treatment.

Chitosan, as an important component of lecithin—chitosan
nanoparticles, is a natural cationic amino polysaccharide
polymer. Chitosan and its derivatives have been widely used
in drug delivery systems thanks to their biocompatibility,
nontoxicity, a high encapsulation rate, controllable drug
release, and target property to specific tissues.?”-*® Chitosan
can form self-assembled nanoparticles with negatively
charged materials, such as lecithin, which is considered to be
an important characteristic for the preparation of drug-loaded

microemulsions, liposomes, micelles, and nanoparticles.?*?
The ideal chitosan nanoparticles should be positively
charged and tumor targeting with sustained and pH-sensitive
drug release.

Paclitaxel (PTX) is a significant antitumor chemotherapy
drug in clinical treatments against multiple solid tumors,
especially against metastatic breast cancer, small and non-
small-cell lung cancer, colon cancer, ovarian cancer, and
head and neck cancer,?* by intervening with the normal
breakdown of microtubules during cell division. In clinical,
the formulation of PTX is called Taxol®, which is mixed
with Cremophor EL and dehydrated ethanol to solve the
problem of poor water solubility. But the formulation
can induce severe side effects if administered by intrave-
nous injection, such as allergic reactions, renal toxicity,
neurotoxicity, hypersensitivity, and dyspnea in patients.*!
Researchers have been working hard to solve poor solubility
and nonspecific biodistribution. Abraxane®, a formulation
of albumin—PTX nanoparticles approved by FDA in 2006,
was reported to be able to improve the antitumor efficacy,
but there was no improvement in pharmacokinetic proper-
ties compared with Taxol, because of poor colloidal stability
of Abraxane.’? Therefore, the formulation of ideal PTX
nanoparticles should be characterized by nontoxicity, high
encapsulate rates, controllable drug release, target property
to tumor tissue, and stability during blood circulation, all
of which lecithin—chitosan nanoparticles can achieve. PTX
as a lipophilic drug can be incorporated into the interior
lecithin layers of lecithin—chitosan nanoparticles, but PTX
does not have sufficiently high solubility in lecithin. The
solubility of PTX in lecithin and entrapment efficiency (EE)
of lecithin—chitosan nanoparticles could be increased through
the paclitaxel—cholesterol (PTH-CH) complex formulation.®

In this article, we have developed the paclitaxel-
cholesterol complex-loaded lecithin—chitosan nanoparticles
(PTX-CH-loaded LCS_NPs) for intratumoral injection
therapy. The PTX-CH-loaded LCS_NPs were prepared and
optimized, and the physicochemical properties of nanopar-
ticles were characterized. The 4T1 mouse mammary cancer
cell line and its tumor-bearing mice animal model were
used to evaluate in vitro and in vivo antitumor efficacy of
the nanoparticles via intratumoral injection. The schematic
illustrations of PTX-CH-loaded LCS_NPs and their intracel-
lular behavior are shown in Figure 1.

Materials, cell culture, and animals

PTX was bought from Dalian Meilun Biotechnology Co.,
Ltd. (Dalian, P.R. China). Chitosan (molecular weight 5 W)
was obtained from Golden Shell Pharmaceutical Co., Ltd.

submit your manuscript

690

Dove

International Journal of Nanomedicine 2019:14


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

Dove

Chu et al

/e .2/ Chitosan
3.3~ Lecithin

\_"_~ Polysorbate-80
@ Paclitaxel-cholesterol complex

Chitosan

222982797725
A, T,

Figure | Schematic illustration of PTX-CH-loaded LCS_NPs and their intracellular behavior.
Notes: (A) The structural formula of paclitaxel-cholesterol complex and chitosan. (B) Schematic illustration of possible structure and intracellular behavior of PTX-CH-

loaded LCS_NPs.

Abbreviation: PTX-CH-loaded LCS_NPs, paclitaxel-cholesterol complex-loaded lecithin—chitosan nanoparticles.

(Zhejiang, P.R. China). Soybean lecithin (S75) and choles-
terol were bought from Lipoid (Ludwigshafen, Germany).
Polysorbate-80 (injection grade) was obtained from Nanjing
Well Pharmaceutical Co., Ltd. (Nanjing, P.R. China).
Anhydrous ethanol, acetonitrile, and methanol (HPLC
grade) were purchased from Sigma-Aldrich Co. (St Louis,
MO, USA). Flourescein isothiocyanate/propidium iodide
(FITC/PI) apoptosis detection kit and Cell Counting
Kit-8 (CCK-8) were bought from Dojindo Laboratories
(Kumamoto, Japan). Fetal bovine serum (FBS), RPMI 1640
medium, 0.25% trypsin, and PBS buffer were provided by
Thermo Fisher Scientific (Waltham, MA, USA). All the
other chemicals were of reagent grade and without further
purification.

The 4T1 mouse mammary cancer cell line was provided
by the Cell Culture Center of Institute of Basic Medical
Sciences, Chinese Academy of Medical Sciences (CAMS).
The culture condition was RPMI 1640 medium containing
10% FBS, 5% CO,, at 37°C. The cells in the logarithmic
growth phase were used in all cell experiments. Female
BALB/c mice (6 weeks old, 18-22 g) were purchased

from Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, P.R. China). All experiments of this project related
with animal study were approved by the Institute of Materia
Medica in CAMS and Peking Union Medical College
(PUMC). The animal experiments also have been approved
by the Laboratory Animal Ethics Committee of the Institute
of Materia Medica in CAMS and PUMC. We abided the
national and institutional principles and protocols for the
care and use of experiment animals during the operational
procedures of animal experiments.

Preparation of paclitaxel-cholesterol

complex

Solvent evaporation method was used to prepare paclitaxel—
cholesterol complex (PTX-CH complex) as previously
reported by our laboratory.** Briefly, PTX and cholesterol
(molar ratio 1:1) were dissolved in acetone and refluxed at
40°C for 2 hours. Dried PTX-CH complex was obtained
after removal of acetone by evaporation in vacuum. PTX,
cholesterol, physical mixture of PTX and cholesterol, and
PTX-CH complex were comparatively characterized using
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a differential scanning calorimetry (DSC) Analysis (TA
Instruments Inc., Sherman, TX, USA).

Preparation of PTX-CH-loaded LCS_NPs

Anhydrous ethanol containing PTX-CH complex and S75
was injected in chitosan solution to prepare PTX-CH-loaded
LCS_NPs using the solvent-injection method reported.’
Chitosan solution was prepared through 1 g chitosan dis-
solved in 100 mL 1% acetic acid water solution. Then, 4 mL
anhydrous ethanol with different concentration of PTX-CH
complex was injected into 46 mL distilled water that con-
tained chitosan and polysorbate-80 at different ratios during
continuous magnetic stirring to obtain PTX-CH-loaded
LCS_NPs.

Physicochemical characterization of

PTX-CH-loaded LCS_NPs

The particle size, polydispersity index (PDI), and zeta
potential of PTX-CH-loaded LCS_NPs were measured by
dynamic light scattering and electrophoretic light scattering
(Zetasizer Nano ZS90; Malvern Instruments Ltd., Malvern,
UK). The morphology of PTX-CH-loaded LCS_NPs was
observed under a transmission electron microscope (Hitachi
H-7650; Hitachi Ltd., Tokyo, Japan).

Entrapment efficiency of PTX-CH-loaded

LCS_NPs

EE% of PTX-CH-loaded LCS_NPs was determined using
the minicolumn centrifugation technique in order to separate
the prepared nanoparticles from the free drug. Briefly,
0.5 mL LCS_NPs solution was dripped into a minicolumn
filled with Sephadex G-50 and centrifuged (500 rpm,
0.5 minute) to distribute the suspension in the minicolumn.
After that, the minicolumn was washed with 0.5 mL distilled
water three times (1,000 rpm, 1 minute). The free drug that
remained in the Sephadex G-50 minicolumn and drug-loaded
nanoparticles were flowed out with elutes that were collected
and adjusted to 10 mL by anhydrous ethanol. The sample
was filtered by 0.22 wm microporous membrane after the
nanoparticles were broken down thoroughly by ultrasound
for 10 minutes. Finally, entrapped PTX was determined
at 227 nm using an HPLC system (Agilent 1260 infinity;
Agilent Technologies, Santa Clara, CA, USA). The column
was a GRACE Allsphere ODS-2 C18 (5 wm, 250x4.6 mm),
and the mobile phase was acetonitrile-methanol-water
(36:23:41), the injection volume of the sample was 10 pL,
the flow rate was 1 mL/min and column temperature was set

at 25°C. EE% and drug loading (DL%) PTX in the LCS_NPs
were calculated as follows:*

Weight of encapsulated drug

EE% = x100%

Weight of initial drug

Weight of initial drug

DL% =

= — x100%
Total volume on NPs solution

In vitro paclitaxel release assay

The in vitro release of PTX of PTX-CH-loaded LCS_NPs
was evaluated with the dialysis diffusion technique.’’
To increase the concentration of nanoparticles to obtain
the release assay samples, a centrifugal filter tube (100 K
MWCO; Millipore, Billerica, MA, USA) was used. The
LCS_NPs suspension was placed in the filter tube and cen-
trifuged (4,000 rpm, 12 minutes). Finally, the content of PTX
in LCS_NPs suspension was adjusted to 0.5 mg/mL through
HPLC analysis. Two samples of concentrated LCS_NPs solu-
tion (0.5 mL, 0.5 mg/mL) and one sample of PTX solution
(0.5mL, 0.5 mg/mL) were added into a dialysis bag (12 kDa).
The bags were immersed in 30 mL sodium salicylate solution
(1 M, pH 7.4) or 30 mL sodium salicylate solution (1 M,
pH 5.8), and were shacked at 100 rpm, 37°C. A measured
quantity of 0.5 mL sodium salicylate solution was taken
out and replaced with 0.5 mL fresh solution at each time
interval. The content of PTX in each sample was detected by
the above established HPLC method after being centrifuged
(12,000 rpm, 10 minutes). Finally, the accumulative release
of PTX was calculated and plotted.

Cellular uptake analysis

PTX in LCS_NPs was replaced by coumarin-6 (C6) to
observe and analyze cellular uptake and localization of
LCS_NPs. 15x10%well tumor cells were put in six-well plates
with coverslips at the bottom and incubated for 24 hours.
Then, the cells were cultured with fresh medium containing
C6-loaded LCS_NPs or free C6 (1 pug/mL) for 5, 15, 30,
and 60 minutes. After being washed with cold PBS buffer
three times to remove excess C6-loaded LCS_NPs or free
C6, the cells were fixed with 4% paraformaldehyde solution,
washed and stained with DAPI for another 10 minutes. The
cells were finally observed through a confocal fluorescence
microscope (Carl Zeiss LSM 710; Carl Zeiss Microscopy,
Jena, Germany). The seeded cells were cultured with fresh
medium containing C6-loaded LCS_NPs or free C6 for
15, 60, and 120 minutes, and analyzed with a FACSCalibur
flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA)
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to quantify the amount of C6-loaded LCS_NPs taken up by
cells.

To explore the uptake pathways of C6-loaded LCS_NPs,
several membrane entry inhibitors were examined. The
cells were seeded in a 12-well plate with 15x10%/well. After
attachment, the cells were cultured with chlorpromazine
(10 ug/mL), colchicine (4 pg/mL), brefeldin A from penicil-
lium brefeldianum (BFA, 5 pg/mL), Filipin (5 ug/mL), NaN,
(3 mg/mL), methyl-B-cyclodextrin (M-3-CD, 5 mg/mL),
respectively. Then, the cells were treated with C6-loaded
LCS_NPs (1 pug/mL). The cells were collected and analyzed
with flow cytometer analysis.

Cell viability assay

CCK-8 assays were performed to evaluate the cytotoxicity of
polymer and the cytotoxicity of PTX-CH-loaded LCS_NPs
on 4T1 cells. In brief, 4T1 tumor cells were cultured 24 hours
for attachment in 96-well plates at a density of 5x10* cells/
well, and then were treated and cultured in various con-
centrations of blank LCS_NPs for 48 hours to evaluate the
cytotoxicity of polymer. The blank group was treated with
culture medium alone. According to CCK-8 kit instructions,
the cells were cultured in CCK-8 reagent for another 2 hours,
and were measured at 490, 650 nm by a Synergy H1 Micro-
plate Reader (BioTek, Dallas, TX, USA). Cytotoxicity of
PTX-CH-loaded LCS_NPs was detected by CCK-8 assay,
too. Cells of the same concentration were cultured with dif-
ferent concentrations of PTX-CH-loaded LCS_NPs based
on PTX, and were cultured for 24 or 48 hours. After being
treated with CCK-8 reagent, the OD values were measured.
The cells untreated with PTX served as controls and cell
viability was calculated.

Cell apoptosis assay

The apoptosis of 4T1 cells caused by PTX-CH-loaded
LCS_NPs was quantitatively analyzed by Annexin V-FITC/
PI double staining assay. The 4T1 cells were seeded in 6-well
plates (15x10%well) and cultured for 24 hours. The cells
were washed twice in each well after treatment with culture
medium containing PTX-CH-loaded LCS_NPs or PTX
solution for 24 hours, gathered and centrifuged, dispersed in
binding buffer, and treated according to the Annexin V-FITC
and PI staining manufacturer’s protocol. The samples were
analyzed by the FACSCalibur flow cytometer.

Antitumor evaluation of PTX-CH-loaded

LCS_NPs by intratumoral injection in vivo
The 4T1 cell line is a mouse mammary cancer cell line;
so, we established the tumor-bearing model with female

BALB/c mice (6 weeks old, 18-22 g) via subcutaneous
injection of tumor cells, with 15x10* cells into the fourth
mammary pad. We measured the weight and tumor size of
the mice every other day until the volume of tumors reached
about 150 mm?. The tumor-bearing mice were grouped ran-
domly (n=0), as follows: saline, blank LCS_NPs, PTX, and
PTX-CH-loaded LCS_NPs. The four groups were admin-
istered four times by intratumoral injection every 3 days.
In PTX and PTX-CH-loaded LCS_NPs group, PTX was
administered at the dose of 5 mg/kg, much lower than that
of intravenous administration, 10 or 15 mg/kg.’® All these
groups were treated four times by intratumoral injection
every 3 days, and we measured tumor volumes and body
weights every other day. Tumor volumes were calculated
according to the following formula: W?xL/2 (W represents
the minor diameter and L represents the major diameter).
All tumor-bearing mice were killed 3 days after the last
administration by cervical dislocation. The tissues (liver,
lung) were treated with 4% formaldehyde tissue fixative
and stained with H&E. The tumors of tumor-bearing mice in
each group were isolated, weighed, photographed in group,
and finally stored in 4% formaldehyde tissue fixative to be
stained with H&E. TUNEL assay was used to distinguish the
apoptosis cells in the tumor tissue. The tumor tissues were
treated with a TUNEL-POD kit according to the instructions.
The H&E and TUNEL slides of the tissues and tumors were
photographed by an optical microscope (Leica DM4000B;
Leica Microsystems, Wetzlar, Germany).

Survival analysis

The 4T1 tumor-bearing mice model was established with the
same method mentioned above. Forty tumor-bearing mice
were grouped randomly (n=10) including saline group, blank
LCS_NPs group, PTX group, and PTX-CH-loaded LCS_NPs
group. The mice in these four groups were administered
four times via intratumoral injection every 3 days until they
died. Survival curves were plotted using GraphPad Prism
software (version 5.0.0.0; GraphPad Software Inc., La Jolla,
CA, USA).

Statistical analysis

Statistical analysis in this paper was conducted using SPSS 22
(IBM Corporation, Armonk, NY, USA). The results in this
article are shown as mean & SD. Statistical comparisons were
analyzed to determine group differences through ANOVA
by SPSS 22. Student’s #-test was used to evaluate signifi-
cant difference between two groups, indicated as follows:
*P<<0.05, **P<<0.01, ***P<<0.001.
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Results and discussion of PTX-CH-loaded LCS_NPs, and to increase the stability
Preparation of paclitaxel-cholesterol of the LCS_NPs.*** DSC was used to analyze interactions
complex between PTX and cholesterol in the complex. In Figure 2,

In this study, PTX-CH complex was prepared to improve the ~ DSC curves of the samples, the endothermal peaks of PTX
solubility of PTX in the phospholipid, to improve drug EE  (A) and cholesterol (B) were 222.58°C and 146.83°C,

243.60°C

A
211.51°C
60.36 J/g
237.96°C
60.05 J/g
B 222.58°C
140.89°C
24.05 J/g
146.83°C
240.06°C
C
145.39°C
10.32 J/g
205.58°C
38.50 J/g
233.14°C
148.65°C 64.34 J/g
209.15°C
137.00°C
D 69.49 J/g
138.54°C

Figure 2 The results of DSC test of PTX (A), cholesterol (B), physical mixture of PTX and cholesterol (C), and PTX-CH complex (D).
Abbreviations: DSC, differential scanning calorimetry; PTX, paclitaxel; PTX-CH complex, paclitaxel-cholesterol complex.
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Table | Effect of lecithin:chitosan (w:w) on nanoparticles
L/CS ratio (w/w) | Size* (nm) PDI* Zeta potential® | EE* (%) DL? (ug/mL) Stability
(+mV) (24 hours)
5:1 230.00+2.60 0.37£0.05 25.57%1.57 93.60+0.54 143.39+0.72 -
10:1 162.33+1.27 0.27+0.00 23.10£0.20 91.7520.23 128.31+0.4 -
20:1 142.77+0.91 0.25+0.01 13.30+0.17 92.17+1.35 125.224+2.55 -
40:1 124.43+1.27 0.28+0.00 9.92+0.51 92.08+0.58 132.44+0.40 -
80:1 120.60+1.23 0.28+0.00 4.70%0.13 92.3310.80 125.36%1.16 -

Note: (—) means stable in 24 hours; *mean * SD (n=3).

Abbreviations: DL, drug loading; EE, entrapment efficiency; L/CS, lecithin/chitosan; PDI, polydispersity index.

respectively. There were two endothermal peaks of PTX at
209.15°C and cholesterol at 148.65°C of the physical mixture
of PTX and cholesterol (C). The endothermal peak of PTX
was <<222.58°C. As the temperature rose during DSC test,
PTX and cholesterol formed the complex partially. The endo-
thermal peak of PTX-CH complex (D) was 138.54°C and a
broad one. The peaks of PTX and cholesterol disappeared.
This indicated that the PTX-CH complex was successfully
prepared. >4

Preparation and characterization of
PTX-CH-loaded LCS_NPs

According to the solvent-injection method established
previously,* the nanoparticles of PTX-CH-loaded LCS_
NPs were prepared and optimized. Briefly, an anhydrous
ethanol containing S75 and PTX-CH complex was injected
into the stirring chitosan solution. The nanoparticles com-
posed of lecithin and chitosan had a round appearance and
satisfactory stability when ratio of lecithin to chitosan was
about 20:1 (w/w) in previous studies.***!#? Polysorbate-80
was chosen to increase drug solubility, and stabilize the
nanosystem.* To evaluate the best formulation for PTX-CH-
loaded LCS_NPs, we used different L/CS ratios (w/w) (5:1,
10:1, 20:1, 40:1, and 80:1) to determine the optimal L/CS
ratio with 10 mg PTX-CH complex loading. Considering the
changes of particle sizes, PDIs, and zeta potentials caused by
L/CS ratios (w/w), as is shown in Table 1, we chose the L/CS
ratio 20:1 in subsequent experiments. Next, we investigated
the effect of polysorbate-80 on EEs and DLs of LCS_NPs in

different concentrations (1%, 2%, 3%, and 4%), as shown in
Table 2. As the content of polysorbate-80 ranged from 1% to
4% (w/v), the EEs were increased from 79.68% to 94.60%,
but the particle size and PDI of LCS_NPs were the smallest
when the concentration of polysorbate-80 was 2%. The result
indicated that polysorbate-80 served as a surfactant in the
LCS_NPs at lower concentrations such as 1% and 2%, but
polysorbate-80 would destroy the structure of LCS_NPs and
form micelles with PTX as its concentration increased. This
might account for the increased value of PDI and EE as the
concentration changed. Finally, we explored the influence of
drug dosage on LCS_NPs preparation, as shown in Table 3.
The LCS_NPs were unstable within 24 hours when the
content of PTX-CH complex exceeded 15 mg. Therefore,
the optimal formulation for PTX-CH-loaded LCS_NPs was
the L/CS ratio of 20:1 (w/w), 2% polysorbate-80 in aqueous
solution, and 15 mg PTX-CH complex in anhydrous ethanol.

The morphology of PTX-CH-loaded LCS_NPs was
observed under transmission electron microscopy. The
LCS_NPs exhibited a sphere-like shape (Figure 3A). The
average particle size and PDI under optimal conditions were
142.8320.25 nm and 0.26%0.01, respectively (Figure 3B).
PTX-CH-loaded LCS_NPs had a positive zeta potential
of 13.50+£0.20 mV (Figure 3C), which suggested that the
LCS_NPs were positively charged. The zeta potential of
LCS_NPs was about 14 mV, but the LCS_NPs remained
relatively stable during the 3 days of storage at 4°C without
notable change in particle size of PTX-CH-loaded LCS_NPs
(Figure 3D and E; Table 4).

Table 2 The effect of the amount of Polysorbate-80 on nanoparticles

Polysorbate-80 Size® (nm) PDI* Zeta potential* | EE® DL? (ug/mL) Stability
(wiv) (+mV) (%) (24 hours)
1% 194.67+2.55 0.44+0.02 17.23£0.32 79.6810.18 133.55+0.66 -

2% 137.63+0.55 0.2610.00 11.03+0.40 91.58+0.59 117.80+0.23 -

3% 152.1314.14 0.30£0.01 11.60£0.17 92.12+0.72 126.08+0.84 -

4% 142.6316.24 0.52+0.04 12.00£0.20 94.60+0.84 132.14£0.52 -

Note: *Mean + SD (n=3), (—) means stable in 24 h.
Abbreviations: DL, drug loading; EE, entrapment efficiency; PDI, polydispersity index.
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Table 3 Effect of the amount of PTX-CH complex on nanoparticles

PTX-CH Size* (nm) PDI? Zeta potential® | EE* (%) DL? (pg/mL) Stability
complex (mg) (+mV) (24 hours)
10 143.13+1.97 0.2610.01 14.47+0.47 92.4610.27 122.2340.51 -

15 141.20+0.90 0.27£0.01 14.10£1.30 91.8610.26 195.06+0.66 -

20 140.3710.65 0.2510.01 12.73£0.80 92.1240.92 262.79+£0.42 +

Note: (—) means stable in 24 hours, (+) means instable in 24 hours; *mean * SD (n=3).

Abbreviations: DL, drug loading; EE, entrapment efficiency; PDI, polydispersity index; PTX-CH complex, paclitaxel-cholesterol complex.

In vitro paclitaxel release assay

The drug release study was evaluated in the different release
media at pH 5.8 and 7.4, and the results suggested that the
release of PTX from PTX-CH-loaded LCS_NPs showed a
pH-sensitive pattern compared with PTX (Figure 4). The
release of PTX from PTX group reached 47.6% at 12 hours,
and the drug release from LCS_NPs at pH 5.8 and 7.4 was
41.2% and 34.1%, respectively. This suggested that the
LCS_NPs had a sustained release effect. After 84 hours,

the accumulative drug release from LCS_NPs at pH 5.8 was
64.4%, but at pH 7.4 the release rate was only 47.7%. The
above results indicated that the drug release from LCS_NPs
was quicker and more thorough in an acidic environment. The
purpose of PTX-CH complex preparation was to increase the
solubility of PTX in lecithin as mentioned above. LCS_NPs
as a carrier of PTX-CH complex embedded in lecithin
were electrostatic and self-assembled by positively charged
chitosan and negatively charged lecithin. When LCS_NPs
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Figure 3 Characterizations of PTX-CH-loaded LCS_NPs.

(@)
N
o
-
o
o
o
—*
o
S
=
o
o
@
-
=4
T
c
=
o
5

70,000
60,000 |
50,000 f
40,000 i
30,000 H
20,000 .
10,000 -

Total counts

-100 0 100
Zeta potential (mV)

200

_
[&,]
i

-
>
L

T

20 40 60 80
Time (hours)

Zeta potential
(mV)
S

-
_

o
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Abbreviations: PTX-CH-loaded LCS_NPs, paclitaxel-cholesterol complex-loaded lecithin—chitosan nanoparticles; TEM, transmission electron microscopy.
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Table 4 Stability of PTX-CH-loaded LCS_NPs within 3 days

Storage time Particle size* Zeta potential®
(days) (nm) (+mV)

| 143.54+0.65 13.42+0.11

2 144.67+1.07 13.10£0.14

3 146.43%1.27 12.80+0.36

Note: *Mean + SD (n=3).
Abbreviation: PTX-CH-loaded LCS_NPs, paclitaxel-cholesterol complex-loaded
lecithin—chitosan nanoparticles.

were in an acidic environment, the -NH, and ~OH of chitosan
might interact with H* in acidic solution, which might lead
to the changes in molecule conformation of chitosan and
charge stability on the surface of LCS_NPs. All these might
account for the destruction of LCS_NPs and accelerated drug
release in an acidic environment. Studies have shown that the
tumor extracellular pH is around 5.8-7.2,*° as the pH value
of the normal tissue microenvironment is around 7.4. There-
fore, PTX-CH-loaded LCS_NPs exhibited a pH-sensitive
tumor-targeting property because of the lower pH microen-
vironment in tumor tissues, and consequently could reduce
chemotherapy-induced damage to normal tissues and organs.
PTX could enter into tumor cells by diffusion after release
from LCS_NPs outside cells or by endocytosis in LCS_NPs.
The PTX release of PTX-CH-loaded LCS_NPs taken into
cells by endocytosis could also be triggered in the low pH
endosomes (pH 5.0-6.5) and lysosomes (pH 4.0-5.0).2°

Cellular uptake studies
In the course of observation of the cellular uptake of LCS_NPs
in tumor cells, PTX-CH complex in PTX-CH-loaded

100
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60+ ////; — t
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~ 1
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Figure 4 The study of release behavior of PTX-CH-loaded LCS_NPs in vitro.
Note: The release of paclitaxel from PTX-CH-loaded LCS_NPs at pH 5.8 and
pH 7.4 compared with PTX solution.

Abbreviations: PTX, paclitaxel; PTX-CH-loaded LCS_NPs, paclitaxel-cholesterol
complex-loaded lecithin—chitosan nanoparticles.

LCS_NPs was replaced by the fluorescent probe C6 to
prepare C6-loaded LCS_NPs. The blue and green fluores-
cence signals represented the cell nuclei stained with DAPI
and Co, respectively (Figure 5A). The signals of C6 could
be observed after incubation with C6-loaded LCS_NPs for
5 minutes and the signals at 15, 30, and 60 minutes became
stronger, while the signals of free C6 group could not be
observed clearly until incubation for 60 minutes. This sug-
gested that the cellular uptake of LCS_NPs was more efficient
than that of the free drug. The result also confirmed that
PTX could be delivered by PTX-CH-loaded LCS_NPs into
cells. The intracellular efficiency of C6-loaded LCS_NPs
was measured quantitatively by flow cytometry. As shown
in Figure 5B and C, which was similar to the observation
with confocal laser scanning microscopy, the intracellular
efficiency of C6-loaded LCS_NPs was much stronger than
that of free C6. The mean fluorescence intensity of the NPs
reached a high level at 15 minutes, and it was basically
saturated at 60 minutes. The result further indicated that the
PTX delivery of PTX-CH-loaded LCS_NPs was more effi-
cient compared with single-drug delivery. The nanoparticles
showed more efficient drug delivery into cancer cells, which
might be due to the EPR effect.?

On the other hand, the possible endocytic pathways
of LCS_NPs were investigated via different inhibitors.
We investigated the identified endocytic pathways for macro-
molecules (Figure 6),* including clathrin-mediated endocy-
tosis, macropinocytosis, and caveolaec-mediated endocytosis,
and analyzed them by flow cytometry. Chlorpromazine is
one of the inhibitors of clathrin-mediated endocytosis, which
dissociates clathrin from the surface membrane to inhibit
coated pit endocytosis.” The cellular uptake of C6-loaded
LCS_NPs after treatment with chlorpromazine stayed at
almost the same level as the control (P>0.05), indicating
that there was little participation of clathrin-mediated endo-
cytosis in endocytosis. Macropinocytosis, which is typically
inhibited by colchicine,* refers to the formation of large and
irregular primary endocytic vesicles. The cellular uptake of
LCS_NPs was reduced by colchicine by about 43%, suggest-
ing that macropinocytosis might participate in cellular uptake
of LCS_NPs. Filipin is a selective inhibitor of caveolae
formation to inhibit caveolae-mediated endocytosis.* The
cellular uptake of LCS_NPs into cells treated with Filipin
was reduced by 82%. This indicated that caveolae-mediated
endocytosis and macropinocytosis were both involved in
LCS_NPs uptake, as was shown by previous research about
the cellular uptake mechanism of chitosan nanoparticles.>!
The energy dependence of the macropinocytosis pathway was
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Figure 5 Cellular uptake studies of LCS_NPs.

Notes: (A) Observation of 4T | cells by confocal microscopy after treatment with free Cé or Cé-loaded LCS_NPs for 5, |5, 30, and 60 minutes, respectively. (B, C) Quantitative
analysis of free Cé or Cé-loaded LCS_NPs uptake by flow cytometry after incubation with free Cé or Cé-loaded LCS_NPs for 15, 60, and 120 minutes.

Abbreviations: C6, coumarin-6; Cé-loaded LCS_NPs, coumarin-6-loaded lecithin—chitosan nanoparticles.
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Figure 6 Cellular uptake analysis of Cé-loaded LCS_NPs after incubation with
different endocytic inhibitors by flow cytometry.

Notes: 4TI cells were cultured in serum-free medium for | hour containing
chlorpromazine (10 ug/mL), colchicine (4 ug/mL), BFA (5 ug/mL), Filipin (5 pg/mL),
NaN;, (3 mg/mL), M-B-CD (5 mg/mL), respectively. Before flow cytometry analysis,
cells were cultured with Cé-loaded LCS_NPs (I pg/mL) for another | hour
(n=3, mean + SD). *P<<0.05 vs control, **P<<0.01 vs control, **P<0.001 vs control.
Abbreviations: BFA, brefeldin A from penicilliumbrefeldianum; Cé-loaded
LCS_NPs, coumarin-6-loaded lecithin—chitosan nanoparticles; M-B-CD, methyl-3-
cyclodextrin.

confirmed by culturing the cells with sodium azide (NaN,)
before the addition of LCS_NPs.> The inhibitor, NaN,, also
decreased LCS_NPs uptake by >50%. Lipid rafts assisted in
membrane trafficking and are located in cell membranes.”!
To investigate the influence of lipid rafts on cellular uptake
of LCS_NPs, cells treated with M-B-CD as the inhibitor of
lipid rafts®® significantly diminished the fluorescence intensity
(about 50%) compared with the control, indicating the partici-
pation of cholesterol and lipid rafts in the uptake of LCS_NPs.
The cells were treated with penicillium brefeldianum (BFA)
to investigate whether Golgi apparatus participated in the
transportation of LCS_NPs.>* The fluorescence intensity of
cells treated with BFA was diminished by about 36%, show-
ing that Golgi apparatus participated in the transportation
of LCS_NPs in cells. The results suggested that C6-loaded
LCS_NPs entered cells via energy-dependent endocytosis,
including caveolae-mediated endocytosis and macropinocy-
tosis, with the participation of the Golgi apparatus.

Cell viability assay
The cytotoxicity of blank LCS_NPs against 4T1 cells was
evaluated by CCK-8 assay, and the concentrations of
LCS_NPs were equivalent of PTX-CH-loaded LCS_NPs
ranging from 0.01 to 5 ug/mL (Figure 7A). Little cytotoxicity
was observed as the concentrations of blank LCS_NPs
increased. The results suggested that blank LCS_NPs showed
almost no cytotoxicity as a drug delivery carrier with good
safety and biocompatibility.

CCK-8 assay was also used to evaluate the inhibitory capac-
ity of PTX-CH-loaded LCS_NPs against cell proliferation

after incubation for 24 and 48 hours compared with PTX
solution. Results in Figure 7B showed that PTX-CH-loaded
LCS_NPs could inhibit cell proliferation more effectively
at lower concentrations of PTX ranging from 0.01 to
0.05 pg/mL and after 24 and 48 hours of incubation compared
with PTX solution. But, as the concentration increased, the
difference of inhibitory capacity between PTX-CH-loaded
LCS_NPs and PTX solution was not significant, because of
the increased cytotoxicity of PTX solution. The results sug-
gested that PTX-CH-loaded LCS_NPs had a better inhibitory
capacity at a lower concentration than PTX solution, which
was conducive to intratumoral injection therapy.

Influence of PTX-CH-loaded LCS_NPs

on cell apoptosis

4T1 cells were cultured with blank LCS_NPs, PTX-CH-
loaded LCS_NPs, or PTX solution for 24 hours, and then
the cells treated with Annexin V-FITC/PI were analyzed to
distinguish the apoptotic cells by flow cytometry (Figure 8).
The 4T1 cells cultured with blank LCS_NPs showed 6.03%
apoptosis, while the control group had 6.05% apoptotic cells,
indicating that the blank LCS_NPs had little influence on
cell progression. Meanwhile, the apoptotic rate in PTX-CH-
loaded LCS_NPs group was 72.68%, which was significantly
increased compared with PTX solution group (39.21%). The
antitumor mechanism of PTX is the inducement of G2/M
arrest in cell cycle.™ The data of the cell apoptosis analysis
suggested that PTX-CH-loaded LCS_NPs could induce
apoptosis of tumor cells more effectively.

In vivo antitumor efficacy of PTX-CH-
loaded LCS_NPs

4T1 tumor-bearing BALB/c mice were selected as an animal
tumor model to evaluate antitumor efficacy of PTX-CH-
loaded LCS_NPs in vivo. The tumor-bearing mice with an
average tumor volume of 150 mm? were grouped randomly
(saline, blank LCS_NPs, PTX, PTX-CH-loaded LCS_NPs,
n=6). The mice were treated four times by intratumoral
injection every 3 days. The tumors were monitored and
measured every other day. As shown in Figure 9A, the tumor
volumes of tumor-bearing mice treated with saline and blank
LCS_NPs were growing rapidly. In contrast, the tumors
were significantly inhibited when treated with PTX and
PTX-CH-loaded LCS_NPs, especially the latter. The tumors
of the four groups were dissected and weighed at 3 days
after the last administration (Figure 9B and C). The average
weight of tumor in PTX-CH-loaded LCS_NPs group was
smaller than that in PTX group with a significant difference
(P<<0.05), not to mention saline and blank LCS_NPs group.
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Figure 7 (A) Cytotoxicity of blank LCS_NPs for 4T | cells (n=4, mean + SD). (B) Inhibitory capacity of PTX-CH-loaded LCS_NPs against cell proliferation after incubation
of 24 or 48 hours compared with PTX (n=4, mean £ SD). **P<<0.01 vs PTX, **P<0.001 vs PTX.
Abbreviations: PTX, paclitaxel; PTX-CH-loaded LCS_NPs, paclitaxel-cholesterol complex-loaded lecithin—chitosan nanoparticles.

These results suggested that PTX-CH-loaded LCS_NPs
showed better inhibitory efficacy by intratumoral injection
than PTX. The results of TUNEL assay (Figure 10) showed
that the number of tumor cells in both PTX group and PTX-
CH-loaded LCS_NPs group decreased. There were more
apoptotic tumor cells (the brown ones, red arrow pointed)
in PTX-CH-loaded LCS_NPs group than in the other three
groups. The result indicated that PTX-CH-loaded LCS_NPs
could deliver PTX more effectively and rapidly into tumor
cells to inhibit the growth of tumor by inducing cell apoptosis.

The results of TUNEL assay were consistent with antitumor
study in vivo. The above release test results confirmed that
PTX delivery of PTX-CH-loaded LCS_NPs into tumor cells
was more efficient, due to their pH-sensitive release manner
and highly efficient endocytosis of LCS_NPs included
caveolae-mediated endocytosis and macropinocytosis with
the participation of the Golgi apparatus, endosomes, or lyso-
somes. In the endolysosomal pH range, the buffering capacity
of chitosan was higher than that of polyethyleneimine (PEI).
And the endosomal escape capacity of chitosan was similar to
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Figure 8 Influence of PTX-CH-loaded LCS_NPs on cell apoptosis analyzed by flow cytometry.
Notes: (A) Control group of 4T1 cells without any treatment. (B) Blank group of 4T cells cultured with blank LCS_NPs. (C) PTX group of 4T cells cultured with PTX
solution. (D) NPs group of 4T cells cultured with PTX-CH-loaded LCS NPs (n=3, mean * SD).
Abbreviations: LCS_NPs, lecithin—chitosan nanoparticles; Pl, propidium iodide; PTX-CH-loaded LCS_NPs, paclitaxel-cholesterol complex-loaded lecithin—chitosan

nanoparticles.

that of PEI.>® So such behavior of PTX-CH-loaded LCS_NPs
contributed to the increased intracellular drug release when
the LCS_NPs were trapped in endosomal compartments with
acidic environment.’” All these might help to shed light on
improved antitumor efficacy of PTX-CH-loaded LCS_NPs
in vivo.

4T1 cells can metastasize even at an early stage, primarily
to the lung and liver.*®> The lungs and livers isolated from
normal and tumor-bearing mice were fixed and stained with
H&E. The results of histopathological examination are
demonstrated in Figure 11. In the saline and blank LCS_NPs
group, large areas of the metastatic region were observed
in the lungs and livers (red circles and arrows) instead of

normal physiological structures, which suggested signifi-
cant tumor micrometastasis in these two groups. But there
was no distinguishable tumor micrometastasis in slices of
lungs in PTX-CH-loaded LCS_NPs group, and the number
of metastatic regions was much smaller than that of PTX
group. The results of H&E suggested that PTX-CH-loaded
LCS_NPs showed better ability to inhibit tumor metastasis
than PTX by intratumoral injection.

Survival analysis

Given the improved antitumor efficacy of PTX-CH-loaded
LCS_NPs by intratumoral injection, the evaluation of the
effect on survival rates was also investigated (Figure 12).
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Figure 9 Studies of antitumor efficacy of PTX-CH-loaded LCS_NPs in vivo.

Notes: (A) Tumor volume of mice treated with saline, blank LCS_NPs, PTX, PTX-CH-loaded LCS_NPs (mean * SD, n=6). a, P<<0.001; b, P<<0.001 vs saline; ¢, P<<0.001 vs
PTX. (B) Weight of isolated tumors in groups of saline, blank LCS_NPs, PTX, PTX-CH-loaded LCS_NPs (mean * SD, n=6). *P<<0.05 vs PTX. (C) Isolated tumor tissues of
mice treated with saline, blank LCS_NPs, PTX, PTX-CH-loaded LCS_NPs.

Abbreviations: LCS_NPs, lecithin—chitosan nanoparticles; PTX-CH-loaded LCS_NPs, paclitaxel-cholesterol complex-loaded lecithin—chitosan nanoparticles.
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Figure 10 TUNEL assay of tumor tissues isolated from mice treated with saline, blank LCS_NPs, PTX, PTX-CH-loaded LCS_NPs, and observed by optical microscope, 100x.
Red arrows represent apoptotic tumor cells.
Abbreviations: LCS_NPs, lecithin—chitosan nanoparticles; PTX-CH-loaded LCS_NPs, paclitaxel-cholesterol complex-loaded lecithin—chitosan nanoparticles.
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Figure |1 Lungs and livers of normal and tumor-bearing mice treated with saline, blank LCS_NPs, PTX, PTX-CH-loaded LCS_NPs were stained with H&E and observed by
optical microscope, 100x. Normal lungs and livers were taken as a comparison; circled areas and red arrows show the metastatic areas.
Abbreviations: LCS_NPs, lecithin—chitosan nanoparticles; PTX-CH-loaded LCS_NPs, paclitaxel-cholesterol complex-loaded lecithin—chitosan nanoparticles.

All the mice in the saline and blank LCS_NPs groups died
within 38 days. Meanwhile, the average survival time of
PTX-CH-loaded LCS_NPs group was significantly pro-
longed to 56 days, demonstrating that the survival time
of tumor-bearing mice could be effectively prolonged by
intratumoral injection PTX-CH-loaded LCS_NPs.

Conclusion

In this study, we have successfully prepared PTX-CH-loaded
LCS_NPs for palliative intratumoral injection therapy and
evaluated the antitumor efficacy in vitro and in vivo. The
results indicated that drug delivery of PTX-CH-loaded
LCS_NPs into tumor cells was more efficient, due to their
pH-sensitive PTX release pattern and highly efficient endocy-
tosis. Also, PTX-CH-loaded LCS_NPs had a more significant

100

80 - '

60

40 A

Survival ratio

20

0 L] L] L] L] L] 1

0 10 20 30 40 50 60
Time (days)

—— Saline 1 Blank LCS_NPs
—— PTX-CH-loaded LCS_NPs

—i— Taxol

Figure 12 Curve of survival ratio of 4T | tumor-bearing mice intratumorally injected
with saline, blank LCS_NPs, PTX, PTX-CH-loaded LCS_NPs, respectively (n=10).
Abbreviations: LCS_NPs, lecithin—chitosan nanoparticles; PTX-CH-loaded
LCS_NPs, paclitaxel-cholesterol complex-loaded lecithin—chitosan nanoparticles.

effect on cell proliferation and apoptosis in vitro. Importantly,
PTX-CH-loaded LCS_NPs effectively inhibited growth and
metastasis of tumors, and prolonged the average survival time
of tumor-bearing mice. PTX-CH-loaded LCS_NPs provided
an alternative therapy in the field of palliative chemotherapy
by intratumoral injection. Future study will focus on indi-
vidualized treatment of tumors and the antitumor effect of
PTX-CH-loaded LCS_NPs on other solid carcinomas, such
as squamous cell carcinoma.
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