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The poor solubility and permeability of most chemotherapeutic drugs lead to
unsatisfactory bioavailability combined with insufficient drug concentration. In this study,
positively charged nanoparticles based on chitosan were developed and synthesized to
enhance tumor penetration capability of 10-Hydroxycamptothecin (HCPT) in order to
improve the chemotherapeutic effect of melanoma. The HCPT encapsulated
nanoparticles were noted as NPs/HCPT. NPs/HCPT was characterized by dynamic
light scattering and zeta potential measurements. In addition, cell uptake, in vitro
cytotoxicity, apoptosis and in vivo antitumor activity of NPs/HCPT were further
investigated. The average diameter of NPs/HCPT was approximately 114.6 + 4.1 nm.
The viability of murine melanoma cell lines (B16F10 and B16F1) was significantly
decreased due to interaction with NPs/HCPT. Moreover, NPs/HCPT significantly
inhibited the progression of tumors. These investigations implied that cationic NPs/
HCPT could be potentially applied as a promising drug delivery nanosystem.

Keywords: chitosan, nanoparticle, penetrability, melanoma, chemotherapy

INTRODUCTION

Nowadays, one of the major causes of death all over the world is cancer due to its high heterogeneity
(Bray et al,, 2018). Chemotherapy is the preferred treatment for most cancer patients due to its
universality and excellent efficacy (Al-Batran et al., 2019). Unfortunately, the poor solubility and
permeability of most chemotherapeutic drugs lead to unsatisfactory bioavailability combined with
insufficient drug concentration (Jia et al., 2018). Nanotechnology provides promising application
prospects in encapsulating hydrophobic drugs, enhancing drug penetration depth, and targeting
drug delivery (Fan et al., 2017). It has been reported that the physicochemical properties of
nanoparticles, such as size, shape, and charge, are more meaningful to promote the accumulation of
nanoparticles in tumor tissues than the surface modification of active targeting of nanoparticles
(Danhier, 2016). Chitosan (CS) has been extensively investigated as an efficient drug delivery
biopolymer due to its intriguing biocompatibility, biodegradability, anti-microbial activity, anti-
inflammatory property, and nontoxicity (Nezakati et al., 2018; Zhao et al., 2018). This cationic
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polysaccharide is soluble in dilute acid and can adhere to the
negatively charged biological membranes by electrostatic
interaction, thus improving bioavailability and facilitating cell
endocytosis (Kwak et al,, 2019). In addition, CS has been
reported to open the tight junction between epithelial cells,
thereby enhancing the permeability of carried drugs (Sheng
et al., 2015).

In this work, a positively charged drug delivery system based
on CS was designed to enhance tumor penetration capability of
10-Hydroxycamptothecin (HCPT) in order to improve the
chemotherapeutic effect of melanoma. As a broad-spectrum
anticancer drug, HCPT is a commonly applied topoisomerase I
inhibitor, which has promising antitumor property. The
mechanism is mainly attributed to the effectively inhibition of
DNA replication and RNA transcription in tumor cells (Guo
etal., 2018; Li et al., 2018). HCPT was encapsulated into the core
of nanoparticles (i.e., NPs/HCPT), which significantly improved
the aqueous dispersibility and permeability. The positively
charged NPs/HCPT could penetrate deep into the tumor and
promote the internalization by tumor cells. The sustained release
of HCPT from NPs/HCPT in the cytoplasm maintained an
effective drug concentration, thus effectively inhibiting the
proliferation of cancer cells. A comprehensive study was
provided to further understand the application of NPs/HCPT
in melanoma chemotherapy.

MATERIALS AND METHODS

Materials

CS (degree of deacetylation of 80% and molecular weight of 50
kDa) was supplied by Sigma-Aldrich (Shanghai, P. R. China). 10-
Hydroxycamptothecin (HCPT) was obtained from Beijing
Huafeng United Technology Co., Ltd. (Beijing, P. R. China).
Dulbecco's modified Eagle's medium (DMEM) and fetal bovine
serum (FBS) were provided by Gibco (Grand Island, NY, USA).
Penicillin and streptomycin were purchased from Huabei
Pharmaceutical Co., Ltd. (Shijiazhuang, P. R. China). Trypsin
and methyl thiazolyl tetrazolium (MTT) were supplied by
Sigma-Aldrich (Shanghai, P. R. China). Annexin V-FITC and
Propidium iodide (PI) were bought from Shanghai Qihai Futai
Biotechnology Co., Ltd. (Shanghai, P. R. China). Acetic acid
(HAc) and dimethyl sulphoxide (DMSO) were obtained from
Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, P.
R. China). N,N-dimethylformamide (DMF) was supplied by
Sigma-Aldrich (Shanghai, P. R. China). The purified deionized
water was produced by the Milli-Q plus system (Millipore Co.,
Billerica, MA, USA). All the other reagents were analytical grade
and used as received without further purification.

Cell Culture

Murine melanoma cell lines (B16F10 and B16F1) were obtained
from Changchun Institute of Applied Chemistry (Jilin, China)
and incubated in DMEM with 10% FBS, 100 pg ml™'
streptomycin and 100 pug ml™' penicillin at 37°C in a 5%
CO, incubator.

Preparation of HCPT Loaded
Nanoparticles

The NPs/HCPT was fabricated according to the previous method
with slight modification (Guo et al., 2018). Briefly, 25.0 mg of CS
was prepared in 10.0 ml of HAc solution (pH 3.0), and then a
solution of DMF containing 7.0 mg of HCPT was slowly added
into the CS solution with stirring for 12 h at room temperature.
The excess HCPT, which was not encapsulated inside the CS
NPs, was removed by dialysis at room temperature. The whole
process of purification was performed in darkness. Finally, NPs/
HCPT was obtained by lyophilization.

Degree of Drug Loading

To quantify the amount of HCPT entrapped in the prepared
NPs, accurately measured volumes of freeze-dried NPs/HCPT
were dissolved in HAc solution (pH 3.0). Consequently, the
concentration of HCPT was assayed spectrophotometrically at
wavelength of 371 nm using ultraviolet-visible (UV-vis). The
drugloading content (DLC) and drug loading efficiency (DLE) of
NPs/HCPT were expressed as percentages with respect to the
standard curve method, and calculated according to the
following equations.

Amount of drug in nanogel

DLC(%) = x 100 % (1)

Amount of loading nanogel

Amount of drug in nanogel

DLE(%) = x100% (2)

Total amount of feeding drug

Particle Size and Zeta Potential
Distribution

The particle size of NPs/HCPT was determined by dynamic light
scattering (DLS) analyzer in a WyattQELS instrument with a
vertically polarized He-Ne laser (DAWN EOS, Wyatt
Technology Co., Santa Barbara, CA, USA). The concentration
of NPs/HCPT for DLS was 100.0 ug ml~". Before measurement,
the samples were properly diluted in aqueous solution and
filtered through a 0.45-um filter. The zeta potential of NPs/
HCPT was determined by a zeta potential analyzer (Brookhaven,
USA). 100.0 pug ml™' of NPs/HCPT dispersed in aqueous
solution after sonication was detected as a sample. The
dispersion was measured in triplicate and the results were
reported as means values * standard deviation (SD).

In Vitro Drug Release Studies

The in vitro release profiles of HCPT from NPs/HCPT were
performed in phosphate-buffered saline (PBS; pH 7.4, containing
0.1% Tween-80 (w/v)). Briefly, precisely weighed free HCPT (0.1
mg) or freeze-dried NPs/HCPT (1.0 mg) were suspended in 10.0
ml of release medium and then transferred into a dialysis
cellulose bag (molecular weight cutoft (MWCO) = 3.5 kDa).
The end-sealed dialysis bag was placed into a glass bottle
containing 110.0 ml of release medium. The glass bottles were
continuously shaken at 37°C. At experimental time intervals,
aliquots of 2.0 ml were withdrawn and replenished with an
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equivalent amount of release medium. The samples were
acidified with 1.0 N HCI, and analyzed by high-performance
liquid chromatography (HPLC; A,,s = 371 nm). The mobile
phase consisted of 67:33 mix-tures of acetonitrile and aqueous
buffer. The aqueous buffer was a mixture of 75 mmol L™
ammonium acetate, 5 mmol L™} triethylamine, and 0.5% (V/V)
acetic acid. The flow rate was set at 1.0 ml/min.

Cell Uptake and Distribution Studies

The cell uptake and intracellular distribution of NPs/HCPT were
visualized by confocal laser scanning microscopy (CLSM).
Typically, B16F10 cells were seeded into 6-well plates at a
density of 2.0 x 10 cells per well at 37°C containing 5% (v/v)
carbon dioxide atmosphere. After 24 h of culture, the growth
medium was discarded and the cells were incubated with either
free HCPT or NPs/HCPT (HCPT concentration of 1.5 pig ml™")
for 2 h and 6 h. Afterward, the cells were carefully rinsed with
PBS and fixed with 4% paraformaldehyde for 20 min at room
temperature. At last, the obtained samples were washed with PBS
for three times. The cell uptake and intracellular distribution of
NPs/HCPT were confirmed by CLSM. In order to qualitatively
understand the cell uptake of NPs/HCPT at different time points,
B16F10 cells were cultured with either free HCPT or NPs/HCPT
(HCPT concentration of 1.5 pug ml™") for a consistent period of
time, and then washed, lysed, dissolved, and then measured at
384 nm with a microplate reader (Tecan, Durham, USA). The
experiment was repeated three times (Wei et al., 2010).

In Vitro Cytotoxicity Assay

Cytotoxicity evaluation of NPs/HCPT was detected on
melanoma cell lines (B16F10 and B16F1) by MTT assay.
Briefly, B16F10 or B16F1 cells were seeded in 96-well plates at
a density of 8.0 x 10> cells per well. After 24 h, the cells were
incubated with prepared solutions, including free HCPT and
NPs/HCPT, for further 24 h or 48 h. The equivalent HCPT
concentrations in culture medium ranged from 0 to 10.0 ug ml™".
After incubation period, 20.0 pl of MTT solution was added to
each well and the cells were incubated at 37°C in 5% (v/v) CO,
atmosphere for approximately 4 h. Subsequently, the
supernatant was removed and 200.0 pl of DMSO was added to
dissolve the formazan crystals. The absorbance of obtained
MTT-products was read using a Bio-Rad 680 microplate
reader (Bio-Rad Laboratories, Hercules, CA, USA) at 490 nm.
The untreated cells were used as a control. The cytotoxicity of
empty NPs was studied on B16F1at the highest concentration of
20.0 pug ml™". All experiments were performed in triplicate. The
cell viability (%) was evaluated using the Equation 3 below.

_ Asample

Cell Viability( % ) x 100 % (3)

" Acontrol

In Equation 3, Agmple and Aconirol referred to the absorbance
of the sample and control well, respectively.

Cell Apoptosis Analysis
The apoptosis percentage of B16F10 cells was evaluated by flow
cytometry (FCM) analysis after treatment with NPs/HCPT for

24 h. Briefly, 3.0 x 10° viable cells dispersed in 1.8 ml of DMEM
medium were seeded in 6-well plates and allowed to attach
overnight. Then 0.2 ml of growth medium containing different
HCPT formulations was added with an equivalent HCPT
concentration of 3.0 ug ml™". The untreated cells were used as
a control. After 24 h of incubation, the cells were harvested by
trypsinization and collected by centrifugation at 1,000 rpm for 5
min. Subsequently, 0.5 ml of 1x Annexin V Binding Buffer was
applied to resuscitate the obtained cells. Finally, the samples were
double-labeled with Annexin V-FITC and propidium iodide (PI)
on ice in the dark, and then analyzed by FCM.

In Vivo Antitumor Activity Against
Melanoma

Female C57BL/6 mice weighing 20-22 g were purchased from
the Laboratory Animal Center of Jilin University. All animals
received care in compliance with the guidelines outlined in the
Guide for the Care and Use of Laboratory Animals, and all
procedures were approved by the Animal Care and Use
Committee of Jilin University. 1.0 x 10° BI6F10 cells dispersed
in 0.1 ml of PBS were inoculated subcutaneously in the left flank
of the mice. When the tumors reached approximately 50 mm?,
mice were randomly divided into three groups: control, free
HCPT, and NPs/HCPT (n = 5). Different HCPT formulations
were intravenously administered to mice at a dose of 5.0 mg/kg
every 3 days for four times. The body weight was also measured
every 3 days during the process of the treatment.

Statistical Analyses

The results were presented as means + SD of three replicate
independent experiments. Statistical analysis was performed using
Student's t-test. P < 0.05 was considered statistically significance.

RESULTS AND DISCUSSION

HCPT Encapsulation and NPs/HCPT
Characterizations

The drug-loaded NPs/HCPT was fabricated by dialysis method,
which was shown in Figure 1. Electrostatic forces may be the
most important reason for drug encapsulation (Zhang et al.,
2018). The simple preparation method predicted its good
practicality. The average DLC of NPs/HCPT was 18.3 + 0.9
wt.%. The DLE of NPs/HCPT was determined up to 80.2 1.5
wt.% (Table 1). The resulting NPs/HCPT exhibited an ideal
diameter of 114.6 + 4.1 nm, which was determined by DLS
(Figure 2). The average diameter of NPs/HCPT ranged from 10
to 200 nm, resulting in the optimal tumor accumulation due to
the enhanced permeability and retention (EPR) effect (Blanco
et al., 2015). Furthermore, the zeta potential of NPs/HCPT was
approximately 15.9 + 2.4 mV (Table 1). A positive surface charge
implied an enhanced interaction with the cell membranes, which
was essential for increasing cell uptake and membrane
permeation (Todorova et al.,, 2014). Apparently, NPs/HCPT is
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FIGURE 1 | Schematic design of preparation and enhancement on the permeability of NPs/10-Hydroxycamptothecin (HCPT).

TABLE 1 | Characterizations of NPs/10-Hydroxycamptothecin (HCPT).

Diameter (nm) DLC (wt.%) DLE (wt.%) zeta Potential (mV)
114.6 + 4.1 18.3+0.9 802+ 1.5 159+24
—— NPs/HCPT
T T T Tl Tl
10 100 1000
Hydrodynamic radii (nm)
FIGURE 2 | Hydrodynamic radii of NPs/10-Hydroxycamptothecin (HCPT).

an excellent drug delivery platform due to the attractive
electrostatic forces between the NPs/HCPT and biomembranes.

In Vitro HCPT Release

The in vitro HCPT release kinetics from the NPs/HCPT was
shown in Figure 3, which was evaluated in PBS (pH 7.4,
containing 0.1% Tween-80 (w/v)). Both free HCPT and NPs/
HCPT displayed sustained release patterns. During the release
process, free HCPT exhibited a very rapid release rate. However,
the release of HCPT from the NPs/HCPT was decreased due to
the encapsulation of CS. The prolonged and sustained drug
release of NPs/HCPT indicated a relatively high level of HCPT
concentration within cells, which was the key to enhance the
anti-tumor activity in vitro and in vivo.

105 1
—=—Free HCPT
—e—NPs/HCPT
9
o 70-
(2]
@©
Q@
Q
o
|_
0. 354
&}
T
04
T T T T
0 250 500 750
Time (min)

FIGURE 3 | /n vitro release profiles of 10-Hydroxycamptothecin (HCPT) from
NPs/HCPT. Data are presented as mean + SD (n = 2; *P < 0.05).

Cell Uptake and Intracellular Distribution
of NPs/HCPT

NPs/HCPT treated B16F10 cells were visualized under CLSM to
assess cell uptake of NPs/HCPT. Free HCPT treated cells
revealed higher intracellular HCPT accumulation after 2 h of
incubation, as compared to NPs/HCPT, which was depicted in
Figure 4A. This phenomenon was due to the different ways in
which drugs were transported into cells. It is reported that small
molecules such as HCPT enter cells through simple diffusion (Xu
et al,, 2015; Zhao et al, 2017), while nanoparticles may be
internalized by cells through endocytosis (Guo et al, 2017).
However, with the incubation time prolonged to 6 h, the
accumulation of free HCPT within B16F10 cells reduced, while
the accumulation of NPs/HCPT within B16F10 cells increased
significantly (Figure 4B). The relative optical density of
intracellular HCPT was quantified with Image] software
(National Institutes of Health, Bethesda, Maryland, USA). The
HCPT fluorescence of free HCPT was 2.7 times higher than that
of NPs/HCPT at 2 h. Conversely, the HCPT fluorescence of NPs/
HCPT was 2.3 times higher than that of free HCPT at 6 h, which
is depicted in Figure 4C. For further quantitative confirmation,
the cell uptake of NPs/HCPT at different time points was
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FIGURE 4 | Cell uptake and intracellular distribution of NPs/10-Hydroxycamptothecin (HCPT). (A) Confocal microscopy images of B16F10 cells after incubation with
free HCPT or NPs/HCPT for 2 h (scale bar, 20 um). (B) Confocal microscopy images of B16F10 cells after incubation with free HCPT or NPs/HCPT for 6 h (scale

bar, 20 um). (C) Quantitative analysis of optical density of HCPT fluorescence intensity after 2 h or 6 h of treatment with free HCPT or NPs/HCPT. (D) Cell uptake of
B16F10 cells treated with free HCPT or NPs/HCPT at a HCPT concentration of 1.5 ug mi™".

Data are presented as mean + SD (n = 3; *P < 0.05).

performed by a microplate reader. As depicted in Figure 4D, the
cell uptake of free HCPT decreased with time, while the
internalization of NPs/HCPT increased first and then
decreased, reaching a peak value at 10 h. The accumulation of
NPs/HCPT in cells increased with time, suggesting that NPs/
HCPT could be actively internalized by B16F10 cells in a time-
dependent manner.

NPs/HCPT Decreased the Cell Viability of
Melanoma Cell Lines Dependent on Time
and Concentration

The inhibitory effect of NPs/HCPT on the cell viability of B16F10
was evaluated using the MTT assay. The results showed that
NPs/HCPT inhibited the growth of B16F10 cells in a time and
concentration-dependent manner. Concretely, the inhibition
percentage of B16F10 cells in different conditions was
displayed in Figures 5A, B. It was observed that there were
obvious differences in cell viability between the two groups after
incubation with different concentrations of free HCPT or NPs/
HCPT for 24 and 48 h. Moreover, the viability of BI6F10 cells
treated with NPs/HCPT was found to be lower than that of free
HCPT after 24 h and 48 h of incubation. By a non-linear
regression analysis, it was calculated that NPs/HCPT showed a
half maximal inhibitory concentration (ICs) of 2.4 ug ml™ in

B16F10 cells at 48 h. In comparison, the ICs, of free HCPT was
6.7 ug ml™" at 48 h. At the same treatment time of 24 h, free
HCPT and NPs/HCPT demonstrated well pronounced
cytotoxicity against B16F1, which was similar to that on
B16F10 cells at concentrations (Figure 5C). The empty NPs
did not show significant cytotoxic effect in B16F1 after 24 h
exposure, which was displayed in Figure 5D. The apparently
higher cytotoxicity of NPs/HCPT was directly attributed to the
increase of intracellular HCPT concentration, which was due to
the positive surface of NPs/HCPT enhanced cells internalization
through endocytosis (Kim et al., 2010; Chen et al.,, 2018). NPs/
HCPT is superior to free HCPT in inhibiting tumor cells,
suggesting that CS as a drug release platform can improve the
cytotoxicity of HCPT.

NPs/HCPT Induced Apoptosis in

B16F10 Cells

Concerning the effect of NPs/HCPT on B16F10 cell viability, we
speculated whether the reduced cell viability of B16F10 was the
result of apoptotic cell death induced by NPs/HCPT. Thus, the
apoptotic percentage of BI6F10 cells induced by 3.0 ug ml™" of
free HCPT or NPs/HCPT was evaluated by Annexin V-FITC/PI
double staining and FCM analysis. As showed in Figure 5E, an
even higher percentage of apoptotic cells induced by NPs/HCPT
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(n = 3; *P < 0.05, P < 0.01).
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FIGURE 5 | Cell cytotoxicity. (A) Viabilities of B16F10 cells incubated with different concentrations of free 10-Hydroxycamptothecin (HCPT) or NPs/HCPT for 24 h.
(B) Viabilities of B16F10 cells incubated with different concentrations of free HCPT or NPs/HCPT for 48 h. (C) Viabilities of B16F1 cells incubated with different
concentrations of free HCPT or NPs/HCPT for 24 h. (D) Viabilities of B16F1 cells incubated with empty NPs for 24 h. (E) The percentage of apoptotic cells was
analyzed by flow cytometry (FCM) with Annexin V-FITC and Propidium iodide (Pl) staining after different treatments for 24 h. Data are presented as mean + SD

were observed, as compared to that of free HCPT. These results
indicated that NPs/HCPT not only possessed the function of
inhibiting tumor, but also performed well in the delivery of
HCPT into cancer cells. Therefore, as a nanoscale carrier for
HCPT, NPs/HCPT has the potential to become an excellent drug
delivery system for cancer therapy.

In Vivo Antitumor Activity of NPs/HCPT

The in vivo antitumor activity of NPs/HCPT was further
confirmed in tumor-bearing mice. As exhibited in Figure 6A,
free HCPT and NPs/HCPT inhibited the progression of tumors
as compared with PBS. Moreover, NPs/HCPT showed a higher
antitumor efficacy than that of free HCPT. All the tumor-bearing

mice treated with NPs/HCPT showed no distinct difference in
body weight during the process of the treatment, suggesting
negligible toxicity (Figure 6B). The results indicated that NPs/
HCPT exhibited an advantage of biological safety and excellent
antitumor activity.

CONCLUSIONS

In this work, cationic CS-based nanoparticles were prepared to
enhance tumor penetration capability of HCPT for the potential
chemotherapy of melanoma. The aqueous dispersibility of
hydrophobic HCPT was significantly improved. The resulting
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NPs/HCPT exhibited an ideal diameter of 114.6 + 4.1 nm, which
was the optimal tumor accumulation size for the EPR effect. The
positive surface charge and sustained release behavior ensured a
high intracellular drug concentration. The MTT assay and FCM
analysis suggested that NPs/HCPT exhibited a greater
cytotoxicity in comparison to free HCPT. Furthermore, NPs/
HCPT significantly inhibited the progression of tumors in
animal models. These investigations implied that NPs/HCPT
could be effectively applied to improve the chemotherapeutic
effect of melanoma.
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