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Backgroud: Ginsenoside compound K (GK) is a major metabolite of protopanaxadiol-type ginsenosides
and has remarkable anticancer activities in vitro and in vivo. This work used an ionic cross-linking
method to entrap GK within O-carboxymethyl chitosan (OCMC) nanoparticles (Nps) to form GK-
loaded OCMC Nps (GKeOCMC Nps), which enhance the aqueous solubility and stability of GK.
Methods: The GKeOCMC Nps were characterized using several physicochemical techniques, including x-
ray diffraction, transmission electron microscopy, zeta potential analysis, and particle size analysis via
dynamic light scattering. GK was released from GKeOCMC Nps and was conducted using the dialysis bag
diffusion method. The effects of GK and GKeOCMC Nps on PC3 cell viability were measured by using the
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide assay. Fluorescent technology based
on Cy5.5-labeled probes was used to explore the cellular uptake of GKeOCMC Nps.
Results: The GKeOCMC NPs had a suitable particle size and zeta potential; they were spherical with good
dispersion. In vitro drug release from GKeOCMC NPs was pH dependent. Moreover, the in vitro cyto-
toxicity study and cellular uptake assays indicated that the GKeOCMC Nps significantly enhanced the
cytotoxicity and cellular uptake of GK toward the PC3 cells. GKeOCMC Nps also significantly promoted
the activities of both caspase-3 and caspase-9.
Conclusion: GKeOCMC Nps are potential nanocarriers for delivering hydrophobic drugs, thereby
enhancing water solubility and permeability and improving the antiproliferative effects of GK.
� 2020 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ginseng (Panax ginseng) has been known as the “king of herbs”
since ancient times in eastern Asia. It is a perennial herb that grows
in cool habitats and belongs to Araliaceae [1]. As a traditional
medicine resource, ginseng extracts have been used to improve
immunity and memory and enhance antifatiguing and antiaging
capabilities [2,3]. Ginsenosides are the main essential bioactive
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ingredients in ginseng and can be broadly separated into two cat-
egories of protopanaxadiols (Rd, Rc, Rg3, Rb1.) and proto-
panaxatriols (Re, Rh1, Rg1, Rg2.) [4,5]. Of these, ginsenoside
compound K (GK) has received much attention mainly owing to its
characteristic pharmacological properties. GK is an intestinal bac-
terial metabolite of several protopanaxadiols-type ginsenosides
(Rb1, Rb2, and Rc) [6]. When high-molecular-weight ginsenosides
are degraded in the intestine, GK is absorbed into the systemic
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Table 1
Characterization of O-carboxymethyl chitosan (OCMC)

Sample Molecular weight (Mw) Degree of substitution (DS)

O-carboxymethyl
chitosan (OCMC)

8600 Da 92%
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circulation in large amounts compared with other ginsenosides,
and it has demonstrated such diverse intriguing pharmacological
properties such as antiaging, antiangiogenesis, antidementia,
antiinflammatory, antidiabetic, and neuroprotective effects [7,8]. It
also has a strong cytotoxic effect on PC9 lung cancer, HT29 colon
cancer, MCF-7 breast cancer, and HepG2 liver cancer cells by
inhibiting cell proliferation, metastasis, and invasion and promot-
ing apoptosis [9e12]. Despite these promising features, the poor
water solubility and low permeability of GK greatly reduce its ef-
ficacy and thus limit its clinical application [13]. To solve this
problem, various nanodelivery systems such as nanoparticles
(Nps), micelles, and liposomes have been explored for efficient
delivery of hydrophobic drugs [14e17]. Common carriers include
polysaccharides, albumin, polyethylene glycol, and lipids, among
which chitosan has received extensive attention owing to its non-
toxicity and excellent biocompatibility and biodegradability [18].
Carboxymethyl chitosan (CMC) is a biocompatible, biodegradable
derivative of chitosan in which free carboxylic groups on the CMC
molecular chains are cross-linked with other residuals that can be
used to control drug release [19,20]. Moreover, preparing CMC Nps
by cross-linking has the advantages of simplicity, greenness, and
high efficiency compared with other methods. As a consequence,
the application of salts as nontoxic cross-linkers has been investi-
gated in clinical and medical studies [19].

We hypothesized that a nanodrug-loading systemwould improve
the efficiency of drug delivery. Therefore, we prepared O-carbox-
ymethyl chitosan (OCMC) Nps loaded with GK to examine the de-
livery of GK to PC3 cells and whether antiproliferative activity is
enhanced. In this study, OCMC Nps were prepared by the cross-
linking method using OCMC as the raw material and calcium chlo-
ride (CaCl2) as the cross-linker to encapsulate the GK, thus improving
its water solubility and bioavailability and enhancing the anti-
proliferative activity of GK. PC3 cellswere used as amodel to evaluate
cytotoxicity and cellular uptake in vitro. Further, we expect that the
OCMC NPs loaded with GK (GKeOCMC NPs) would have a uniform
particle size distribution, which might facilitate cellular uptake and
inhibit cancer cell proliferation. To our knowledge, this is the first
study to explore the antiproliferative characteristics of GKeOCMC
NPs and find potential applications in prostate cancer treatment.

2. Materials and methods

2.1. Materials

GK was provided by Chengdu Must Bio-Technology Co., Ltd
(Sichuan, China). Dullbecco’s modified eagle’s medium (DMEM)
and penicillin-streptomytin was acquired from Gibco (Thermo
Fisher Scientific, Grand Island, Shanghai, China). Phosphate-
buffered saline (PBS) tablets were purchased from Amresco (So-
lon, OH, USA). 406-Diamidino-2-phenylindole was purchased from
Sigma (St. Louis, MO, USA). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-
diphenyl-2-H-tetrazolium bromide (MTT) was from Biofroxx (Ein-
hausen, Hessen, Germany). Trypsin-ethylenedimainetetraacetic
acidwas obtained from Gibco (Burlington, Ontario, Canada). Fetal
bovine serum was purchased from Corning (Medford, MA, USA).
Cy5.5 NHS ester was purchased from Ruixibio (Xi’an, China). Cal-
cium chloride (CaCl2) was purchased from China Pharmaceutical
Group Chemical Reagent Co., Ltd. (Shanghai, China). Caspase-3 and
caspase-9 activity assay kits were purchased from Beyotime
Biotechnology (Haimen, China).

2.2. Characteristics of O-CMC

Low-molecular-weight OCMC was purchased from Qingdao
Honghai Bio-Technology Co., Ltd (Shanghai, China). The OCMC
studies are shown in Table 1, along with its molecular weight (Mw)
and the degree of carboxymethyl substitution. The Mw of OCMC
was determined by Agilent 1260 gel permeation chromatography.
A TSK G3000-PWXL column was used for separation with a mobile
phase of 0.2 M CH3COOH and 0.1 M CH3COONa. The flow rate was
set at 0.8 mL/min. The degree of carboxymethyl substitution of the
carboxymethyl group of OCMC was determined by potentiometric
titration method using a DELTA-320-S pH meter (Shanghai, China).
2.3. Preparation of blank Nps, GKeOCMC Nps, and Cy5.5 labeled GK
Nps

GKeOCMC Nps and blank Nps were prepared via an ionic cross-
linking method with some modifications [21]. Briefly, 10 mg OCMC
was dissolved in 5 mL ultrapure water with stirring for 30 min and
then mixed with 1 mL different amounts of GK solution (1:10, 2:10,
or 3:10 w/w of OCMC in methanol). Then, 5 mg CaCl2 solution (1
mg/mL) was added dropwise at a speed of 20 drops/min under
constant stirring for 30 min at room temperature. Finally, the
mixture was dialyzed against distilled water for 24 h through a
dialysis bag (Mw cut-off 3.5 kDa) to remove the unencapsulated
drug and methanol from the Nps. The solution was freeze-dried to
obtain GKeOCMC Nps. Cy5.5 labeled and blank Nps were prepared
following the same steps.
2.4. Evaluation of nanoparticle characterization: x-ray diffraction,
particle size, zeta potential, and morphology

X-ray diffraction (XRD) patterns of GK, OCMC, and GKeOCMC
were acquired by a Rigaku Ultimate IV X-ray diffractometer scan-
ned at speed of 5�/minwith ranging from 5� to 80�. The particle size
and zeta potential of the GKeOCMC Nps were determined using
dynamic light scattering (DLS) with the Nano-ZS90 Malvern Zeta-
sizer (Malvern, UK) in triplicate at 25�C. The morphology of the
GKeOCMC Nps was observed under a Tecnai G2 Spirit transmission
electron microscope (FEI, USA) after negative staining with 2% (w/
v) phosphotungstic acid. Furthermore, the surface characteristics of
the Nps were reconfirmed by the NTEGRA Prima atomic force mi-
croscope (Nt-Mdt, Zelenograd, Russia), while Nova RC1 software
(V1.0.26.1138, Nt-Mdt, Russia) was used for formation of images.
2.5. Drug loading and encapsulation efficiency

The concentration of GK in the Nps was measured via Agilent
1290 Infinity ultrahigh-performance liquid chromatography
(UHPLC; Santa Clara, CA, USA). A reversed-phase column (Agilent
1.8 mm SB-C18, 50 mm � 3.0 mm) was used for the separation. The
following gradient elution was used: 0e6 min, 57e58% acetonitrile
and 6e9 min, 58e70% acetonitrile with a mobile phase of aceto-
nitrile and water. The flow rate was 0.4 mL/min and the ultraviolet
wavelength was set to 203 nm. A 1mg aliquot of the GKeOCMCNps
was dissolved in 1 mL acetonitrile with sonication for 30 min to
insure complete dissolution. Subsequently, the solution was
detected by UHPLC after filtration through a 0.45 mm membrane
filter. Drug loading (DL) and encapsulation efficiency (EE) of the
Nps were calculated using formulas (1) and (2):



Fig. 1. Schematic representation of the preparation of ginsenoside compound K O-carboxymethyl chitosan (GKeOCMC) nanoparticles (Nps).
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DL ð%Þ ¼ Weight of loaded GK
Weight of namoparticles

� 100 (1)

EE ð%Þ ¼ Weight of loaded GK
Weight of GK in feed

� 100 (2)
2.6. In vitro drug release

The GK was released from the GKeOCMC Nps using the dialysis
bag diffusion method. A dialysis bag with a Mw cutoff of 3.5 kDa
containing 5 mg GKeOCMC Nps was placed in 40 mL PBS (1% w/v
Tween 80) buffer at different pH values (pH 7.4 and 5.8, respec-
tively). The solution was incubated with uninterrupted shaking at
100 rpm in a water bath at 37�C. At particular time intervals (4, 12,
24, 48, 72, and 96 h), 1 mL incubation medium was taken out for
subsequent UHPLC measurements and an equal volume of fresh
PBS buffer was immediately added for replenishment.

2.7. Cell culture

PC3 cells were obtained from China Center for Type Culture
Collection (Beijing, China). PC3 cells were cultured in DMEM con-
taining 10% fetal bovine serum, 100 U/mL penicillin, and 0.1 mg/mL
streptomycin in 5% CO2 at 37�C.
2.8. In vitro cytotoxicity evaluation

The effects of GK and GKeOCMC Nps on PC3 cell viability were
measured using the MTT assay previously described [22]. Briefly,
the cells were seeded in 96-well plates (2 � 105 cells/well) and
cultured for 16e20 h (5% CO2, 37�C). Next, the cells were treated
with GK and GKeOCMC Nps at GK concentrations of 5, 10, 20, 25,
and 30 mg/mL in 100 mL fresh DMEMmedium for an additional 24 h.
Subsequently, 100 mL serum-free medium containing 0.5 mg/mL
MTT was added to each well. After 4 h incubation, the purple for-
mazan crystals were dissolved in 100 mL MTT stop buffer solution.
Finally, the 96-well plates were placed in a microplate multi-well
reader (Infinite M200 Pro, Tecan, Basel, Switzerland) to measure
absorbance at 550 nm.

2.9. Cellular uptake assay

PC3 cells (3 � 105 cells/well) were maintained in six-well plates
and incubated at 37�C overnight. Then the cells were treated with
Cy5.5-labeled GKeOCMC Nps for the indicated times, fixed in 4%
formaldehyde for 15 min, and then stained with 2 mg/mL 406-dia-
midino-2-phenylindole in PBS for an additional 15 min. The cells
were washed with PBS and observed under a laser confocal mi-
croscope (LSM700; Carl Zeiss, Oberkochen, Germany) and analyzed
using the Zeiss ZEN 2.3 lite software (Carl Zeiss, Oberkocken,
Germany).

2.10. Caspase-3, caspase-9 activity assay

Briefly, PC3 cells (5�105 cells/well) weremaintained in six-well
plates and incubated at 37�C overnight. Then the cells were treated
with GK and GKeOCMC Nps at a GK concentration of 30 mg/mL. The
activities of caspase-3 and caspase-9 were quantified by a colori-
metric assay kit according to the manufacturer’s instructions. The
absorbance was measured at 405 nm with a multi-well reader
(Infinite M200 Pro, Tecan, Basel, Switzerland).

2.11. Data analysis

The values are presented as the mean � standard deviation. The
experimental and control groups were compared using one-way
analysis of variance followed by a Student t test and p-values
<0.05 were considered significant.

3. Results and discussion

3.1. Characterization of OCMC Nps and GKeOCMC Nps

Several recent studies have described the preparation of chito-
san Nps using ionic cross-linking, inverse emulsion, covalent cross-
linking, emulsion cross-linking, composite coagulation, solvent
evaporation, and polymer dispersion. Of these, ionic cross-linking is
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the most widely reported method, and NPs produced using this
method exhibit attractive properties [23e25]. The advantages of
ionic cross-linking are that it is rapid, safe, reproducible, and easy to
scale up. OCMC Nps and GKeOCMC Nps were synthesized via
chemical ionic cross-linking between the carboxyl groups of OCMC
and the Ca2þ ions of CaCl2. The schematic diagram in Fig. 1 shows
themain steps in this procedure. The concentrations of the polymer
and cross-linker were the major factors affecting the formation of
the Nps. Some researchers have reported that OCMC/CaCl2 forms
Nps only at weight ratios from 2:1 to 10:1 [26,27]. Preliminary
experiments examined the formation of the Nps using various
concentrations (0.5,1, 2, and 3%, w/t) of CMC and (0.5, 1, and 2%w/t)
CaCl2 at different mass ratios. The 2:1 ratio was considered the best
formulation based on their charge, size, and EE; we also found that
the concentrations of OCMC and CaCl2 should be< 2mg/mL and 1.0
mg/mL, respectively (data not shown). Moreover, the OCMC and
CaCl2 concentrations within these ranges had little effect on the
polydispersity index of the Nps.

3.1.1. Physical characterization of GKeOCMC Nps
The physical nature of the encapsulated GK Nps was assessed by

comparing the XRD patterns of GK, OCMC, and GKeOCMC Nps
(Fig. 2). GK displayed a series of significant characteristic crystalline
peaks of 2q at 6.1�, 6.7�, 9.3�, 10.5�, 12.4�, 13.6�, 15.4�, 16.8�, 18.6�,
21.0�, and 22.1�. The OCMC diffraction pattern consisted of a single
peak at 21.8�, which was attributed to an amorphous state [28].
After CaCl2 cross-linking, the primary diffraction peak site was
retained for GKeOCMC Nps but the peak intensity decreased
markedly due to the intermolecular interaction between GK and
OCMC in GKeOCMCNps [26]. This implied that the Nps loadedwith
GK were successfully prepared.

3.1.2. Nanoparticle size
The particle size of the OCMC Nps and GKeOCMC Nps at

different drug/carrier weight ratios was measured using DLS. This
Fig. 2. XRD diffractograms of GK, OCMC, and GKeOCMC Nps.
XRD, x-ray diffraction; GK, ginsenoside compound K; OCMC, O-carboxymethyl chitosan; GK
showed that the average OCMC NP size was 107.8 � 4.66 nm
(Table 1). After loading GK, the GKeOCMC Nps were also smaller
with good dispersibility (Fig. 3A). When the feed weight ratio of GK
to OCMC was 3:10, the mean particle size and polydispersability
index of the Nps were 173.0 � 0.71 nm and 0.292 � 0.029 nm,
respectively. The appropriate size was beneficial to escape capture
by the reticuloendothelial system leading to higher accumulation of
tumor tissues than in normal tissues by the enhanced permeability
and retention (EPR) effect [29].
3.1.3. Zeta potential measurements
The charge on the surface of the Nps is critical for the formation

of drug-loaded particles because the efficiency of the carrier is
proportional to the electrostatic interactions [30]. The surface
charge was measured using the zeta potential and the stability of
the prepared Nps was evaluated. The zeta potential value of the
OCMC Nps was �14.6 � 0.35 mV (Table 1), indicating that the Nps
were negatively charged and stable. The negative charge on the
surface of the Nps was attributed to the presence of many COO-
groups in OCMC. After the drug was loaded, the zeta potential value
of the GKeOCMCNpswas�29.6� 0.57mV (Table 1) and followed a
unimodal and concentric distribution (Fig. 3B), indicating that the
GKeOCMC Nps exhibited stable dispersibility.

3.1.4. Morphological observation
The surface morphologies of the prepared GKeOCMC NPs were

visualized by both transmission electron microscopy (TEM) and
atomic forcemicroscopy. As shown in Fig. 3C, theywere regular and
spherically shaped, with uniform grain diameters and no aggre-
gation. As TEM determined the diameters of the particles in a dry
state, the TEM results were slightly smaller than the particle size
detected by DLS. The atomic force microscopy images in Fig. 3D and
E confirmed the morphologies observed using TEM results. The
images clearly show spherical 100e200 nm particles with good
dispersion.
eOCMC, ginsenoside compound K O-carboxymethyl chitosan.



Fig. 3. Characterization of ginsenoside compound K O-carboxymethyl chitosan nanoparticles (GKeOCMC Nps). (A) Size distribution. (B) zeta potential distribution. (C) TEM
micrograph. (D) 2 dimensional AFM image. (E) 3 dimensional AFM image.
AFM, atomic force microscopy; TEM, transmission electron microscopy.

Table 2
Characterization of ginsenoside compound K O-carboxymethyl chitosan (GKeOCMC) nanoparticles (Nps)

Sample Drug/carrier (GK: OCMC) DL (%) EE (%) Diameter(nm) PDI Zeta potential(mV)

GKeOCMC - - - 107.8 � 4.66 0.175 � 0.048 �14.6 � 0.35
1:10 1.95 � 1.84 5.91 � 1.24 152.6 � 2.26 0.246 � 0.015 �38.4 � 11.73
2:10 2.95 � 0.86 11.10 � 1.98 261.3 � 8.34 0.276 � 0.016 �26.25 � 0.64
3:10 4.26 � 0.73 20.83 � 2.51 173.0 � 0.71 0.292 � 0.029 �29.6 � 0.57

The data are presented as means � SD (n ¼ 3).
GKeOCMC, ginsenoside compound K O-carboxymethyl chitosan; DL, drug loading; EE, encapsulation efficiency; SD, standard deviation; PDI, polydispersity index.

Fig. 4. The controlled release profiles of ginsenoside compound K (GK) from ginse-
noside compound K O-carboxymethyl chitosan (GKeOCMC) nanoparticles (Nps) in PBS
solution with pH 5.8 and 7.4 at 37�C. The data are presented as means � SD (n ¼ 3).
*p < 0.05, significant difference compared with GK within a column.
SD, standard deviation

Fig. 5. The cytotoxic effects of ginsenoside compound K O-carboxymethyl chitosan
(GKeOCMC) nanoparticles (Nps) and ginsenoside compound K (GK) against PC3 cells.
The data are presented as means � SD (n ¼ 3). *p < 0.05, significant difference
compared with GK within a column.
SD, standard deviation

J Ginseng Res 2021;45:228e235232



Fig. 6. Confocal fluorescence images of PC3 cells following 0.5, 1, 3, and 6 h of treatment with Cy5.5-labeled ginsenoside compound K O-carboxymethyl chitosan (GKeOCMC)
nanoparticles (Nps). *p < 0.05, significant difference compared with 0.5 h treatment with Cy5.5-labeled GKeOCMC Nps.
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3.2. DL and EE

DL and EE are two important parameters for evaluating drug
carriers. As shown in Table 2, as the feed ratio was increased from
1:10 to 2:10, the DL increased from 1.95�1.84% to 2.95� 0.86% and
the EE increased from 5.91 � 1.24% to 11.10 � 1.98%. The DL and EE
of GKeOCMC Nps were 4.26 � 0.73% and 20.83 � 2.51%, respec-
tively, when the feed ratio of GK and OCMCwas further increased to
3:10. These results show that the higher the ratio of drug to carrier
and the higher the DL and EE of the Nps, the more potent the drug
delivery efficiency of the vectors.

3.3. In vitro release of GK from GKeOCMC Nps

CMC can shield the drug molecules from enzymatic degradation
and exhibits physicochemical stability [31]. The release of GK from
GKeOCMC Nps may be due to the diffusion of GK and skeleton
dissolution behavior [32]. Previous literature showed that the
release rate was also related with a drug to polymer ratio, cross-
linker concentration, particle size, and charged on the drug and
polymer [33]. As shown in Fig. 4, the GKeOCMC Nps exhibited pH-
dependent and sustained GK release behavior at pH 5.8 and 7.4. The
GKeOCMC Nps released approximately 21.59% of the GK in PBS at
pH 5.8 after 24 h, dramatically more than at pH 7.4 (2.34%). Spe-
cifically, the release rate of GK was about 58.56% and 42.32% of the
total quantity at pH 7.4 and 5.8, respectively, for up to 96 h.
Moreover, we found that the drug release rate at lower pH values
was consistently higher than that at higher pH values because
OCMC swells in an acidic environment due to the protonation of
amino groups [33]. These results indicated that the pH-dependent
sustained-release pellet would be useful for tumor-targeted drug
delivery to extend drug circulation time in the bloodstream.

3.4. In vitro cytotoxicity assay

To explore the potential of GKeOCMC Nps and GK to inhibit cell
proliferation, the in vitro cytotoxicity of GKeOCMC Nps and GK was
estimated in PC3 cells using theMTTassay. As shown in Fig. 5, there
was a dose-dependent decrease in PC3 cell viability with the
Fig. 7. Effect of ginsenoside compound K O-carboxymethyl chitosan (GKeOCMC)
nanoparticles (Nps) and ginsenoside compound K (GK) on the activities of caspase 3
and 9. The data are presented as means � SD (n ¼ 3). *p < 0.05, significant difference
compared with GK within a column; #p < 0.05, significant difference compared with
control within a column; **p < 0.05, significant difference compared with GK and GKe
OCMC Nps.
SD, standard deviation
increase in GKeOCMC Nps and the GK concentration required to
maintain the same concentration of GK. Specifically, the cell
viability after 24 h of incubation with GKeOCMC Nps and GK were
12.11 � 5.33% and 29.28 � 4.84 %, respectively, when the concen-
tration of GKeOCMC Nps and GK was 30 mg/mL. The chemical
agents encapsulated in drug-loaded nanosystems can effectively
migrate into the lysosomes of tumor cells to inhibit tumor cell
proliferation and promote cancer cell death [34]. Similarly, chitosan
nanocarriers have been used to deliver resveratrol [35], doxoru-
bicin [36], camptothecin [37], and paclitaxel [38]. Consequently, the
GKeOCMC Nps appeared to have greater antiproliferative effects
than GK, which resulted from the significant cytotoxicity in PC3
cells.
3.5. Cellular uptake

Cellular uptake efficiency of GKeOCMC Nps in PC3 cells was
investigated using laser scanning microscopy (LSM) and Cy5.5 as
the fluorescent label. As shown in Fig. 6A and B, red fluorescence
was rapidly detected for the GKeOCMC Nps in PC3 cells within 30
min andwas localized to the cell nucleus after 1 h. Interestingly, the
intensity of red fluorescence from the GKeOCMC Nps in PC3 cells
strengthened noticeably as incubation time was extended. There-
after, the nanocarrier was assimilated into cancer cells by a classic
endocytosis pathway.
3.6. Caspase-3 and caspase-9 activities

Caspase-9 is an initiator of apoptosis, while caspase-3 is a final
executor of tumor growth and progression [39,40]. The caspase-3
and caspase-9 activities were measured using commercial kits. As
shown in Fig. 7, GK significantly upregulated the activities of
caspase-3 and caspase-9 by 87.56% and 63.45%, respectively, while
GKeOCMC treatment enhanced the levels of caspase-3 and cas-
pase-9 by 29.93% and 20.78% comparedwith that observed with GK
treatment.
4. Conclusion

We hypothesized that a nanodrug-loading system would
enhance the efficiency of drug delivery. We prepared GKeOCMC
NPs by cross-linking CMC and calcium ions. Spherical GKeOCMC
NPs with a suitable average particle size and zeta potential were
observed. Furthermore, the NPs showed good pH-dependent drug
release behavior and higher cytotoxicity and uptake by PC3 cells.
These results validate our hypothesis that GKeOCMC NPs enhance
uptake and inhibit cell proliferation via the induction of apoptosis;
thus, these NPs constitute an efficient system for delivering hy-
drophobic drugs. Further studies with in vivo models are underway
to evaluate the therapeutic efficacy of this system.
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