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Abstract: Cholesteryl hemisuccinate (CHS)-conjugated chitosan (CS)-based self-assembled
nanoparticles (NPs) were developed for enhancing the intracellular uptake of docetaxel in multidrug
resistance (MDR)-acquired cancer cells. CHS-CS was successfully synthesized and self-aggregation,
particle size, zeta potential, drug entrapment efficiency, and in vitro drug release of docetaxel-loaded
CHS-CS NPs were tested. The optimized NPs had a mean hydrodynamic diameter of 303 nm,
positive zeta potential of 21.3 mV, and spherical shape. The in vitro release of docetaxel from the
optimized CHS-CS NPs in different pH medium (pH 6.0 and 7.4) revealed that the release was
improved in a more acidic condition (pH 6.0), representing a tumor cell’s environment. The superior
MDR-overcoming effect of docetaxel-loaded CHS-CS NPs, compared with docetaxel solution,
was verified in anti-proliferation and cellular accumulation studies in MDR-acquired KBV20C
cells. Thus, CHS-CS NPs could be potentially used for overcoming the MDR effect in anticancer
drug delivery.
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1. Introduction

In the past few decades, nanoparticles (NPs), based on natural or synthetic polymers, have been
widely investigated as drug delivery carriers due to their unique characteristics [1-7]. Biocompatible
polymers, such as hyaluronic acid, poly(lactic-co-glycolic acid), and cellulose, have been introduced
to design NPs for drug delivery. These NPs have passive targeting by an “enhanced permeability
and retention (EPR) effect”, extended circulation time with sustained drug release, and reduction of
systemic toxicity [8]. Chitosan (CS), as one of the natural polymers, and its derivatives have been
introduced to make NPs for their biocompatibility [9,10]. CS can be prepared from chitin via the
deacetylation process. It is one of the polysaccharides and has cationic, basic, and mucoadhesive
characteristics [11]. It can be physically and chemically modified and thus it can be used to make
various types of nano- and micro-size particles, which can be further applied to drug delivery and
tissue engineering [11]. Among CS derivatives, NPs based on amphiphilic CS derivatives have received
increasing interest for their simple preparation methods. Moreover, the morphology, hydrophobicity,
and particle size of these NPs can be controlled by the molecular weight of CS and the types and the
degree of substitution (DS) of hydrophobic groups conjugated with CS [9,12,13]. The hydrophobic
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microdomains formed by the intra- and/or intermolecular association of hydrophobic segments enable
the NPs to act as the reservoir of hydrophobic drugs [14].

However, EPR effect-based tumor targeting strategies have also been challenged by several
characteristics of the tumor microenvironment, which include poor cellular uptake, drug efflux,
high interstitial fluid pressure, high density of extracellular matrix, and hypoxia [15]. Among them,
low membrane permeability and over-expressed efflux transporters, such as P-glycoprotein (P-gp)
and multidrug resistance-associated protein (MRP), in multidrug resistance (MDR)-acquired cancer
cells have been major obstacles for the passive targeting of NPs in tumor regions [16,17]. Therefore,
it is necessary to enhance the permeation of the cellular membrane and to block the efflux mechanism
of cancer cells in the treatment of MDR-acquired cancer. It was reported that NPs based on the
amphiphilic polymers (including CS derivatives) can overcome MDR in cancer cells [18,19].

In this study, CS was grafted with cholesteryl hemisuccinate (CHS), as a hydrophobic residue.
CHS is a type of cholesterol-mimicking detergent and it can be easily applied to fabricate nano-sized
drug delivery vehicles (i.e., NP and liposome) [20,21]. CHS was introduced to NPs as a hydrophobic
moiety for the reservoir of hydrophobic anticancer drugs and its good biocompatibility. Docetaxel is a
second-generation taxane, which is an effective anticancer drug against advanced and metastatic breast
cancer, non-small cell lung cancer, and advanced gastric cancer [22]. In spite of its broad application to
several types of malignant tumors, its poor water solubility does not meet the clinical dose without the
aid of solubilizers. For intravenous injection, several formulations have been developed to improve
the solubility and tumor targeting efficiency [9-14]. In addition, side effects, such as hypersensitivity
reactions, fluid retention, and peripheral neurotoxicity [23], caused by its currently available commercial
formulation have considerably overshadowed its clinical use. In this study, docetaxel was loaded to the
hydrophobic inner cavity of CHS-CS NPs for its delivery. Although cholesterol-modified CS NPs were
previously reported [24,25], their application for overcoming MDR in cancer cells has not been fully
investigated. To the best of our knowledge, this may be the first report regarding the MDR-overcoming
strategy of docetaxel-loaded CHS-CS NPs in cancer therapy. It is expected that MDR circumventing
effects of CHS-CS NPs may amplify the anticancer activities of entrapped drugs. The objective of this
study was to investigate the feasibility of self-assembled NPs of the CHS-CS conjugate for enhancing
intracellular accumulation and inhibiting drug efflux in MDR-acquired cancer cells.

2. Materials and Methods

2.1. Materials

Docetaxel was purchased from Taihua Co. (Xi’an, China). CS (average MW: 34 kDa, deacetylation:
97%) was supplied by Kitto Life Co., Ltd. (Pyeongtaek, Korea). CHS, N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC), N-hydroxyl succinimide (NHS), dimethylformamide (DMF),
2,4,6-trinitrobenzenusulfonic acid (TNBS), and pyrene were purchased from Sigma-Aldrich Inc.
(St. Louis, MO, USA). RPMI-1640 media, penicillin-streptomycin, and fetal bovine serum (FBS) were
purchased from Life Technologies Corp. (Carlsbad, CA, USA). All other chemicals were reagent grade
and obtained from commercial sources.

2.2. Cell Culture

KB (human carcinoma) cell was purchased from the American Type Culture Collection
(Rockville, MD, USA). KBV20C (MDR-acquired KB) cells were kindly gifted by Prof. Dong Kwon
Rhee (College of Pharmacy, Sungkyunkwan University, Suwon, Korea). KB and KBV20C cells were
cultured in RPMI 1640 media supplemented with 10% FBS, 2 mM L-glutamine, 10 mM HEPES, 24 mM
NaHCOj3, and 1% penicillin/streptomycin.
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2.3. Synthesis of Cholesteryl Hemisuccinate-Conjugated Chitosan (CHS-CS) and Its Verification

CS was coupled with CHS via an amide bond as reported with slight modification [24]. Briefly, CS
(15 mg), EDC (4 mg), and NHS (2 mg) were dissolved in 0.4 mL of distilled water (DW), followed by
adding dropwise into 4 mL of DMF/DW mixture (9:1, v/v) under stirring at 500 rpm at room temperature.
Then, an aliquot of DMF solution containing CHS (1.0 mg/mL) was added dropwise to the mixture
for 4 h. The reaction was conducted for 48 h, then the reaction mixture was poured into 200 mL
methanol/ammonia solution (7/3, v/v). The precipitates were filtered, washed thoroughly with methanol
and DW, and then dialyzed against DW for 48 h to remove water-soluble by-products. The resultant
CHS-CS was freeze-dried. The DS (the number of CHS groups per 100 glucosamine units of CS) was
controlled by varying the amount of CHS, determined by the TNBS method [23]. The formation of the
CHS-CS conjugate was confirmed by proton nuclear magnetic resonance (‘H-NMR) (Avance DRX-400,
Bruker, Bremen, Germany) analysis.

2.4. Self-Aggregation Behavior of CHS-CS

The self-aggregation behavior of CHS-CS was tested with the fluorescence probe technique using
pyrene [26]. CHS-CS dispersion specimens were prepared and pyrene was added at 6 X 10~ M. They
were left in the dark for 24 h to reach equilibrium at room temperature. Fluorescence spectra of pyrene
were obtained by using a fluorescence spectrometer (FP-6500, Jasco Co., Tokyo, Japan) at an excitation
wavelength of 330 nm. The emission spectra were recorded from 360 to 460 nm. The peak height
intensity ratio (I397/1373) was plotted against the concentration of CHS-CS. The critical aggregation
concentration (CAC) value was taken from the inflection point of the curve.

Self-aggregates of blank CHS-CS NPs were prepared by dispersing them in the aqueous medium.
The particle size of blank NPs was measured using a NICOMP 370 Submicron Particle Sizer
(Particle Sizing Systems, Santa Barbara, CA, USA). The zeta potential of CHS-CS NPs in DW was
measured by an electrophoretic light scattering (ELS) spectrophotometer (ELS-8000, Otsuka Electronics
Co. Ltd., Osaka, Japan).

2.5. Preparation and Particle Characterization Tests of CHS-CS Nanoparticles (NPs)

Docetaxel-loaded CHS-CS NPs were prepared by two different methods [27,28]. In preparation
method I, CHS-CS (4 mg) was dispersed in 2 mL of 0.01% (v/v) acetic acid solution under stirring
(200 rpm) at room temperature and it was mixed using a probe sonicator for 5 min. Then, 0.2 mL of
acetone containing docetaxel (0.4, 0.6 or 1.0 mg/mL) was added dropwise to the CHS-CS dispersion and
it was sonicated for 10 min. The resulting mixture was stirred (200 rpm) for 8 h at room temperature and
filtered through a syringe filter (0.8 um of pore size). Then, it was dialyzed with a dialysis membrane
(molecular weight cut-off (MWCO): 3.5 kDa) against DW for 12 h and lyophilized. In preparation
method II, docetaxel (0.08, 0.12, or 0.2 mg) and CHS-CS (4 mg) were added into 2 mL of DW/dimethyl
sulfoxide (DMSO) (2:8, v/v) mixture and stirred (200 rpm) for 3 h at room temperature. Then, it was
dialyzed in DW for 12 h using a dialysis membrane (MWCO: 3.5 kDa). The dialyzed preparations
were then filtered using a syringe filter (pore size: 0.8 um) and lyophilized.

Particle size and zeta potential of drug-loaded CHS-CS NPs dispersed in DW were measured
using a NICOMP 370 Submicron Particle Sizer (Particle Sizing Systems) and ELS spectrophotometer
(ELS-8000, Otsuka Electronics Co. Ltd., Osaka, Japan), respectively. The morphology of NPs was
observed by transmission electron microscopy (TEM; Libra 120, Carl Zeiss, Oberkochen, Germany)
using phosphotungstic acid solution (2%).

Drug entrapment efficiency and loading content in NPs were determined by high-performance
liquid chromatography (HPLC) analysis after the disruption of lyophilized NPs with acetonitrile.
Docetaxel was quantitatively analyzed by the HPLC method [29]. The HPLC system consisted of a
dual pump (Waters 515, Waters Corp., Milford, CA, USA), auto-sampler (Waters 717 plus), Capcell Pak
C18 MG column (4.6 x 250 mm, 5 um, Shiseido, Tokyo, Japan), and UV detector (Waters 2487) set at
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230 nm. Mobile phase was a mixture of acetonitrile and water (65:35, v/v), filtered through a 0.45-pum
syringe filter, and eluted at a flow rate of 1.0 mL/min. Docetaxel concentrations were determined
using 20 uL of injection volume at room temperature. The inter- and intra-day variance of this HPLC
method was within the acceptable range. Lower limit of quantification value was 100 ng/mL in this
analytical method.

2.6. In Vitro Release Test of Docetaxel

In vitro release profile of docetaxel from NPs was evaluated according to the reported method
with slight modification [30]. An aliquot (0.2 mL) of docetaxel-loaded NPs (2%, w/v) dispersion was
placed in a dialysis tube (MWCO: 6-8 kDa, Gene Bio-Application Ltd., Yavne, Israel) and transferred
to 20 mL of phosphate buffer saline (PBS, pH 6.0 and 7.4) as a release medium, which is maintained at
37.0 £ 0.5 °C with a stirring rate of 100 rpm. An aliquot of the release media (0.2 mL) was sampled at
predetermined time intervals (0, 1, 2, 4, 6, 8, 12, 24, 36, and 48 h) and replaced with the equal volume
of fresh medium. Docetaxel in aliquots was quantitatively analyzed by the HPLC system described
above. The released amount (%) of drug was calculated by the following formula.

(Cex VR) + (T4 Cux V)
Released amount of drug (%) = x 100 1)
Input amount of drug

where C;, Vg, and V; indicate drug concentration in the release medium at the corresponding time
point, volume of release medium, and sampling volume, respectively.

2.7. In Vitro Cytotoxicity Assay

In vitro cytotoxicity of docetaxel-loaded CHS-CS NPs was determined in KB and KBV20C cells by
colorimetric assay. Cells were seeded in a 96-well plate at a density of 5 x 10° cells per well and incubated
for 24 h at 37 °C in a humidified atmosphere with 5% CO,. Cells were then incubated for 48 h with
docetaxel-loaded CHS-CS NPs (1, 5, and 10 ng/mL of docetaxel for KB cells and 10, 50, and 100 ng/mL
of docetaxel for KBV20C cells), blank CHS-CS NPs, and docetaxel solution diluted with the cell culture
medium. Then, cells were rinsed with PBS and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solution was added to the cells. The non-reduced MTT and media were discarded
after 3 h of incubation period. Then, each well was washed with PBS, after which DMSO was added
to dissolve the residual precipitates. The absorbance was read at 560 nm using a microplate reader
(Molecular Devices Corp., Sunnyvale, CA, USA).

2.8. Cellular Uptake Study

For the cellular uptake study, KB and KBV20C cells were seeded in 24-well plates at a density of
1 x 10° cells/well and incubated for 24 h. Then, the cell culture medium was replaced with fresh culture
medium containing docetaxel-loaded CHS-CS NPs or free docetaxel and incubated for 4 or 8 hat 37 °C.
Cells were then washed twice with cold PBS and incubated with 0.1 mL of 2% (w/v) sodium dodecyl
sulfate (SDS) solution for 30 min at 37 °C. Protein content in cell lysate was determined by Pierce™
BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA), while docetaxel was extracted
from the cell lysate with equal volume of acetonitrile. The mixture of cell lysate and acetonitrile was
centrifuged at 13,000 rpm for 5 min and the supernatant was used for HPLC analysis.

2.9. Statistical Analysis of Data

All the experiments in the study were performed at least three times and the data were expressed
as the mean =+ standard deviation (S.D.). A two-tailed unpaired student’s f-test was performed for
statistical analysis.
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3. Results and Discussion

3.1. Synthesis of CSH-CS and Its Self-Assembly Properties

Amphiphilic CS derivatives were synthesized to fabricate self-assembly nanostructures in the
aqueous environment, thereby overcoming MDR in cancer cells and selectively delivering the anticancer
drug to the cancer cells (Figure 1). As shown in Figure 2A, CHS-CS was synthesized by an amide bond
formation between the carboxylic acid group of CHS and the amino group of CS, with the aid of EDC
and NHS. The conjugation of CHS to CS was confirmed by 'H-NMR analysis, showing the characteristic
shifts of CHS at 0.6-3.0 ppm (Figure 2B). The proton assignment of CS (I) could be as follows (ppm):
1.96 (CH3, acetamido group), 2.93 (CH, glucosamine ring), and 3.5-4.0 (CH, glucosamine ring). In the
spectrum of CHS-CS (II), the signals at 1.18-1.24 and 1.8 ppm could be assigned to the high-field signal
of CHS, while that at 2.62 ppm to methylene protons of succinyl groups, confirming the successful
introduction of CHS into CS [15]. The DS of CHS to CS calculated from TNBS data was 15.3%
(Figure 3A).

CHS-

9 Drug efflux
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l inhibition
+ MDR overcoming
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Figure 1. Schematic illustration of cholesteryl hemisuccinate-conjugated chitosan (CHS-CS)

/

nanoparticles (NPs) and multidrug resistance (MDR)-overcoming in cancer cells.

The aggregation behavior of CHS-CS in the aqueous solution was investigated by the steady-state
fluorescence probe study, where pyrene was chosen as a fluorescence probe (Figure 3B) [15]. The CAC
value usually represents the threshold concentration of a self-aggregate formation by intra- or
intermolecular association. The intensity ratio I39;/I373 from emission spectra was plotted as a function
of CHS-CS concentration (Figure 3B). The CAC of CHS-CS calculated from the inflection point was about
7.9 ng/mL (Figure 3A). It was much lower than the reported aggregates with low DS (CAC: 0.02 mg/mL),
implying the higher stability of CHS-CS self-aggregates following dilution [24].

Blank CHS-CS NPs prepared by sonication in aqueous medium formed monodisperse NPs with a
mean diameter of 303 nm and surface charge of 21.3 mV (Figure 3A). The TEM image demonstrated
that CHS-CS self-aggregates were roughly spherical (Figure 3C). However, the mean diameter of
these NPs was approximately 200 nm, which was smaller than the value determined by dynamic
light scattering (DLS). This may be due to the dehydration (drying) process for the TEM observation,
while the particle size of the hydrated state is used to be measured in DLS analysis. Therefore, the
particle size determined by DLS was a hydrodynamic diameter and it can be larger than the value
read from the TEM image due to the solvent effect [31]. Moreover, the surface charge is a critical
parameter on the stability of suspensions and adhesion of particulate systems onto biological surfaces.
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The positive surface charge (21.3 mV) of CHS-CS NPs due to the amine group of the CS backbone
would render higher electrostatic interactions with a negatively charged cellular membrane, resulting

in higher cellular entry efficiency [32].
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Figure 2. Synthesis and identification of CHS-CS. (A) Synthetic sketch of CHS-CS. (B) Proton nuclear
magnetic resonance ('H-NMR) spectra of chitosan (CS) (I) and CHS-CS (II).
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Figure 3. Particle properties of CHS-CS NPs. (A) Particle characterization of CHS-CS NPs. (B) Critical
aggregation concentration (CAC) determination of CHS-CS. I39;/I373 values according to logC are
plotted. (C) Transmission electron microscopy (TEM) image of CHS-CS NPs. The length of the yellow

bar included in the image is 200 nm.

3.2. Particle Characterizations of Drug-Loaded NPs

Figure 4 shows the particle properties of drug-loaded CHS-CS NPs prepared with two different
methods. Method I and II indicate solvent evaporation and dialysis methods [27,28], respectively,
which have been widely used in the fabrication of polymeric NPs. In method I (solvent evaporation
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method), a poorly water-soluble drug, docetaxel, was dissolved in acetone and it was added to acetic
acid solution including CHS-CS and the organic phase (acetone) was eliminated by evaporation during
the stirring step. On the contrary, in method II (dialysis method), docetaxel and the CHS-CS solubilized
DW/DMSO mixture were put into the dialysis bag and NPs were formed during the dialysis process.
The preparation method of NPs may govern the physicochemical properties of fabricated NPs. The
increase in the theoretical loading ratio (from 2 to 5%) did not dramatically increase the mean diameter
of NPs in both preparation methods. However, the mean diameter of drug-loaded NPs prepared
by method II was significantly smaller than that of method I. The different solvent compositions
and preparation processes between method I and II seem to influence the particle size. When the
incorporation method was changed from method I to method II, the encapsulation efficiency and drug
loading content significantly increased from 11-21% to 49-88% and from 0.46-0.60% to 1.88-2.43%,
respectively. The solubilization of both the drug and CHS-CS in DW/DMSO mixture (in method II)
might contribute to the higher drug encapsulation in NPs. Notably, although the drug loading content
increased as the drug-loading increased from 2% to 5% in method II, the encapsulation efficiency
significantly decreased from 88.4% to 49.3%. Therefore, a 2% theoretical drug loading ratio and method
II were adopted for further studies. In case of method II rather than method I, a smaller amount of
CHS-CS is necessary to make NPs including an equivalent amount of docetaxel and it may reduce the
toxicities which could be induced by blank CHS-CS NPs. In addition, method II will be more favorable
than method I in the scale-up process, economically and environmentally.

o fa=a
SO0 Wethod | s « >TE Method]
— Method I > 1001 < Method Il =
E 400 2 =
£ <
P : -
E 3001 o 3
8 § 50 g
T 2004 g B
c - S 1
o é o
o
2 100 2 2
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0- 2 w o : 0-
1 > ] v %5 D % o] )
Theoretical loading ratio (%) Theoretical loading ratio (%) Theoretical loading ratio (%)

Figure 4. Particle properties of docetaxel-loaded CHS-CS NPs. Mean diameter, encapsulation efficiency,
and drug loading content values according to the theoretical loading ratios (2, 3, and 5%) of method I
and II are plotted. Encapsulation efficiency (%) = (actual amount of docetaxel in NPs/input amount of
docetaxel in NPs) x 100. Drug loading content (%) = (actual amount of docetaxel in NPs/amount of
docetaxel-loaded NPs) x 100. * p < 0.05, ** p < 0.01.

In vitro release study of docetaxel from CHS-CS NPs was carried out in PBS (pH 6.0 and 7.4) at
37 °C, by using a dialysis tube (Figure 5). Docetaxel was released from CHS-CS NPs in a biphasic
pattern, which was characterized by an initial rapid release period followed by a step of slower release.
The initial burst effect was observed for 12 h, in which nearly 13% and 18% of docetaxel was released
from NPs at pH 7.4 and 6.0, respectively. After this initial release period, docetaxel was released in a
continuous manner for up to 48 h, and the percentage of cumulative release reached nearly to 20%
and 31% at pH 7.4 and 6.0, respectively. The slow release profile of CHS-CS NPs could be due to a
rigid hydrophobic domain. Swelling of CHS-CS NPs in a weak acidic condition by protonation of
unsubstituted free amino groups in CS can elevate the release rate of docetaxel at pH 6.0 rather than
pH 7.4 [33]. It is expected that improved drug release at an acidic pH could contribute to the enhanced
drug release following endocytosis of drug-loaded NPs in cancer cells.
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Figure 5. In vitro release profiles of docetaxel from CHS-CS NPs at pH 6.0 and 7.4. Each point represents
mean + S.D. (n = 3).

3.3. Anti-Proliferation Potential

In vitro cytotoxicity of docetaxel solution, blank CHS-CS NPs, and docetaxel-loaded CHS-CS NPs
was investigated in KB and KBV20C cell lines. These cell lines were previously used in studying the
anticancer activity and reversal of MDR [34]. Cytotoxicity data of the tested formulations incubated
for 48 h in KB and KBV20C cells are shown in Figure 6. In KB cells, the cell viability decreased in a
dose-dependent manner (at 1, 5, and 10 ng/mL of docetaxel), but showing no significant difference
between the docetaxel solution group and the docetaxel-loaded CHS-CS NPs group. However,
in KBV20C cells, the docetaxel-loaded CHS-CS NPs group showed significantly higher cytotoxicity
(at 10, 50, and 100 ng/mL of docetaxel) than the docetaxel solution group (p < 0.05). These results imply
that docetaxel-loaded CHS-CS NPs have MDR-overcoming effects, which might be associated with the
enhanced cellular uptake of NPs. It is also interesting to note that the cell viability of blank CHS-CS
NPs was almost 100%, indicating that the cytotoxicity is attributed to docetaxel included in the NPs,
not NPs themselves.

150 150

E3 Docetaxel solution
Docetaxel-loaded CHS-CS NPs
BE3 Blank CHS-CS NPs

EE Docetaxel solution
E=3 Docetaxel-loaded CHS-CS NPs
E3 Blank CHS-CS NPs

—
o
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o
¢
o)
@

KB cell viability (%)

KBV20C cell viability (%)

0-

o
1

o O
N S

Drug concentration (ng/mL)

Drug concentration (ng/mL)

Figure 6. Anti-proliferation assay of designed NPs in KB and KBV20C cells. Docetaxel
concentration-dependent cell viability values of docetaxel solution, docetaxel-loaded CHS-CS NPs,
and blank CHS-CS NPs in KB and KBV20C cells. Each point represents mean + S.D. (n = 3). * p < 0.05.
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3.4. Cellular Accumulation

Figure 7 shows the cellular uptake amount of docetaxel after 4 or 8 h of applying docetaxel
solution or docetaxel-loaded CHS-CS NPs to KB and KBV20C cells. The cellular uptake amounts in
KBV20C cells were lower compared with those in KB cells due to the efflux transporters. These results
were consistent with the cell viability study, in which a higher docetaxel concentration was required
for KBV20C cells to induce cytotoxic effects (Figure 7). However, in both cell lines, the accumulated
amounts of docetaxel after applying drug-loaded CHS-CS NPs were always higher than those of the
drug solution group, suggesting that NPs are more efficient than the drug solution in the endocytosis
process. It is also notable that the cellular uptake of docetaxel after applying drug-loaded CHS-CS
NPs was more significantly enhanced in KBV20C cells rather than KB cells. These results indicate that
CHS-CS NPs facilitated their adhesion onto the cell membrane and the subsequent association into the
cells, thereby contributing to overcome the MDR effect in cancer cells. Physicochemical properties
of polymeric NPs (i.e., particle size, property of materials, surface charge, and ligand conjugation)
have significant influences on the extent and mechanisms of their cellular internalization. It was
reported that cellular internalization is initiated by nonspecific interactions between NPs and the
cell membrane. NPs with a relatively high positive surface charge could adhere strongly to the cell
membrane with negative charge by nonspecific electrostatic interactions, leading to the acceleration
of the cellular uptake of NPs [35]. CS, which has a positive zeta potential, can interact with the cell
membrane by electrostatic interactions. Moreover, surface properties of NPs also could significantly
affect the internalization process. It has been reported that cholesterol can modulate the permeability of
membranes mainly by reducing the membrane fluidity and membrane thickness, thereby influencing
the function of membrane proteins in MDR-acquired cells [36]. In this investigation, although the role
of cholesterol was not thoroughly identified, it can be claimed that the CHS-CS NPs, which have the
positive charge of CS and the cholesterol-mediated effect on the plasma membrane, could enhance the
permeability and the cellular accumulation of anticancer agents in MDR-acquired cancer cells.
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Figure 7. Cellular accumulation assays of designed NPs in KB and KBV20C cells. Incubation
time-dependent cellular accumulated amounts of docetaxel in docetaxel solution and docetaxel-loaded
CHS-CS NPs-treated groups in KB and KBV20C cells. Each point represents mean + S.D. (1 = 3).
*

p < 0.05.

4. Conclusions

An amphiphilic CHS-CS conjugate was successfully synthesized and its synthesis was confirmed
by 'H-NMR analysis. The self-aggregation property of the CHS-CS conjugate was identified by
fluorescence spectrum, TEM, and DLS studies. Self-assembled CHS-CS NPs bearing hydrophobic inner
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cavities, in which docetaxel can be entrapped in the NPs, were also successfully prepared. The results
of the in vitro cytotoxicity and cellular uptake studies indicated that docetaxel-loaded CHS-CS NPs
could be efficiently internalized into the MDR-acquired cancer cells and overcome MDR. These results
suggested that CHS-CS NPs can be one of the promising nanocarrier candidates in the treatment of
MDR-acquired cancers.

Author Contributions: Conceptualization, C.-EM. and Y.-M.Y.; methodology, C.-EM. and Y.-M.Y.; investigation,
C.-EM.; writing—original draft preparation, C.-EM., H.-].C. and D.-D.K,; writing—review and editing, H.-J.C.
and D.-D.K,; supervision, EC. and D.-D.K.; funding acquisition, H.-J.C. and D.-D.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by National Research Foundation of Korea (NRF) grants funded by the
Ministry of Science and ICT (No. NRF-2017R1E1A1A01074584 and NRF-2018R1A5A2024425).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cho, HJ. Recent progresses in the development of hyaluronic acid-based nanosystems for tumor-targeted
drug delivery and cancer imaging. J. Pharm. Investig. 2020, 50, 115-129. [CrossRef]

2. Ragelle, H.; Danhier, F,; Préat, V.; Langer, R.; Anderson, D.G. Nanoparticle-based drug delivery systems:
A commercial and regulatory outlook as the field matures. Expert Opin. Drug Deliv. 2017, 14, 851-864.
[CrossRef]

3. Jeon, G,; Ko, Y.T. Enhanced photodyamic therapy via photosensitizer-loaded nanoparticles for cancer
treatment. |. Pharm. Investig. 2019, 49, 1-8. [CrossRef]

4. Kim, KT, Lee, ].Y.; Kim, D.D.; Yoon, 1S.; Cho, H.J. Recent progress in the development of poly
(lactic-co-glycolic acid)-based nanostructures for cancer imaging and therapy. Pharmaceutics 2019, 11,
280. [CrossRef]

5. Mujtaba, M,; Sargin, I.; Akyuz, L.; Ceter, T.; Kaya, M. Newly isolated sporopollenin microcages from Platanus
orientalis pollens as a vehicle for controlled drug delivery. Mater. Sci. Eng. C 2017, 77, 263-270. [CrossRef]

6. Mujtaba, M.; Sargin, I.; Kaya, M. Determination of bovine serum albumin adsorption capacity of newly
obtained cellulose extracted from Glycyrrhiza glabra (Licorice). Adv. Polym. Technol. 2018, 37, 606-611.
[CrossRef]

7. Mujtaba, M.; Kaya, M.; Akyuz, L.; Erdonmez, D.; Akyuz, B.; Sargin, I. Detailed adsorption mechanism of
plasmid DNA by newly isolated cellulose from waste flower spikes of Thypa latifolia using quantum chemical
calculations. Int. J. Biol. Macromol. 2017, 102, 914-923. [CrossRef]

8.  Fang,].; Nakamura, H.; Maeda, H. The EPR effect: Unique features of tumor blood vessels for drug delivery,
factors involved, and limitations and augmentation of the effect. Adv. Drug Deliv. Rev. 2011, 63, 136-151.
[CrossRef]

9.  Termsarasab, U.; Yoon, I.S.; Park, ].H.; Moon, H.T.; Cho, H.J.; Kim, D.D. Polyethylene glycol-modified
arachidyl chitosan-based nanoparticles for prolonged blood circulation of doxorubicin. Int. |. Pharm. 2014,
464, 127-134. [CrossRef]

10. Zhang, E; Xing, R.; Liu, S.; Qin, Y.; Li, K,; Li, P. Advances in chitosan-based nanoparticles for oncotherapy.
Carbohydr. Polym. 2019, 222, 115004. [CrossRef]

11. Mohammed, M.A ; Syeda, ].T.M.; Wasan, K.M.; Wasan, E.K. An overview of chitosan nanoparticles and its
application in non-parenteral drug delivery. Pharmaceutics 2017, 9, 53. [CrossRef] [PubMed]

12.  Wang, X; Guo, Y,; Qiu, L.; Wang, X.; Li, T.; Han, L.; Ouyang, H.; Xu, W.; Chu, K. Preparation and evaluation
of carboxymethyl chitosan-rhein polymeric micelles with synergistic antitumor effect for oral delivery of
paclitaxel. Carbohydr. Polym. 2019, 206, 121-131. [CrossRef] [PubMed]

13. deOliveira Pedro, R.; Hoffmann, S.; Pereira, S.; Goycoolea, FM.; Schmitt, C.C.; Neumann, M.G. Self-assembled
amphiphilic chitosan nanoparticles for quercetin delivery to breast cancer cells. Eur. . Pharm. Biopharm.
2018, 131, 203-210. [CrossRef] [PubMed]

14. Yu, JM.,; Li, YJ.; Qiu, L.Y;; Jin, Y. Self-aggregated nanoparticles of cholesterol-modified glycol chitosan
conjugate: Preparation, characterization, and preliminary assessment as a new drug delivery carrier.
Eur. Polym. J. 2008, 44, 555-565. [CrossRef]


http://dx.doi.org/10.1007/s40005-019-00448-w
http://dx.doi.org/10.1080/17425247.2016.1244187
http://dx.doi.org/10.1007/s40005-017-0363-3
http://dx.doi.org/10.3390/pharmaceutics11060280
http://dx.doi.org/10.1016/j.msec.2017.02.176
http://dx.doi.org/10.1002/adv.21701
http://dx.doi.org/10.1016/j.ijbiomac.2017.04.104
http://dx.doi.org/10.1016/j.addr.2010.04.009
http://dx.doi.org/10.1016/j.ijpharm.2014.01.015
http://dx.doi.org/10.1016/j.carbpol.2019.115004
http://dx.doi.org/10.3390/pharmaceutics9040053
http://www.ncbi.nlm.nih.gov/pubmed/29156634
http://dx.doi.org/10.1016/j.carbpol.2018.10.096
http://www.ncbi.nlm.nih.gov/pubmed/30553305
http://dx.doi.org/10.1016/j.ejpb.2018.08.009
http://www.ncbi.nlm.nih.gov/pubmed/30145220
http://dx.doi.org/10.1016/j.eurpolymj.2008.01.013

Pharmaceutics 2020, 12, 783 11 of 12

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Park, J.; Choi, Y,; Chang, H.; Um, W,; Ryu, ]. H.; Kwon, I.C. Alliance with EPR effect: Combined strategies to
improve the EPR effect in the tumor microenvironment. Theranostics 2019, 9, 8073-8090. [CrossRef]

Lavie, Y.; Fiucci, G.; Liscovitch, M. Upregulation of caveolin in multidrug resistant cancer cells: Functional
implications. Adv. Drug Deliv. Rev. 2001, 49, 317-323. [CrossRef]

Nobili, S.; Landini, I.; Giglioni, B.; Mini, E. Pharmacological strategies for overcoming multidrug resistance.
Curr. Drug Targets 2006, 7, 861-879. [CrossRef]

Zhang, M.; Liu, E.; Cui, Y,; Huang, Y. Nanotechnology-based combination therapy for overcoming
multidrug-resistant cancer. Cancer Biol. Med. 2017, 14, 212-227. [CrossRef]

Zhao, L.; Yang, G.; Shi, Y.; Su, C.; Chang, ]. Co-delivery of gefitinib and chloroquine by chitosan nanoparticles
for overcoming the drug acquired resistance. J. Nanobiotechnol. 2015, 13, 57. [CrossRef]

Kulig, W.; Jurkiewicz, P; Olzyniska, A.; Tynkkynen, J.; Javanainen, M.; Manna, M.; Rog, T.; Hof, M.;
Vattulainen, I.; Jungwirth, P. Experimental determination and computational interpretation of biophysical
properties of lipid bilayers enriched by cholesteryl hemisuccinate. Biochim. Biophys. Acta. 2015, 1848, 422-432.
[CrossRef]

Xu, Y; Geng, J; An, P; Xu, Y; Huang, J.; Lu, W,; Liu, S;; Yu, J. Cathepsin B-sensitive cholesteryl
hemisuccinate—gemcitabine prodrug nanoparticles: Enhanced cellular uptake and intracellular drug
controlled release. RSC Adv. 2015, 5, 6985-6992. [CrossRef]

Kintzel, PE.; Michaud, L.B.; Lange, M.K. Docetaxel-associated epiphora. Pharmacotherapy 2006, 26, 853-867.
[CrossRef] [PubMed]

Markman, M. Managing taxane toxicities. Support. Care Cancer 2003, 11, 144-147. [CrossRef] [PubMed]
Yuan, X.B.; Li, H.; Yuan, Y.B. Preparation of cholesterol-modified chitosan self-aggregated nanoparticles for
delivery of drugs to ocular surface. Carbohydr. Polym. 2006, 65, 337-345. [CrossRef]

Muddineti, O.S.; Shah, A.; Rompicharla, S.V.K.; Ghosh, B.; Biswas, S. Cholesterol-grafted chitosan micelles as
a nanocarrier system for drug-siRNA co-delivery to the lung cancer cells. Int. J. Biol. Macromol. 2018, 118,
857-863. [CrossRef]

Goddard, E.D.; Turro, N.J.; Kuo, PL.; Ananthapadmanabhan, K.P. Fluorescence probes for critical micelle
concentration determination. Langmuir 1985, 1, 352-355. [CrossRef]

You, J.; Hu, EQ.; Du, Y.Z,; Yuan, H. Polymeric micelles with glycolipid-like structure and multiple
hydrophobic domains for mediating molecular target delivery of paclitaxel. Biomacromolecules 2007, 8,
2450-2456. [CrossRef]

Lee, CM.; Jeong, H.J.; Kim, S.L.; Kim, EM.; Kim, D.W,; Lim, S.T,; Jang, K.Y.; Jeong, Y.Y,; Nah, ] W.; Sohn, M.H.
SPION-loaded chitosan-linoleic acid nanoparticles to target hepatocytes. Int. J. Pharm. 2009, 371, 163-169.
[CrossRef]

Cho, H.J.; Yoon, H.Y.; Koo, H.; Ko, S.H.; Shim, ].S.; Lee, ].H.; Kim, K.; Kwon, I.C.; Kim, D.D. Self-assembled
nanoparticles based on hyaluronic acid-ceramide (HA-CE) and Pluronic® for tumor-targeted delivery of
docetaxel. Biomaterials 2011, 32, 7181-7190. [CrossRef]

Lee, J.Y,; Lee, HS.; Kang, N.W.; Lee, S.Y.; Kim, D.H.; Kim, S.; Yoon, L.S.; Cho, H.J.; Kim, D.D. Blood component
ridable and CD44 receptor targetable nanoparticles based on a maleimide-functionalized chondroitin sulfate
derivative. Carbohydr. Polym. 2020, 230, 115568. [CrossRef]

Hassan, U.A.; Hussein, M.Z.; Alitheen, N.B.; Yahya Ariff, S.A.; Masarudin, M.]. In vitro cellular localization
and efficient accumulation of fluorescently tagged biomaterials from monodispersed chitosan nanoparticles
for elucidation of controlled release pathways for drug delivery systems. Int. |. Nanomed. 2018, 13, 5075-5095.
[CrossRef] [PubMed]

Salatin, S.; Dizaj, S.M.; Khosroushahi, A.Y. Effect of the surface modification, size, and shape on cellular
uptake of nanoparticles. Cell Biol. Int. 2015, 39, 881-890. [CrossRef] [PubMed]

Tan, Y.L; Liu, C.G. Self-aggregated nanoparticles from linoleic acid modified carboxymethyl chitosan:
Synthesis, characterization and application in vitro. Colloids Surf. B Biointerfaces 2009, 69, 178-182. [CrossRef]
[PubMed]

Mu, C.F; Balakrishnan, P.; Cui, ED.; Yin, YM,; Lee, Y.B.; Choi, H.G.; Yong, C.S.; Chung, S.J.; Shim, CK;
Kim, D.D. The effects of mixed MPEG-PLA/Pluronic® copolymer micelles on the bioavailability and
multidrug resistance of docetaxel. Biomaterials 2010, 31, 2371-2379. [CrossRef]


http://dx.doi.org/10.7150/thno.37198
http://dx.doi.org/10.1016/S0169-409X(01)00144-2
http://dx.doi.org/10.2174/138945006777709593
http://dx.doi.org/10.20892/j.issn.2095-3941.2017.0054
http://dx.doi.org/10.1186/s12951-015-0121-5
http://dx.doi.org/10.1016/j.bbamem.2014.10.032
http://dx.doi.org/10.1039/C4RA13870H
http://dx.doi.org/10.1592/phco.26.6.853
http://www.ncbi.nlm.nih.gov/pubmed/16716138
http://dx.doi.org/10.1007/s00520-002-0405-9
http://www.ncbi.nlm.nih.gov/pubmed/12618923
http://dx.doi.org/10.1016/j.carbpol.2006.01.020
http://dx.doi.org/10.1016/j.ijbiomac.2018.06.114
http://dx.doi.org/10.1021/la00063a015
http://dx.doi.org/10.1021/bm070365c
http://dx.doi.org/10.1016/j.ijpharm.2008.12.021
http://dx.doi.org/10.1016/j.biomaterials.2011.06.028
http://dx.doi.org/10.1016/j.carbpol.2019.115568
http://dx.doi.org/10.2147/IJN.S164843
http://www.ncbi.nlm.nih.gov/pubmed/30233174
http://dx.doi.org/10.1002/cbin.10459
http://www.ncbi.nlm.nih.gov/pubmed/25790433
http://dx.doi.org/10.1016/j.colsurfb.2008.11.026
http://www.ncbi.nlm.nih.gov/pubmed/19124228
http://dx.doi.org/10.1016/j.biomaterials.2009.11.102

Pharmaceutics 2020, 12, 783 12 of 12

35. Blau, S.; Jubeh, T.T.; Haupt, S.M.; Rubinstein, A. Drug targeting by surface cationization. Crit. Rev. Ther.
Drug Carr. Syst. 2000, 17, 425-465. [CrossRef]

36. Castaing, M.; Loiseau, A.; Djoudi, L. Effects of cholesterol on dye leakage induced by multidrug-resistance
modulators from anionic liposomes. Eur. J. Pharm. Sci. 2003, 18, 81-88. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1615/CritRevTherDrugCarrierSyst.v17.i5.10
http://dx.doi.org/10.1016/S0928-0987(02)00243-9
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Cell Culture 
	Synthesis of Cholesteryl Hemisuccinate-Conjugated Chitosan (CHS-CS) and Its Verification 
	Self-Aggregation Behavior of CHS-CS 
	Preparation and Particle Characterization Tests of CHS-CS Nanoparticles (NPs) 
	In Vitro Release Test of Docetaxel 
	In Vitro Cytotoxicity Assay 
	Cellular Uptake Study 
	Statistical Analysis of Data 

	Results and Discussion 
	Synthesis of CSH-CS and Its Self-Assembly Properties 
	Particle Characterizations of Drug-Loaded NPs 
	Anti-Proliferation Potential 
	Cellular Accumulation 

	Conclusions 
	References

