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Abstract Chitosan (CS) has been widely studied as polycation to form the polyion
complex (PIC) micelles, which have emerged as promising delivery systems for
sustained release of hydrophilic drugs. However, poor solubility in aqueous solutions
limits the application of CS. In this study, trimethyl chitosan (TMC), the partially
quaternized derivative of CS, was synthesized and investigated the PIC formation
coupled with poly(acrylic acid) (PAA) at different cationic: anionic ratios (named as
TMC/PAAmicelles). The encapsulation of hydrophilic anticancer drug, doxorubicin
(DOX), release profile, and cytotoxicity against murine colon cancer cells were also
evaluated. The results showed that the sustained release of DOX from TMC/PAA
micelles was confirmed. We found that the release of DOX from TMC/PAAmicelles
in acidic pH buffer (pH 5.5) was significantly higher than in physiological pH (7.4).
Finally, the anticancer activity of DOX-loaded TMC/PAA micelles was remarkably
higher than that of DOX. The results in this study suggest the potential application
of TMC/PAA micelles as controlled drug delivery for cancer therapy.
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1 Introduction

Chitosan (CS), a deacetylated derivative of chitin, is a copolymer composed of β-
(1,4)-2-acetamido-D-glucose monomer and β-(1,4)-2-amino-D-glucose monomer.
CS has attracted great attention in biomedical applications, including the develop-
ment of a safe drugdelivery tool since it exhibits highbiocompatibility andbiodegrad-
ability [1, 2]. However, thewell-known limitation of CS is the poor water solubility at
neutral and alkaline conditions, and it basically is soluble in only organic acids such
as acetic acid [3]. Numerous studies have reported that the modification of chitosan
to form new derivatives alters the physical, chemical, and biological properties of
original CS. For example, N,N,N-trimethyl chitosan chloride (TMC), which is the
partially quaternized derivative of CS, is highly soluble at neutral pH and improves
biological activity and physicochemical stability of CS due to the high charge density
[4, 5]. Since TMC possesses a highly positive recharge of quaternary amine groups,
TMC achieves considerable attention as a drug and gene carrier. For example, TMC
is used as polycation coupled with another polyanion to prepare the polyion complex
(PIC) micelles improving stability and delivering the therapeutic agents including
chemotherapy, protein, or nucleic acids [6, 7].

Doxorubicin (DOX) is well-known as an anticancer chemotherapy used in the
treatment of a large variety of cancers. The anticancer mechanism of DOX is to
interact with DNA to inhibit the DNA replication via the disruption of the topoiso-
merase II binding to DNA molecules during DNA synthesis. Besides, DOX releases
free radicals that lead to damage to cellular membranes, DNA, and induces intracel-
lular oxidative stress. However, since DOX is a low-molecular-weight agent, DOX
distributes non-specially in the target tissues. Therefore, frequent administration of
DOX causes multiple side effects consisting of myelotoxicity and haematological
toxicity [8, 9], which limits its use in clinical practice.

In this study, TMCwas synthesized, and a water-soluble PIC (named TMC/PAAc
micelle) was prepared via the electrostatic interactions between TMC and
poly(acrylic acid) (PAAc) to deliver DOX for the anticancer application. The DOX
release profile from DOX-loaded TMC/PAAc micelle with different ratio of cation:
anion polymer at varying physiological pH environments (pH 5.5 and pH 7.4) was
investigated. In addition, the antitumor activity of DOX-loaded TMC/PAAc micelle
was also evaluated.

2 Materials and Methods

2.1 Synthesis of TMC

Chitosan (80% deacetylation), iodomethane (CH3I), sodium iodide (NaI),N-methyl-
2-pyrrolidone (NMP), isopropanol (IPA), and acetic acid were purchased fromWako
Pure Chemical Industries, Ltd., Japan. The TMCwas synthesized via themethylation
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Fig. 1 Schemes of N-trimethyl chitosan (TMC)

of CS by using CH3I (Fig. 1), as previously described with slight modification [10,
11]. Briefly, 5 g of was dissolved in 120 mL of NMP in an oil bath at 40 °C overnight
with stirring. After, 4.8 g of NaI and 11 mL NaOH 15% was added to the reaction
for 24 h at 60 °C. The TMC was collected by cold IPA reprecipitation following
by dissolving in water and lyophilizing. The product was dissolved in D2O, and the
chemical structure was confirmed by 1H NMR (JEOL ECS-400, JEOL Ltd., Tokyo,
Japan).

2.2 Preparation of TMC/PAAc Micelle and DOX-Loaded
TMC/PAAc Micelle

TMC/PAAc micelles were formed by ionic interactions between the positively
charged TMC backbone and negatively charged PAAc (Fig. 2). The TMC/PAAc
micelle formation were investigated by dissolving PAAc and TMC solution
(10 mg/mL) in different ratio of cation and anion polymer (0.25, 0.5, 1, 2, 4 and
10). The average particle size, the size distribution of TMC/PAAc micelle was deter-
mined by dynamic lighting scattering (DLS, Malvern Zetasizer, UK) measurements.

Poly(acrylic acid) 
(PAAc)

TMC/PAA micelle

O

OH

NHO

O

Cl
n

Trimethyl Chitosan 
(TMC) 

Fig. 2 Preparation and structure of TMC-PAAc micelles



296 Q.-N. Nguyen-Trinh et al.

During the TMC/PAAc nanoparticles forming, DOX (Wako Pure Chemical Indus-
tries, Ltd., Japan) at a concentration of 1 mg/mL was slowly added to the micelle
solution, followed by stirring to obtain the DOX-loaded TMC/PAAc micelles.

2.3 DOX Release Profile

The in vitro release of DOX from the DOX-loaded TMC/PAAc nanoparticles was
investigated by a dialysis method using the membrane tube (Spectrum, molecular
weight cut-off 3.5 kDa). In brief, the DOX-loaded TMC/PAAc micelles were added
in the membrane tube and dialyzed against a PBS solution at pH 5.5 and 7.4. At
predetermined time intervals, the amount of released DOX was measured with a
UV–vis spectrophotometer at a wavelength of 490 nm.

2.4 Anticancer Activity In Vitro

The anticancer effect of nanoparticles on the murine colon cancer cell C-26 (RIKEN,
Japan) was investigated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphehyltetrazolium
bromide (MTT) assay (Roche Diagnostics, Tokyo, Japan), as previously reported
[12]. Briefly, C-26 cells were added in 96-well plates with a density of 1 × 104

cells/well. After 24 h incubation for cell attachment, C-26 cells were treated with
DOX-loaded TMC/PAAc micelle or free DOX with different concentrations (0.5,
1, 5, 10 μg/mL) and blank TMC/PAAc micelle (5, 10, 50, 100 μg/mL) for 24 h.
Then, treatment solutions were removed, and MTT (0.2 mg/mL) was added to each
well for 4 h. Subsequently, MTT crystals were solubilized with solubilization buffer
or dimethyl sulfoxide in each well. Thereafter, cell viability was measured using a
microplate reader at a wavelength of 540 nm.

Percent cell viability curves using the following formula:

Cell viability (%) = mean treatment absorbance−mean blank absorbance

mean control absorbance−mean blank absorbance
× 100%

3 Results and Discussion

The synthesis of TMC was based on the methylation of CS with CH3I in a strong
base solution. After the reaction, the obtained polymer was analyzed using 1H NMR
measurement, as shown in Fig. 3. The degree of quaternization (DQ) of TMC was
about 24% as compared to the 1H NMR spectrum of CS, and the obtained polymer
was highly soluble in water, suggesting the successful synthesis of TMC from CS.
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Fig. 3 The 1H NMR spectrum of chitosan (CS) and trimethyl chitosan (TMC)

The obtained TMC was further used for the preparation of PIC by coupling with
polyanion PAAc at different ratios of TMC and PAAc. As shown in Fig. 4, the size of
micelles was increased from about 68 nm to 170 nmwith the increase in TMC:PAAc
ratio. The data suggests that changing different amount of polymer, different sizes of
the micelle can be obtained, those sizes of TMC/PAAc micelle provide the potential
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Fig. 4 The size distribution of TMC/PAAc micelle with a different ratio of TMC and PAAc. Data
were expressed as mean ± SD with n = 3
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for accumulation at tumor sites via the enhanced permeability and retention effect
[13, 14]. It should be noted that the polydispersity index of all formulations was
lower than 0.2, suggesting the narrow size distribution, which is suitable for in vivo
study [15].

Next, the release of DOX-loaded TMC/PAAc micelle in vitro was investigated
through a dialysis method. As shown in Fig. 5a, the release of DOX was depended
on the ratio of TMC and PAAc forming micelles. The micelle with TMC:PAAc
ratio of 1:1 exhibited significantly slower release of DOX as compared to micelles
with TMC:PAAc ratio of 4:1 and 10:1. This data suggests that cation:anion of 1:1 is
the suitable ratio to form the stable micelle since the neutralization of the charged
polymers generates the hydrophobic segments to stabilize the core–shell structure
of PIC micelle [16, 17]. Over 80% of free DOX molecule released within 2 h while
only less than 50% of DOX released from the DOX-loaded TMC/PAAc micelle,
suggesting the sustained release of TMC/PAAc micelle system. Interestingly, we
also obtained a pH-responsive release profile of DOX at pH 5.5 as compared to
pH 7.4 (Fig. 5b). The release of DOX from DOX-loaded TMC/PAAc micelle was
significantly higher at pH7.4 as compared to pH5.5.At the acidic pH, the electrostatic
interaction between TMC and PAAc may be stronger due to the highly protonated
quaternary amine of TMC leading to the higher stability of micelles, resulting in
the lower release of DOX at acidic conditions. This nano-carrier can be considered
to apply for oral drug delivery to suppress the release of drug in the gastric acid
environment.

Finally, we investigated the anticancer potential of DOX-loaded TMC/PAAc
micelle using a murine colon cancer cell line (C-26). In cytotoxicity assay, treating
C-26 cells with blank TMC/PAAc micelle was over 95% cell viability for 24 h at all
tested concentrations (Fig. 6), suggesting low toxicity of this nano-carrier. Compared
with free DOX, the DOX-loaded TMC/PAAc micelle exhibited significantly higher
cytotoxicity on C-26 colon carcinoma cells at a range of concentration from 0.5 to

Fig. 5 The release profile of DOX from DOX-loaded TMC/PAAc micelles in difference rations
of polycation and polyanion (a) and difference pH values (b). Data were expressed as mean ± SD
with n = 3 and **p < 0.01
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Fig. 6 The anticancer activity of DOX-loaded TMC-PAA micelle and free DOX against colon
cancer C-26 cell by MTT assay. a Quantitative cell viability (%) was evaluated by comparing cells
treated with samples with control. Data was expressed as mean ± SD with n = 3 and *p < 0.05,
**p < 0.01. b Phase contrast images of C-26 cells at 24 h after treated with samples

1μg/mL, indicating a high potential of DOX@TMC/PAAc micelle in the anticancer
treatment. When higher DOX concentrations were used (5 and 10 μg/mL), the cell
viability in DOX and DOX-loaded TMC/PAAc was not different due to high anti-
cancer activity of DOX. This result suggested that a suitable dose of DOX should be
considered to apply in vitro and in vivo to minimize the toxicity of DOX.

4 Conclusion

In this study, the water-soluble TMC was successfully synthesized by methylation
of the amino groups in the water-insoluble CS. The PIC micelle with different
sizes could be prepared by changing the ratio of positively recharged TMC and
negatively recharge PAAc. The release of DOX was dependent on the charged
ratio of TMC/PAAc micelles, and the pH-responsive release DOX from DOX-
loaded TMC/PAAc micelle was obtained. The anticancer activity of DOX-loaded
TMC/PAAcwas significantly higher than that of freeDOXtreatment in a colon cancer
cell. Further investigations, including cellular uptake, toxicity, or side effects, and
the anticancer efficacy in the in vivo animal model should be investigated to clearly
evaluate the potential of DOX-loaded TMC-PAAc micelle in the cancer therapy.
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