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Background and methods: Curcumin has extraordinary anticancer properties but has limited 

use due to its insolubility in water and instability, which leads to low systemic bioavailability. 

We have developed a novel nanoparticulate formulation of curcumin encapsulated in stearic 

acid-g-chitosan oligosaccharide (CSO-SA) polymeric micelles to overcome these hurdles.

Results: The synthesized CSO-SA copolymer was able to self-assemble to form nanoscale 

micelles in aqueous medium. The mean diameter of the curcumin-loaded CSO-SA micelles was 

114.7 nm and their mean surface potential was 18.5 mV. Curcumin-loaded CSO-SA micelles 

showed excellent internalization ability that increased curcumin accumulation in cancer cells. 

Curcumin-loaded CSO-SA micelles also had potent antiproliferative effects on primary colorectal 

cancer cells in vitro, resulting in about 6-fold greater inhibition compared with cells treated with 

a solution containing an equivalent concentration of free curcumin. Intravenous administration 

of curcumin-loaded CSO-SA micelles marginally suppressed tumor growth but did not increase 

cytotoxicity to mice, as confirmed by no change in body weight. Most importantly, curcumin-

loaded CSO-SA micelles were effective for inhibiting subpopulations of CD44+/CD24+ cells 

(putative colorectal cancer stem cell markers) both in vitro and in vivo.

Conclusion: The present study identifies an effective and safe means of using curcumin-loaded 

CSO-SA micelles for cancer therapy.

Keywords: chitosan oligosaccharide, polymeric micelle, curcumin, drug delivery, colorectal 

cancer, cancer stem cells

Introduction
Curcumin [bis(4-hydroxy-3-methoxyphenyl)-1,6-diene-3,5-dione] is the primary 

bioactive compound isolated from the rhizome of the Curcuma longa plant. It has 

been used for many clinical purposes, including as an antioxidant, antibacterial, 

anti-inflammatory agent, and anticancer compound, and exerts its effect mainly 

by influencing multiple signaling pathways.1–3 Inhibitory effects of curcumin lines 

have been demonstrated in various human cancer cell lines.4,5 In addition, a Phase I 

clinical trial showed that curcumin had low or no intrinsic toxicity in humans.6 Despite 

these extraordinary properties, curcumin continues to have limited application in the 

treatment of cancer because of its considerable hydrophobicity, instability, and poor 

pharmacokinetics, which greatly hamper its efficacy in vivo.7–9

Nanoscale drug delivery systems are an innovative approach to overcoming these 

problems. Previous attempts at encapsulating curcumin in liposomes, phospholipid 

complexes, and other nanoparticle-based technologies have been reported, which appear 

to provide better water dispersibility and a longer circulation time.10–14 A key attribute 
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of an optimal drug delivery system for cancer is the ability to 

treat tumors effectively with minimal side effects. In addition 

to having good solubility in water and stability, increased 

drug permeability and improved antitumor activity in vivo 

are also important factors. Recently, we have developed a 

novel stearic acid-g-chitosan oligosaccharide (CSO-SA) 

micelle which acts as a polymeric drug carrier due to its 

biocompatibility and biodegradability.15 CSO-SA micelles, 

with their core-shell structure formed by self-aggregation 

from amphiphilic block or graft copolymers, have many 

advantages for delivering anticancer agents to tumor tissue. 

CSO-SA micelles are stable at room temperature or at 4°C 

with minimal change in particle size.16 Moreover, these 

micelles accumulate well in tumor tissue via extravasation 

of the nanoparticulates in fenestrated tumor vasculature.17,18 

After drug loading, these formulations show excellent tumor 

cell uptake characteristics. Importantly, the drug-loaded 

micelles have enhanced antitumor activity and overcome 

multidrug resistance in tumor tissue.19,20

Accumulating evidence continues to support the fact 

that many types of cancers, including colorectal cancer, are 

initiated and maintained by a minority cell population known 

as cancer stem cells. This cell subpopulation is responsible for 

tumor initiation and growth by continuous self-renewal and 

differentiation.21,22 Further, recent studies have shown that 

chemotherapy only destroys the most bulky cancer cells but 

lacks the ability to eradicate cancer stem cells. The survival 

of cancer stem cells leads to chemoresistance and tumor 

recurrence.23,24 Therefore, eradicating cancer stem cells may 

represent an effective chemotherapeutic strategy and thereby 

overcome tumor resistance.

In order to improve the outcome of cancer treatment, 

we designed and prepared curcumin-loaded CSO-SA 

micelles based on a polymeric nanosystem and evaluated 

their antitumor activity in primary colorectal cancer cells. 

We hypothesized that CSO-SA micelles would enhance the 

antitumor activity of curcumin by promoting its uptake in 

tumor tissue. Our findings provide the first evidence that 

curcumin-loaded CSO-SA micelles can increase antitumor 

efficacy and inhibit cancer stem cells both in vitro and in vivo, 

and suggest that they might be used as a novel therapeutic 

agent for cancer therapy in the future.

Materials and methods
Curcumin was purchased from Sigma-Aldrich, St Louis, 

MO. 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium 

bromide (MTS) was obtained from Promega, Fitchburg, 

WI. Anti-human CD44-APC and CD24-FITC were 

purchased from BD Biosciences, San Diego, CA. Dulbecco’s 

Modif ied Eagle’s Medium and Ham’s F-12 medium 

(DMEM-F12 medium), RPMI 1640 medium, collagenase, 

and hyaluronidase were from Gibco BRL, Grand Island, 

NY. B27, epidermal growth factor, and basic fibroblast 

growth factor were sourced from Invitrogen, Carlsbad, 

CA. Fetal bovine serum was from Sijiqing Biologic, 

 Hangzhou, China.

Synthesis and characteristics of CSO-SA
CSO-SA was prepared in the laboratory of FH (College of 

Pharmaceutical Sciences, Zhejiang University, China). As 

reported previously,19 CSO-SA was synthesized by a coupling 

reaction between the carboxyl group of stearic acid (C
18

H
36

O
2
, 

Shanghai Chemical Reagent, Shanghai, China) and the amine 

groups of CSO (molecular weight 18 kDa) in the presence 

of a coupling agent, 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC). EDC and stearic acid (EDC:SA 20:3, 

w/w) were dissolved in ethanol. After CSO (CSO:SA 2.4:1, 

w/w) solution was added, the mixture was stirred at 80°C 

for 4 hours, and then cooled down to room temperature. The 

reaction solution was dialyzed using a dialysis membrane 

with a molecular weight cutoff of 3.5 kDa against pure water 

for 3 days with successive exchange of fresh pure water in 

order to remove the ethanol. Finally, CSO-SA was obtained, 

and the critical micelle concentration was tested using a 

fluorescence method.19 As described, the critical micelle 

concentration of CSO-SA was measured by fluorometry 

using pyrene as a probe (F-2500, Hitachi Co, Tokyo, Japan). 

The excitation wavelength was set at 337 nm and the slit at 

2.5 nm. The emission intensities were monitored in the range 

of 360–450 nm. The emission intensity ratio of the first peak 

(I
1
, 374 nm) to the third peak (I

3
, 385 nm) was determined 

as the critical micelle concentration.

Preparation of curcumin-loaded  
CSO-SA micelles
Curcumin-loaded CSO-SA micelles were obtained using 

the following procedure. Blank CSO-SA micelle solution 

(4 mg/mL) was prepared by dissolution in 10 mL of pure 

water, with pH adjusted to 5.0 using 0.1 N HCl. The 

solution was subjected to probe-type ultrasonic treatment 

(400 W, 30 cycles with 2 seconds active, JY92-II, Scientz 

Biotechnology Co, Guangzhou, China), and stirred on a stir 

plate at 300 rpm. Curcumin dissolved in dimethylsulfoxide at 

a concentration of 10 mg/mL was then slowly added dropwise 

into the CSO-SA micelle solution (curcumin:CSO-SA 

1:10, w/w). After stirring overnight at 4°C in the dark, 
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the suspension was purified by dialysis (molecular weight 

cutoff 7 kDa) for 24 hours with successive exchange of 

fresh pure water (pH 5.0). Finally, the resulting product was 

centrifuged at 4000 rpm for 10 minutes, and the upper clear 

solution was then collected and stored at 4°C in the dark.

Physicochemical properties  
of curcumin-loaded CSO-SA micelles
The size, size distribution, and zeta potential of curcumin-

loaded CSO-SA micelles were measured by dynamic light 

scattering with a Zetasizer (3000 HS, Malvern Instruments 

Ltd, Worcestershire, UK).

The surface appearance and shape of the curcumin-loaded 

CSO-SA micelles were observed by transmission electron 

microscopy (TEM, JEM-1230, JEOL, Tokyo, Japan). 

The samples were negatively stained with uranyl acetate 

solution (1%, w/v) and placed on copper grids (200 mesh) 

for viewing.

The encapsulation efficiency (EE) of curcumin-loaded 

CSO-SA micelles was determined using a fluorescence 

spectrophotometer (F-2500, Hitachi). In brief, a curcumin-

loaded CSO-SA micelle solution was mixed with 10-fold 

dimethylsulfoxide, and the fluorescence intensity was then 

detected. The curcumin content was estimated by comparison 

with a standard curve obtained for an aqueous solution of 

curcumin and dimethylsulfoxide (dimethylsulfoxide:H
2
O, 

9:1, v:v). The EE for curcumin was quantified using the 

following equation:

EE% = (mass of curcumin encapsulated in micelles/

 mass of curcumin added) × 100%

In vitro stability of curcumin-loaded 
CSO-SA micelles
To assess their in vitro stability, curcumin-loaded CSO-SA 

micelles were mixed with phosphate-buffered solution (pH 

7.2) or phosphate-buffered solution (pH 7.2) supplemented 

with 10% (v/v) fetal bovine serum, resulting in a final cur-

cumin concentration of 50 µg/mL. The mixture was then put 

into Eppendorf tubes giving five different samples for study at 

various time intervals, with each set of samples being tested 

in triplicate. The tubes were incubated at 37°C under gentle 

agitation. The concentration of curcumin in the tubes was 

quantified by fluorescence spectrophotometry (λ
ex

 420 nm 

and λ
em

 540 nm). Curcumin retention was calculated using 

the following equation:

% curcumin retention = [(curcumin in inclusion CSO-SA

 Cur micelles)/(mass of curcumin added)] × 100.

In vitro release studies
In vitro release of curcumin from the CSO-SA micelles was 

evaluated using a previously reported dialysis method.25,26 

To avoid degradation, a curcumin-loaded CSO-SA micelle 

solution was diluted with phosphate-buffered solution 

(pH 5.0) to a final curcumin concentration of 50 µg/mL. 

A dialysis bag (molecular weight cutoff 7.0 kDa) containing 

1 mL of curcumin-loaded CSO-SA micelles was then 

immersed in a plastic tube containing 10 mL of phosphate-

buffered solution (pH 6.0). The release experiments were 

conducted in an incubator shaker at 37°C, with shaking 

at 60 rpm. At various time intervals, phosphate-buffered 

solution in the tube was collected and replaced with fresh 

medium. The amount of drug released was quantified by 

fluorescence spectrophotometry. All drug release tests were 

performed three times.

Cell culture
Primary colorectal cancer cells were obtained from tissue 

fragments of patients with colorectal adenocarcinoma 

as described elsewhere,27 in accordance with the ethical 

standards of the Institutional Committee on Human 

Experimentation. Cancer tissues were minced and digested 

for one hour at 37°C with collagenase (1.25 mg/mL) and 

hyaluronidase (1.5 mg/mL). The cancer cells were then 

cultured in DMEM-F12 medium (pH 7.2) at 37°C in a 

humidified atmosphere containing 5% CO
2
. The medium was 

supplemented with 10% (v/v) fetal bovine serum, penicillin 

100 U/mL, and streptomycin 100 µg/mL.

Intracellular uptake of curcumin-loaded 
CSO-SA micelles
Round glass coverslips were placed in the wells of a 24-well 

plate (Corning, New York, NY) and colorectal cancer cells 

were seeded at densities of 1 × 105 per well. After being 

allowed to grow for 24 hours, the cells were incubated with free 

curcumin (0.5 µg/mL) or curcumin-loaded CSO-SA micelles 

(curcumin content 0.5 µg/mL) in growth medium (pH 7.2) 

for an additional one hour or 4 hours, respectively. Finally, 

the cells were washed with phosphate-buffered solution three 

times, and the coverslips with the cells were removed from the 

wells. Cellular uptake was visualized by confocal microscopy 

(Zeiss LSM 710, Carl Zeiss, Dublin, CA).

Cytotoxicity assay
Cytotoxicity was assessed by MTS assay using the CellTiter 

96 Aqueous MTS. Briefly, colorectal cancer cells were 

cultured at a density of 2 × 104 to 5 × 104 cells per well in 
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96-well plates. After 24 hours, the cells were exposed to 

a series of concentrations of free curcumin (dissolved in 

dimethylsulfoxide) and curcumin-loaded CSO-SA micelles 

(dispersed in 100 µL/well DMEM-F12 medium at pH 7.2 

with 10% serum), and incubated for a further 48 hours. 

The final concentration of dimethylsulfoxide in the culture 

medium was less than 0.1%. Cell viability was measured by 

MTS according to the manufacturer’s instructions.

Detection of cancer stem cell markers  
by flow cytometry
Expression of surface markers was determined with flow 

cytometry. Single cells obtained from cell cultures or 

xenograft tumors were labeled with mouse anti-human 

CD44-APC and CD24-FITC at concentrations recommended 

by the manufacturer. Mouse IgG was used as an isotype 

control. A typical antibody staining procedure was performed 

according to the standard protocol. The cells were then 

analyzed using a FACSCalibur machine (Becton Dickinson, 

Franklin Lakes, NJ).

Spheroid assay
Colorectal cancer stem cells are enriched in spheroid of cancer 

cells, based on one of the characteristics of cancer stem cells is 

their ability to form spheroid in serum-free medium, whereas 

differentiated cells fail to survive under the same condition.28,29 

Spheroid culture was done in DMEM-F12 basal serum-

free medium supplemented with B27, 20 ng/mL epidermal 

growth factor, 10 ng/mL basic fibroblast growth factor, 

2 mg/mL bovine serum albumin, 100 U/mL penicillin, and 

100 µg/mL streptomycin. Single cells prepared from enzymatic 

dissociation were plated in 96-well ultralow attachment plates 

(Corning) at a density of 100–200 cells/well. The potential for 

spheroid formation was assessed after incubation with the trial 

agents for 14 days without changing the medium.

Antitumor activity of curcumin-loaded 
CSO-SA micelles in vivo
All animal experiments were conducted in accordance 

with the standard protocol approved by the Zhejiang 

Chinese Medicine University Institutional Animal Care 

and Use Committee. Colorectal cancer cells were injected 

subcutaneously into the flank of 5-week-old nude mice. When 

tumor size reached a mean diameter of about 7–9 mm, the 

mice were randomized into three treatment groups (n = 6 

per group), ie, phosphate-buffered solution alone, empty 

vehicle, and curcumin-loaded CSO-SA micelles (curcumin 

content 2 mg/kg). In this study, a native curcumin group 

was not included because curcumin is practically insoluble 

in water and unstable in both phosphate-buffered solution 

and 0.9% saline solution. Each group was treated once a day 

for two successive weeks (for a total of 14 treatments) by 

intravenous injection through the tail vein. The tumor was 

measured with digital calipers and the volume was calculated 

using the formula:

V = a2 × b/2, 

where a is the smallest diameter and b is the largest 
diameter.30

At the end of treatment, the tumors were harvested 

from the mouse xenografts, and tissue samples were used 

for analysis of curcumin biodistribution, whereby tumors 

were sliced into frozen tissue sections 10 mm thick, and 

randomly chosen fields in the section were then examined 

at 200× using a confocal microscope. The samples were 

also used to investigate cancer stem cell surface marker 

expression. Tumor tissues were dissociated mechanically, 

and enzymatic digestion was then performed using 

collagenase-hyaluronidase in RPMI 1640 medium at 37°C 

for 1–2 hours. A single-cell suspension was obtained through 

a 40 µm mesh, and used for flow cytometry.

Statistical analysis
The data were expressed as the mean of three independent 

experiments, and statistical significance was determined 

by one-way analysis of variance. A P value , 0.05 was 

considered to be statistically significant.

Results and discussion
Preparation and characteristics  
of curcumin-loaded CSO-SA micelles
In this work, the synthesized CSO-SA copolymer could 

easily self-assemble to form micelles in aqueous medium. 

The critical micelle concentration was about 0.14 mg/mL, 

which is consistent with our previous results.16 The low 

critical micelle concentration enabled CSO-SA to retain a 

spatial structure with a multihydrophobic core in aqueous 

medium even under highly diluted conditions. The average 

size of the CSO-SA micelles as measured by Zetasizer was 

25.4 nm and the zeta potential was 29.9 mV in pure water 

(Table 1). After curcumin was loaded, the size increased 

to 114.7 nm and the zeta potential decreased to 18.5 mV, 

indicating entrapment of curcumin within the micelle 

network. In addition, the EE of curcumin-loaded CSO-SA 

micelles was about 29.9 wt% with the preparation method 

used in this study.
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The size distribution and spherical morphology of 

CSO-SA and curcumin-loaded CSO-SA micelles was detected 

by dynamic light scattering and TEM, respectively (Figure 1). 

The size of the micelles observed in the TEM images 

corresponded to that shown in Table 1. We have previously 

reported that hydrophobic drugs become partitioned within 

hydrophobic domains and situated inside the core portion of 

the CSO-SA micelles, resulting in increased particle size.19,31 

Accordingly, we speculated that the CSO-SA micelles 

entrapping curcumin had similar properties. It should be 

noted that the size of the polymeric drug carriers played a 

vital role in interaction with the cells and also in toxicity, 

given that the smaller-sized particles enhanced cellular 

interactions and therefore might possess increased intrinsic 

toxicity. In addition, a size less than 200 nm is desirable 

for nanoparticles to increase their accumulation in tumor 

tissue via the fenestrated tumor vasculature, and to reduce 

their recognition and entrapment by the reticular endothelial 

system.32,33 Therefore, we can reasonably assume that the size 

of the curcumin-loaded CSO-SA micelles was small enough 

to have high extravasation efficiency.

To prevent any significant degradation of curcumin as 

a result of the long exposure time at neutral pH, the drug-

release profile of curcumin-loaded CSO-SA micelles was 

Table 1 Characteristics of CSO-SA and curcumin-loaded CSO-SA micelles

Material Size  
(nm)

PI Zeta potential  
(mV)

CMC 
(mg/mL)

EE (%)

CSO-SA  25.4 ± 2.3 0.37 ± 0.01 29.9 ± 2.9 0.14 –
CSO-SA/Cur 114.7 ± 16.9 0.57 ± 0.02 18.5 ± 0.4 – 29.9 ± 2.9

Notes: Size is measured as hydrodynamic diameter. Data are presented as the mean ± standard deviation (n = 3).
Abbreviations: CMC, critical micelle concentration; EE, entrapment efficiency; PI, polydispersity index; Cur, curcumin; CSO-SA, stearic acid-g-chitosan oligosaccharide.
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Figure 1 Characterization of curcumin-loaded CSO-SA micelles. (A) Size distribution of curcumin-loaded CSO-SA micelles. (B) Transmission electron microscopic images 
of curcumin-loaded CSO-SA micelles. (C) Release profile of curcumin from curcumin-loaded CSO-SA micelles in phosphate-buffered solution at 37°C. 
Note: Data are presented as the mean ± standard deviation (n = 3). 
Abbreviations: Cur, curcumin; CSO-SA, stearic acid-g-chitosan oligosaccharide.
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assessed in phosphate-buffered solution (pH 6.0). Over 

48 hours, more than 40% of the total amount of curcumin was 

released from the micelles at 37°C (Figure 1C). The release 

curves show that the drug-release process was stable without 

any explosive release.

Improved solubility and stability  
of curcumin-loaded CSO-SA micelles
Curcumin is poorly soluble in water and subject to rapid hydrolytic 

degradation at physiological pH. To avoid degradation, curcumin 

was loaded into the CSO-SA micelles at pH 5.0. The drug was 

hidden in the hydrophobic groups forming the internal core of 

the micelles and the curcumin-loaded CSO-SA micelles could 

easily disperse from the hydrophilic groups on the outside into 

the aqueous medium with a natural color, while free curcumin 

was poorly soluble leading to precipitation of particles on the 

bottom of the tube (Figure 2A).

To confirm the stability of our formulation, curcumin-

loaded CSO-SA micelles were assessed in phosphate-

buffered solution at neutral pH or in phosphate-buffered 

solution supplemented with 10% fetal bovine serum. We 

found that the encapsulated curcumin was relatively stable 

(80%) at neutral pH (Figure 2B), whereas free curcumin 

underwent rapid degradation in phosphate-buffered solution 

(pH 7.2), with less than 10% of curcumin remaining after 

24 hours, which is consistent with the findings of a previous 

study.7,34 Our results indicate that curcumin-loaded CSO-SA 

micelles could increase the stability of curcumin in phosphate-

buffered solution at neutral pH by protecting the encapsulated 

curcumin against hydrolysis and biotransformation.

Cellular uptake studies
Cellular uptake tests of curcumin-loaded CSO-SA micelles 

were performed by visualizing the intrinsic green fluorescence 

of curcumin using confocal microscopy. Images of the cells 

incubated with encapsulated and free curcumin showed green 

fluorescence under similar conditions (Figure 3). Interestingly, 

more intense and homogeneously dispersed fluorescence 

was apparent in the cytoplasm and nucleus after 4 hours of 

incubation with curcumin-loaded CSO-SA micelles. It was 

observed that uptake of curcumin by cells increased when 

curcumin was encapsulated in CSO-SA micelles. This could 

be a consequence of interaction between cationic CSO-SA 

micelles and the negatively charged cell surface. Further, 

uptake of curcumin-loaded CSO-SA micelles might be via 

endocytosis, whereby free curcumin became internalized into 

tumor cells via a molecular diffusion mechanism.35 Loading 

of curcumin into CSO-SA micelles could provide an efficient 

route for transporting the drug across the cell membrane, 

especially for drug-resistant tumor cells. These observations 

indicate that the CSO-SA micelles designed in this study could 

act as an effective intracellular drug delivery system.

In vitro antitumor activity
The cytotoxicity of free curcumin, the empty vector, and 

the curcumin-loaded CSO-SA micelles was investigated by 

MTS assay using colorectal cancer cells. The free curcumin 

was dissolved in dimethylsulfoxide, and the final concentra-

tion of dimethylsulfoxide was less than 0.1% in cell culture. 

This concentration of dimethylsulfoxide had little effect 

on cell growth. The dose-response curves showed that the 
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Figure 2 Solubility and stability of CSO-SA/Cur micelles. (A) Free curcumin is poorly soluble in aqueous medium in tube (a). In contrast, CSO-SA/Cur micelles are 
completely dispersed in aqueous medium in tube (b). (B) Stability test of curcumin in PBS (pH 7.2) and PBS containing 10% FBS. 
Note: Data are presented as the mean ± standard deviation (n = 3). 
Abbreviations: Cur, curcumin; CSO-SA, stearic acid-g-chitosan oligosaccharide; FBS, fetal bovine serum; PBS, phosphate-buffered solution.
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cytotoxicity of curcumin-loaded CSO-SA micelles was about 

6-fold higher than that of a solution containing an equivalent 

concentration of free curcumin (Figure 4A).

However, blank CSO-SA micelles showed only slight 

cytotoxicity in cancer cells after 48 hours of incubation at 

concentrations up to 240 µg/mL (equivalent to drug-loaded 

CSO-SA micelles containing 8 µg/mL curcumin, Figure 4B). 

This indicates that the CSO-SA micelles have low toxicity 

and are safe as drug carriers. In contrast, cell viability 

decreased by over 50% on exposure to curcumin-loaded 

CSO-SA micelles containing 6-fold lower concentrations 

of free curcumin. Considering that micelles increased the 

stability of curcumin in solution and promoted uptake by cells 

in this colorectal cancer model, the greater cytotoxicity of the 

curcumin-loaded CSO-SA micelles in comparison with that 

of free curcumin is understandable. Overall, these findings 

provide evidence that CSO-SA micelles can improve the 

anticancer activity of curcumin.

Cancer stem cell surface marker 
expression
There is recent evidence suggesting that cancer stem cells drive 

tumor growth and recurrence.36 Although there are several 

putative markers for cancer stem cells, coexpression of the 

CD44+/24+ surface marker in colorectal cancer cells suggests 

stemness with enhanced spheroid-forming ability in vitro 

and increased tumorigenicity in vivo.37,38 In order to evaluate 

whether curcumin-loaded CSO-SA micelles can inhibit cancer 

stem cells, we examined the expression of colorectal cancer 

stem cell surface markers after treatment with free curcumin 

(0.25 µg/mL), curcumin-loaded CSO-SA micelles (curcumin 

content 0.25 µg/mL), and oxaliplatin (1 µg/mL) for 7 days. 

We observed that the proportion of CD44+/CD24+ cells 

significantly decreased after exposure to curcumin-loaded 

CSO-SA micelles compared with the untreated and oxaliplatin 

groups (P , 0.05, Figure 5). These findings are consistent with 

those of previous studies showing that curcumin can eliminate 

colorectal cancer stem cells.39,40 Moreover, there is evidence 

showing that failure of conventional chemotherapy, such as 

oxaliplatin, is closely related to enrichment of cancer stem 

cells, which are more resistant to anticancer drugs than are bulk 

cancer cells, and that cancer stem cells drive chemoresistance.41 

Our results suggest that curcumin-loaded CSO-SA micelles are 

very suitable for overcoming these problems in vitro.

1 hour

Cur CSO-SA/Cur

4 hours

Figure 3 Scanning confocal images of curcumin after incubation of colorectal cancer 
cells with curcumin or curcumin-loaded CSO-SA micelles for one hour and 4 hours, 
respectively. 
Abbreviations: Cur, curcumin; CSO-SA, stearic acid-g-chitosan oligosaccharide.
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Abbreviations: Cur, curcumin; CSO-SA, stearic acid-g-chitosan oligosaccharide.
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Figure 5 Characterization of cell surface marker expression in primary colorectal cancer cells. (A) ratio of CD44+/CD24+ cell subpopulation in total cancer cells. Data are 
presented as the mean ± standard deviation (*P , 0.05, all others versus untreated group). (B) Representative flow cytometry plots for the experiments. 
Note: Q2 covers the region of the CD44 and CD24 double-positive cells (isotype control profiles on all channels). 
Abbreviations: Cur, curcumin; CSO-SA, stearic acid-g-chitosan oligosaccharide.

Spheroid formation
To evaluate whether curcumin-loaded CSO-SA micelles 

could influence formation of spheroids, colorectal cancer 

cells were incubated with curcumin (0.25 µg/mL), curcumin-

loaded CSO-SA micelles (curcumin content 0.25 µg/mL), 

CSO-SA micelles, or phosphate-buffered solution alone for 

14 days under spheroid-forming conditions. The curcumin-

loaded CSO-SA micelles were added at a concentration of 

0.25 µg/mL based on dose-response experiments (data not 

shown). The results show that curcumin-loaded CSO-SA 

micelles could decrease spheroid formation compared with 

colorectal cancer cells that were untreated or exposed to 

empty drug carriers (Figure 6). It was worth noting that the 

concentration of curcumin-loaded CSO-SA micelles capable 

of suppressing spheroid formation was 6-fold lower than 

that required for antiproliferative effects in the MTS assay. 

The data indicate that curcumin-loaded CSO-SA micelles 

could greatly decrease the potential for spheroid formation 

in colorectal cancer cells.

In vivo antitumor activity
The antitumor efficacy of curcumin-loaded CSO-SA micelles 

was assessed in an orthotopic colorectal tumor-bearing 

nude mouse model. In our study, we determined that a well 

tolerated dose of curcumin-loaded CSO-SA micelles was 

2 mg/kg. We did not include a free curcumin group because 

of its insolubility in water and instability in phosphate-

buffered solution. After intravenous injection for 14 days, 

curcumin-loaded CSO-SA micelles only marginally inhibited 

colorectal tumor growth (P , 0.05, Figure 7A). In contrast, 
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the empty vehicle had no effect. Moreover, the absence of 

any obvious reduction in body weight in any of the treatment 

groups suggested that the doses chosen were within the safe 

range (Figure 7B). These observations were corroborated by 

our in vitro cytotoxicity results.

It is well known that curcumin administered orally 

has poor distribution in tumors due to high first-pass 

metabolism.42 Therefore, we identified the distribution of 

curcumin-loaded CSO-SA micelles in xenograft tumor 

tissues by confocal microscopy at the end of the treatment 

period. The results demonstrated that curcumin-loaded 

CSO-SA micelles achieved a high level of accumulation 

in tumor tissue (Figure 7C). We speculate that curcumin-

loaded CSO-SA micelles might increase the bioavailability 

of curcumin, improve its accumulation at the tumor target 

site via fenestrated tumor vasculature, and maintain effective 

therapeutic concentrations for a relatively long time.

We further examined the effects of each experimental 

treatment on the CD44+/CD24+ cell subpopulation in tumor 

tissue, and found that curcumin-loaded CSO-SA micelles 

decreased this subpopulation of cells significantly compared 

with the phosphate-buffered solution and empty vehicle 

groups (P , 0.05, Figure 8). Importantly, we have previously 

observed that tumor growth can be delayed in patients 

while receiving chemotherapy, but is often accelerated after 

cessation of treatment. This is consistent with the hypothesis 

that cancer stem cells are more resistant to drug treatment 

than are other cancer cells, leading to rapid tumor regrowth. 

Our previous results have confirmed this theory, showing 

Untreated CSO-SA

Cur CSO-SA/Cur

Figure 6 Effect of curcumin-loaded CSO-SA micelles on growth of primary 
colorectal cancer cells and formation of spheroids. 
Note: The size of the spheroids was visualized by microscopy after the cancer cells 
were exposed to the experimental treatments for 14 days. 
Abbreviations: Cur, curcumin; CSO-SA, stearic acid-g-chitosan oligosaccharide.

T
u

m
o

r 
vo

lu
m

e 
(m

m
3 )

B
o

d
y 

w
ei

g
h

t 
(g

)

1000

A

B C

800

600

400

200

0
0 5 10 15

Days

Days

PBS
CSO-SA
CSO-SA/Cur

PBS

PBS

CSO-SA

CSO-SA

CSO-SA/Cur

CSO-SA/Cur
PBS
CSO-SA

CSO-SA/Cur25

20

15

10
0 5 10 15

Merge

Light

Fluorescence

Figure 7 In vivo antitumor activity of curcumin-loaded CSO-SA micelles after intravenous injection via the tail vein in tumor-bearing nude mice. (A) Mice tumor volume 
changes during the experiment. (B) Changes in mouse body weight during the experiment. (C) Scanning confocal images of curcumin-loaded CSO-SA micelles at 48 hours 
after the last treatment in xenograft tumor tissues. 
Note: Curcumin shows intrinsic green fluorescence. 
Abbreviations: Cur, curcumin; CSO-SA, stearic acid-g-chitosan oligosaccharide; PBS, phosphate-buffered solution.
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Figure 8 CD44+/CD24+ cell subpopulation in xenograft tumors. (A) ratio of CD44+/CD24+ cell subpopulation in tumors. The data are presented as the mean ± standard 
deviation of four tumors per group. *P , 0.05. (B) Representative flow cytometry plots for the experiments. 
Note: Q2 covers the region of the CD44 and CD24 double-positive cells (isotype control profiles on all channels). 
Abbreviations: Cur, curcumin; CSO-SA, stearic acid-g-chitosan oligosaccharide; PBS, phosphate-buffered solution.

that colorectal cancer stem cells are more resistant than bulk 

cancer cells to oxaliplatin, and are even enriched after drug 

administration in xenograft tumors.16 This suggests that one 

highly desirable strategy to address this concern would be to 

identify agents that eliminate all types of cancer cells within 

tumors, including cancer stem cells.43 In our study, we found 

that treatment with curcumin-loaded CSO-SA micelles 

not only reduced tumor size, but also inhibited the CD44+/

CD24+ cell population. This suggests that curcumin-loaded 

CSO-SA micelles could eliminate cancer stem cells as well 

as bulk cancer cells, providing significant advantages in 

cancer therapy.

Conclusion
Curcumin-loaded CSO-SA micelles were prepared 

successfully in this study. The synthesized curcumin-loaded 

CSO-SA copolymer could self-assemble to form nanosized 

micelles in aqueous medium with excellent internalization 

ability. The results clearly demonstrate that curcumin-loaded 

CSO-SA micelles can increase antitumor efficacy and 

eliminate colorectal cancer stem cells in vitro. Moreover, 

intravenous administration of curcumin-loaded CSO–SA 

micelles marginally suppressed tumor growth and inhibited 

cancer stem cell enrichment. The enhanced therapeutic 

efficacy of curcumin-loaded CSO-SA micelles might be 

attributable to the increased stability of curcumin in solution, 

and an improved drug carrier for transportation to cancer cells 

and subsequent cell death. Overall, our study suggests that 

curcumin-loaded CSO-SA micelles are highly beneficial in 

the treatment of cancer.
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