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a  b  s  t  r  a  c  t

An  amphiphilic  carboxymethyl  chitosan  with  ricinoleic  acid  (R-CM-chitosan)  was  synthesized,  and  was
used as  a carrier  for the botanical  pesticide  azadirachtin  (Aza),  which  formed  a Aza/R-CM-chitosan  water
dispersion  on  the  nanoscale  level.  The  shape,  zeta  potential,  loading  efficiency  and  outdoor  stability  of
the Aza/R-CM-chitosan  nanoparticle  were  characterized.  The  relationship  between  the  nanoparticle’s
performance  and  the constituents’  concentrations  in  a water-dispersion  was  discussed.  The  results  indi-
eywords:
hitosan derivative
zadirachtin
anocarrier

cated  that  the  nanoparticle’s  size,  polydispersity  index  and  zeta  potential  were  all  influenced  by  the
concentration  ratio  of  the  carrier  to  the  drug,  especially  for ratios  between  5  and  15.  The  Aza/R-CM-
chitosan  nanoparticle  had  a  small  (200–500  nm)  and  polydisperse  particle  size,  with  a  negative  charge
on  the  particle  surface.  R-CM-chitosan  efficiently  restrained  Aza degradation  in  a natural  environment,  as
the  loading  efficiency  reached  up  to  56%.  Furthermore,  Aza/R-CM-chitosan  provided  a  better  controlled

ared  t
release  of the  drug  comp

. Introduction

Water dispersed pesticide formulations are considered envi-
onmentally friendly, and most lipid-soluble compounds can be
olubilized into water depending on the use of various surfactants.
n many respects, polymer surfactants are considered superior,
articularly when compared to small molecule surfactants. Poly-
er  surfactants with hydrophobic groups on the polymer chain

ave much better loading capacity of lipophilic compounds, such
s some pesticides, which can improve the stability of the water
ispersion and allow a controlled release of pesticides. As such,
iodegradable polymer surfactants could provide improved envi-
onmental protection. Chitosan is the only biodegradable cationic
olysaccharide, having the correct pharmacological activity and
rowth regulation for crops (Muzzarelli et al., 2011). Chitosan
erivatives were developed to improve chitosan’s poor solubil-

ty in neutral water (pH = 7). For example, when modified with
 hydrophobic group, chitosan could be a good self-aggregating
arrier for lipid-soluble drugs (Shen & Song, 2009). However, lipid-
oluble pesticides were conventionally dispersed in a highly toxic
olvent and additives to produce formulation such as an emul-
ion, an emulsifiable concentrate and a suspension concentrate.

he pesticide’s particle size in such formulations was  usually much
arger (around 2 �m)  than those found in the nanoscale range. Fur-
hermore, a nanopesticide provided improved bioavailability of the

∗ Corresponding author. Tel.: +86 20 84519177; fax: +86 20 38212207.
E-mail addresses: bandi-01@163.com, tfengbh@163.com (L.-F. Peng).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2012.01.002
o  the  control  groups.
© 2012 Elsevier Ltd. All rights reserved.

pesticide, due the combined attributes of a large surface area and
small particle size (Shenoy & Sukhorukov, 2004). Liu, Tong, and
Prud’homme (2008) prepared a water-dispersed crystalline grain
of pesticide in nanoscale, and Guan, Chi, Yu, and Li (2008) coated
a nanoscale pesticide grain with synthesized polymers, which pre-
served the pesticide for a controlled release.

The scope of this paper is to demonstrate the usefulness of the
modified chitosan, a novel water-soluble derivative of chitosan and
ricinoleic anhydride, in formulating aqueous dispersions together
with the botanical lipid-soluble pesticide azadirachtin (Aza). Car-
boxymethyl chitosan with ricinoleic acid (R-CM-chitosan) was
synthesized. The reaction conditions were investigated and the
reaction products were characterized. Aza was then loaded onto
R-CM-chitosan to form a Aza/R-CM-chitosan water dispersion,
wherein the Aza degradation could be evaluated in a natural envi-
ronment, and compared with the small molecule carrier R-Na
(sodium ricinoleate). The Aza/R-CM-chitosan particles size, poly-
dispersity index (PDI), zeta potential, morphological structure,
components concentration relations and loading efficiency (LE)
would be shown. The approaches used to control the performance
of Aza/R-CM-chitosan water dispersion were also discussed in
detail.

2. Experimental
2.1. Materials and instrument

6-O-carboxymethyl chitosan (6-O-CM-chitosan) whose degree
of carboxymethylation was 0.64, ricinoleic anhydride (R) and

dx.doi.org/10.1016/j.carbpol.2012.01.002
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:bandi-01@163.com
mailto:tfengbh@163.com
dx.doi.org/10.1016/j.carbpol.2012.01.002
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Table 1
Analysis on orthogonal test for R-CM-chitosan.

Test number Factors DS

CM-chitosan A/N Pyridine Temperature

1 1 1 1 1 0.0414
2  1 2 2 2 0.0398
3  1 3 3 3 0.0450
4 2 1 2 3  0.1163
5 2  2 3 1 0.1297
6  2 3 1 2 0.1418
7  3 1 3 2 0.1464
8  3 2 1 3 0.1207
9  3 3 2 1 0.2526

Mean I 0.042 0.101 0.101 0.141
Mean II 0.129 0.097 0.136 0.109
B.-H. Feng, L.-F. Peng / Carboh

odium ricinoleate (R-Na) were prepared by the polymers labo-
atory of the department of materials science and engineering at
inan University (Guangzhou, China). An azadirachtin standard was
urchased from Sigma (USA), and azadirachtin was obtained from
he Jiaxing chemistry factory (98% pure, Fengshun of Guangdong,
hina). All other reagents were analytical grade and were used
irectly without further purification. All solvents and water were
edistilled freshly.

.2. Synthesis of carboxymethyl chitosan with ricinoleic acid
R-CM-chitosan)

The CM-chitosan degree of substitution (DS) was  determined
y potentiometric titration (Ge & Luo, 2005), and the structure of
he CM-chitosan was characterized by Fourier transform infrared
pectroscopy (FTIR, Equinox55, Bruk, Germany). CM-chitosan sam-
les were dispersed in pyridine into which NaI had been previously
issolved. The R was then added dropwise to the mixture with mag-
etic stirring and then allowed to react at temperatures between
0 ◦C and 100 ◦C for 6 h (Scheme 1).

The molar ratios of R to the primary amino of the CM-chitosan,
or the reactions, were 1:1, 3:1 and 5:1. The reaction products were
insed in ethanol and acetone 5 times and dried at 60 ◦C under
acuum for 48 h. FTIR was used to determine structure of reaction
roducts. The DSs of R were calculated after carbon and nitrogen
lemental analysis (EA2400II, Perkin-Elmer, USA). The molecular
eight of R-CM-chitosan samples with higher DS were measured

y ubbelohde viscometer, which samples were dissolved in 0.1 M
aAc aqueous solution under 30 ◦C (Nishimura, Nishi, & Tokura,
986).

.3. Preparation of Aza/R-CM-chitosan water dispersion

The samples of R-CM-chitosan were dissolved in deionized
ater (pH = 6.8) to obtain the carrier solution (10 mg/ml). The Aza

olution was then blended with the carrier solutions of given con-
entrations to form Aza/R-CM-chitosan water dispersions under
00 rpm stirring by magnetic stirring apparatus (85-2, Xingchen
nstruments, China) at room temperature for 30 min, where the
za concentrations ranged from 0.20 to 0.20 mg/ml separately.

.4. Characterization of Aza/R-CM-chitosan water dispersion

The solubility of R-CM-chitosan in aqueous was observed under
ariant pH values, which were adjusted by dissolving 0.2 g R-CM-
hitosan in HCl (20 ml,  0.1 M)  with NaOH (0.1 M)  titration. And the
H values were then measured and recorded by pH meter (PHS-3C,
heng Ci Instruments, Shanghai, China).

The samples of R-CM-chitosan and R-Na were diluted by deion-
zed water (pH = 6.8), concentrations ranging from 0.1 to 10 mg/ml.
hen intensities of light scattering of the samples solutions were
easured by dynamic light scattering (DLS, BI-200SM, Brookhaven,
SA) to study self-aggregation behavior of R-CM-chitosan con-

ugates. And the contact angles of R-CM-chitosan samples were
easured by contact angle meter (CAM-PLUS, ANTEC, Germany).

he surface tensions of Aza/R-CM-chitosan water dispersion sam-
les were determined by surface tension meter (BZY-1, Heng Ping

nstruments, Shanghai, China).
Ultracentrifugation of Aza/R-CM-chitosan was implemented by

upercentrifuge (3K30, Sartorius-Sigma Laboratory Centrifuges,
ermany) for 30 min  (25,000 rpm, 4 ◦C), and the precipitate was
ollected for freeze-drying by freeze drier (FD1.0-60E, Heto,

enmark). The attenuated total reflectance (ATR) FTIR spectra of

he Aza/R-CM-chitosan particles, the R-CM-chitosan and the Aza
amples were then measured. The particle size, PDI and zeta poten-
ial were investigated with Zeta PALS (Brookhaven, USA). The
Mean III 0.173 0.146 0.107 0.094
Range 0.131 0.049 0.035 0.047

particle morphological structure was demonstrated by scanning
electronic microscope (SEM, XL-30E, Philips, the Netherlands) after
dropping and drying the solutions onto base chips.

The unloaded drug concentration in the supernatant of the
Aza/R-CM-chitosan solution (1.5 ml)  and LE was  measured and cal-
culated by the high performance liquid chromatography (HPLC,
1100, Agilent, USA). The chromatographic column used was
a 250 mm × 4.0 mm,  C18 reversed-phase column. The column
temperature was 30 ◦C, and the mobile phase volume ratio acetoni-
trile:water = 7:3, with a flow velocity of 1.0 ml/min, a wavelength of
218 nm and a sampling volume 15 �L (Wu,  Su, Zhang, & Lin, 2005).

2.5. Outdoor measurement of stability

Aza/R-CM-chitosan water dispersion was  first prepared by Aza
(0.10 mg/ml) and R-CM-chitosan (0.50 mg/ml). The control groups
were prepared using the small molecule surfactant, R-Na and a
water/acetone solution. The control groups were prepared with
the same Aza concentration. Nylon sheets (size 20 cm × 20 cm per
sheet) were either immersed in the water dispersion or the con-
trol groups. All sheets were dried outdoors in the sun for 11 days.
The prepared nylon sheets were then immersed in methanol to
leach the remaining Aza. The residual concentrations of Aza were
measured by HPLC as described by Wu  et al. (2005).

3. Results and discussion

3.1. Effects of reaction conditions on the degree of substitution
(DS)

According to the principle reaction between anhydride and
amide, a reaction mechanism was followed as shown in Scheme 1,
where pyridine and NaI were used to prevent a hydrolysis reaction
on the CM-chitosan molecule. The molecular weight of CM-
chitosan, the molar ratios of R to primary amino (A/N), the reaction
temperature and the amount of pyridine were all considered as fac-
tors for the reaction. Thus, an orthogonal test was  carried out with
3 levels and 4 factors. The DSs of R in R-CM-chitosan molecules
indicated that the molecular weight of CM-chitosan significantly
influenced the R reaction with CM-chitosan according to the range
in Table 1 and variance analysis in Table 2. Therefore, the pre-
ferred conditions for the reaction system tending to a higher DS
of R (0.2526) were that low CM-chitosan viscosity-average molar
mass (5.78 × 103), high A/N (5:1), mild reaction temperature (40 ◦C)

and amount of pyridine less than 10% (v/v). And the molecular
weight of the R-CM-chitosan samples with the higher DS (0.2526)
was  9.60 × 103. Pyridine is often used to improve polymer solubil-
ity and maintain a homogeneous reaction system (Yi, Yang, Ying,
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Scheme 1. Synthesis o

Table 2
Variance analysis on R-CM-chitosan.

Factors ST f F F critical value
(˛ = 0.05)

Molecular weight 0.027 2 10.80a 6.940
A/N  0.005 2 2.00 6.940
Pyridine 0.002 2 0.80 6.940
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Temperature 0.003 2 1.20 6.940

a Significant factors.

hen, & Wang, 2006). Pyridine could also form N-acyl pyridinium
alt with an anhydride, which would favor the acylation reaction.
owever, the pyridine concentrations reached a maximum during

he reaction (Table 1), but by adding excessive pyridine the reaction
roceeded and the reactants’ concentrations decreased.

.2. FTIR spectroscopy on R-CM-chitosan and Aza/R-CM-chitosan

FTIR spectra of CM-chitosan and R-CM-chitosan (Fig. 1a and b)
howed O H and N H stretching vibration bands near 3427 cm−1

Fig. 1b). This indicated that a substitution occurred at the OH and
NH groups. Due to the substitution reaction occurring at the NH2
roups, the adsorption band of NH2 moved from 1597 cm−1 to
560 cm−1. The band at 1735 cm−1 represents an amide carbonyl
ade by the reaction. The characteristic absorption band of the

 C bond appeared at 3018 cm−1, and C H stretching vibration
ands were identified at 2920 cm−1 and 2852 cm−1, which were

trong and sharply defined. A long carbon chain R was introduced
nto the CM-chitosan molecule successfully as confirmed by a band
ppeared around 720 cm−1 on the FTIR spectrum, which was iden-
ified as a (CH2)n group adsorption band (n > 4) of the R.

ig. 1. FTIR spectra of (a) CM-chitosan, (b) R-CM-chitosan, (c) Aza/R-CM-chitosan
nd  (d) Aza.
f R-CM-chitosan.

The FTIR spectra of Aza/R-CM-chitosan particle and Aza are
shown in Fig. 1c and d, respectively. In the Aza/R-CM-chitosan
spectrogram (Fig. 1c), the same main adsorption bands that were
present in Fig. 1b remained, however, the intensity of the bands
had weaken relatively. The band at 1731 cm−1 clearly demon-
strated that there was a carbonyl group (C O) associated with a
Aza molecule. The changes detailed above indicated that Aza was
efficiently loaded by carrier R-CM-chitosan.

3.3. Nanoparticles morphological structure

SEM photos of Aza/R-CM-chitosan particles are shown in Fig. 2.
These were smooth, spherical particles of sizes primarily less than
500 nm,  and they were well dispersed. Hydrophilic carboxymethyl
trended toward the water phase while the hydrophobic R chain
trended toward the oil phase to reduce surface tension, which
formed shells of particles. Aza must have been effectively loaded
into the carrier because the crystalline form of Aza was not readily
observed.

SEM photos of Aza/R-CM-chitosan particles with a porous struc-
ture were also obtained (Fig. 2c), by drying the solution under
60 ◦C before SEM observation instead of drying at room temper-
ature (Fig. 2a and b). The detail in Fig. 2c clearly demonstrates
the core–shell structure of Aza/R-CM-chitosan particles. A model
graph according to the self-consistent mean field theory (SCMFT)
can be drawn as shown in Fig. 2d (He & Schmid, 2008), where green
and gray, respectively represent hydrophobic and hydrophilic seg-
ments. It showed that the amphiphilic polymer could form a similar
porous cage-shaped particle. It was  inferred that the higher drying
temperature would accelerate solvent evaporation, thus the shape
of Aza/R-CM-chitosan particles in water dispersion was maintained
after drying.

3.4. Solubility and self-aggregation behavior of R-CM-chitosan

The solubility of R-CM-chitosan in aqueous solution was  pH-
dependent. The R-CM-chitosan samples were easily dissolved in
water at pH 2.4–8.0, forming a limpid water dispersion. But the pre-
cipitation appeared in the R-CM-chitosan water dispersion when
pH > 8.0.

The critical micellar concentration (cmc) of R-CM-chitosan was
determined by intensity of dynamic light scattering (DLS) of the
samples. When the concentration of R-CM-chitosan in water dis-
persion approached the cmc, higher intensity of DLS was detected
and the Tyndall phenomenon was observed clearly, as shown in
Fig. 4, the cmc  of R-CM-chitosan was  0.20 mg/ml, which was smaller
than R-Na 0.40 mg/ml.

3.5. Effect of concentration factor on nanoparticles size, PDI and
zeta potential

Aza/R-CM-chitosan particle size, PDI and zeta potential were
measured by dynamic light scattering (DLS) under varying concen-

trations of the carrier and the drug. The results are listed in Table 3.
In brief, the particle sizes ranged between 100 and 800 nm, with
the PDIs being essentially less than 0.70. The smaller the PDI, the
better the observed uniformity of the particles (Donini, Robinson,
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ig. 2. SEM photos of Aza/R-CM-chitosan nanoparticles, (a) [R-CM-chitosan]/[Az
imulation graph of polymers cage-shaped micelle.

olombo, Giordano, & Peppas, 2002). Since carboxymethyl groups
rended to the water phase as expected, zeta potential data in
able 3 indicated the surface charge of particles were correspond-
ngly negative.

In the Aza/R-CM-chitosan water dispersion, the particle size
ould be regulated by varying the carrier or the drug con-
entrations. The minimum particle size was 131.5 nm and was

chieved at lower R-CM-chitosan and Aza concentrations (Table 3).
hen the concentration of R-CM-chitosan was increased from

.1 to 0.9 mg/ml  while the concentration of Aza was  kept con-
tant, the resulting particles were larger. The particles size

able 3
articles size, PDI and zeta potential under varying concentrations of R-CM-chitosan and

R-CM-chitosan [mg/ml] Aza [mg/ml] Particle size

0.10 0.02 307.6 ± 22
0.10  0.05 474.9 ± 26
0.10  0.1 502.4 ± 32
0.10  0.15 264.4 ± 21
0.10  0.2 242.1 ± 20
0.30  0.02 134.7 ± 9.8
0.30  0.05 158.3 ± 17
0.30  0.1 481.2 ± 24
0.30  0.15 375.4 ± 24
0.30  0.2 131.5 ± 6.6
0.50  0.02 276.8 ± 22
0.50  0.05 276.1 ± 18
0.50  0.1 372.4 ± 29
0.50  0.15 534.0 ± 39
0.50  0.2 145.4 ± 7.8
0.70  0.02 231.6 ± 15
0.70  0.05 549.5 ± 28
0.70  0.1 474.1 ± 37
0.70  0.15 433.0 ± 34
0.70  0.2 221.4 ± 12
0.90  0.02 381.0 ± 29
0.90  0.05 846.3 ± 58
0.90  0.1 802.9 ± 56
0.90  0.15 577.3 ± 29
0.90  0.2 540.7 ± 26
(b) [R-CM-chitosan]/[Aza] = 15, (c) [R-CM-chitosan]/[Aza] = 5, drying at 60 ◦C, (d)

increased (846.3 nm)  when the Aza concentration was  increased
to 0.05 mg/ml  and the concentration of R-CM-chitosan was held
constant.

There was an approximately linear relationship between the
ability to solubilize drugs and the micelle size that usually increased
with increased concentration of the polymer carrier (Chen, Zhang,
& Guo, 2006; Kitahara, Tamai, & Hayano, 1991). A higher carrier

concentration meant the addition of more hydrophobic R groups,
which resulted in better compatible between the R-CM-chitosan
and the Aza when the Aza concentration was  held constant (Shen,
2002). Meanwhile, Aza would trend toward the hydrophobic

 Aza (pH = 6.8).

 [nm] PDI Zeta potential [mV]

.5 0.527 ± 0.0023 −4.77 ± 3.1

.0 0.610 ± 0.0020 −5.19 ± 3.9

.6 0.561 ± 0.0033 −11.8 ± 3.5

.8 0.411 ± 0.0019 −24.4 ± 3.6

.0 0.497 ± 0.0024 −28.5 ± 3.6
 0.282 ± 0.0014 −24.1 ± 4.5
.6 0.997 ± 0.0010 −32.4 ± 4.5
.2 0.590 ± 0.0026 −29.2 ± 3.5
.9 0.512 ± 0.0023 −44.9 ± 10.9

 0.675 ± 0.0030 −40.1 ± 3.7
.6 0.321 ± 0.0015 −14.7 ± 3.0
.9 0.997 ± 0.0010 −42.6 ± 4.6
.1 0.700 ± 0.0040 −34.5 ± 3.3
.0 0.647 ± 0.0034 −39.2 ± 3.3

 0.598 ± 0.0024 −30.5 ± 4.0
.0 0.480 ± 0.0023 −16.3 ± 4.9
.4 0.608 ± 0.002 −41.8 ± 3.3
.4 0.888 ± 0.0045 −42.1 ± 3.9
.4 0.741 ± 0.0040 −43.7 ± 3.8
.3 0.505 ± 0.0023 −24.4 ± 3.5
.3 0.337 ± 0.0020 −11.7 ± 2.2
.7 0.591 ± 0.0010 −35.6 ± 4.2
.5 0.675 ± 0.0037 −28.8 ± 2.5
.8 0.895 ± 0.0038 −22.4 ± 1.3
.8 0.895 ± 0.0046 −31.8 ± 3.5
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Fig. 3. Effect of [R-CM-chitosan]/[Aza] on particles size.

omain in R-CM-chitosan micelle, which became a solubilized
icelle. Furthermore, according to the steric stabilization the-

ry, coverage of R-CM-chitosan would reduce interfacial energy
etween Aza and water, which could increase the stability of the
ater dispersion. The interfacial energy mentioned could also be

owered by increasing the Aza concentration while keeping the
-CM-chitosan concentration constant. However, a increase in
article size only occurred when the ratio of the carrier to the drug
as less than 20 (Fig. 3). When the R-CM-chitosan concentration

ncreased, the forces among micelles, surface molecules of micelles
nd solution molecules would dramatically increase also. Thus
igger micelles would disaggregate to much smaller ones to
ecrease the free energy of mixing (Kitahara et al., 1991). The
article size was reduced correspondingly, which was also shown

n Fig. 3 when the ratio of the carrier to the drug was  more than 20.
Aza/R-CM-chitosan particle size at nanoscale level could be con-

rolled by adjusting the concentration ratio of R-CM-chitosan to
za. Additionally, the PDI of the particles should be less than 0.70

o maintain a uniform particle size and improved bioavailability of
esticide. As the Aza concentration remained constant, and the PDI
ecame much bigger as the R-CM-chitosan concentration increased
Table 3). For example, R-CM-chitosan concentration increased
rom 0.1 mg/ml  to 0.9 mg/ml  while the PDI increased from 0.411
o 0.895, which was close to the PDI of polydispersed nanoparti-

les. When the ratio of the carrier to the drug was more than 10,
he PDI decreased rapidly as the ratio increased.

ig. 4. The intensity of light scattering of RA-Na(a) and CMC-g-RA(b) in water.
Fig. 5. Aza LE of Aza/R-CM-chitosan, [Aza] = 0.05 mg/ml  (a) and [Aza] = 0.10 mg/ml
(b).

Zeta potential was also influenced by the concentration ratio
of R-CM-chitosan to Aza (Table 3). A higher zeta potential, usu-
ally >30 mV,  indicated a stronger electrostatic repulsive force that
was  beneficial to maintain steady water dispersion (Li et al.,
2007). When the ratio of the carrier to the drug was  less than
15, zeta potential increased rapidly with the ratio increasing. One
of the maximum observed zeta potentials was −42.6 mV, which
occurred when the concentrations of R-CM-chitosan and Aza were
0.50 mg/ml  and 0.05 mg/ml, respectively (Table 3). One reason
for this was  that more carboxymethyl groups with a negative
charge were added to the water dispersion when the carrier con-
centrations were increased. On the other hand, increased Aza
concentrations, lead to the stronger affinity of the hydrophobic
groups in the carrier and the drug, which also resulted in more car-
boxymethyl groups specifically trended toward the water phase
(Shen, 2002).

When the ratio of the carrier to the drug was  less than 6, sur-
face tensions, contact angles and zeta potential also increased with
the ratio increasing (Table 4). And the surface tensions and contact
angles of Aza/R-CM-chitosan water dispersion decreased slowly
after the ratio being larger than 10. The smallest surface tension
and contact angle of the R-CM-chitosan without loading Aza was
42.5 mN/m and 58.7◦, respectively, as shown in Table 4. Thus higher
concentration ratio of R-CM-chitosan to Aza tended to bring about
great wettability.

According to measurements of the particle size, the PDI, the
zeta potential, surface tension and contact angle of the Aza/R-
CM-chitosan water dispersion, a stable and uniform nanoparticle
water-dispersion could be obtained when the concentration
ratio of R-CM-chitosan to Aza was  regulated between 5 and
15.

3.6. LE of Aza/R-CM-chitosan particle

The Aza standard’s retention time was 7.9 min  after HPLC test
(Wu et al., 2005), and loading efficiency (LE) of Aza/R-CM-chitosan
samples could be calculated by the following equation, where A
stood for the total Aza concentration and B represented the con-
centration of free Aza in the supernatant.

LE of cap
R-CM-chitosan

= A–B

A–B
A × 100%
When the Aza concentration of the Aza/R-CM-chitosan samples
was  0.05 mg/ml, LE increased from 23% to 56% with an increasing R-
CM-chitosan concentration (Fig. 5a), where the concentration ratio
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Table 4
Aza/R-CM-chitosan surface tensions, contact angles and zeta potentials under varying concentrations of R-CM-chitosan and Aza (pH = 6.8).

R-CM-chitosan [mg/ml] Aza [mg/ml] � [mN/m] Contact angles [◦] Zeta potential [mV]

0.10 0.05 46.9 63.0 ± 4.2 −5.19 ± 3.9
0.10  0.1 43.6 63.6 ± 8.6 −11.8 ± 3.5
0.30  0.05 50.2 81.6 ± 3.2 −32.4 ± 4.5
0.30  0.1 47.4 75.2 ± 2.0 −29.2 ± 3.5
0.50  0.05 46.6 73.2 ± 5.6 −42.6 ± 4.6
0.50  0.1 50.0 81.2 ± 2.3 −34.5 ± 3.3
0.70  0.05 45.7 70.6 ± 6.7 −41.8 ± 3.3
0.70  0.1 47.8 76.2 ± 4.4 −42.1 ± 3.9
0.90  0.05 46.3 

0.90  0.1 47.5 

1.0  0 42.5 
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Fig. 6. Aza concentrations under sampling times in leaching liquors.

f R-CM-chitosan to Aza was about 2–18. The similar linear vary-
ng trend was observed in particles sizes (Fig. 3), where the band
alue of LE corresponded to [R-CM-chitosan]/[Aza] = 18. When the
za concentration was 0.10 mg/ml  (Fig. 5b), the LE increased from
1% to 53% with an increased R-CM-chitosan concentration that
oincided with a [R-CM-chitosan]/[Aza] < 10 (Fig. 3).

.7. Outdoor stability of Aza/R-CM-chitosan water dispersion

Stability of the Aza/R-CM-chitosan water dispersion was
valuated by measuring the residual Aza concentrations at spe-
ific sampling times remaining in the leaching liquid. Samples
[R-CM-chitosan]/[Aza] = 5, where [R-CM-chitosan] = 0.50 mg/ml,
Aza] = 0.10 mg/ml) with a LE of 53% (Fig. 6) were chosen and
ompared with Aza/R-Na and the Aza water dispersion samples
hat were used as the control groups. During 11 days of out-
oor testing, the residual Aza concentration of Aza/R-CM-chitosan
ample was higher than that of the control groups (Fig. 6). In
he first 3 days, the Aza concentration in the Aza/R-CM-chitosan
ample slowly decreased from about 5.7 ppm to 5.3 ppm, at the
ame time, the control groups curves dropped quickly. After 4
ays the residual Aza concentrations were about 3.6–1.8 ppm in
he Aza/R-CM-chitosan sample. Thus, the polymer carrier R-CM-
hitosan efficiently restrained the Aza degradation compared to
he control groups. The high LE of the Aza/R-CM-chitosan implied
hat the unloaded Aza molecules were seldom outside micelles,
ence the Aza concentration decreased relatively slower than that

n control groups. The polymer carrier also provided much effective

rotection for the Aza compared to a small molecule carrier (R-Na)
r no carrier (water). Thus, the carrier R-CM-chitosan provided a
low and stable method to release Aza at high concentrations.
72.4 ± 7.0 −35.6 ± 4.2
78.0 ± 3.8 −28.8 ± 2.5
58.7 ± 5.7 −41.2 ± 2.2

4. Conclusions

The novel drug carrier R-CM-chitosan was  synthesized under
mild conditions. The lipid-soluble group R reacted with the water-
soluble CM-chitosan molecule. The amphiphilic R-CM-chitosan
turned into a polymeric micellar self-assembly in water, which
became an efficient drug carrier for the lipid-soluble pesticide,
Aza. The Aza/R-CM-chitosan water dispersion was prepared by
blending the carrier and the drug together. Aza/R-CM-chitosan
particles were nanoscale smooth spheres. The small-size of the
nanoparticles could improve infiltration and bioavailability of
Aza. Adjusting concentrations ratios of R-CM-chitosan to Aza,
especially [R-CM-chitosan]/[Aza] = 5–15, produced nanoparticles
of a smaller, uniform particle size with a higher zeta potential.
Aza was protected efficiently by the carriers while in micelles,
and the highest LE of the Aza/R-CM-chitosan was 56% when
[R-CM-chitosan]/[Aza] = 18. Therefore, Aza was  stable and was
released over the course of 11 days in the environment. This
study provides chemical means to produce a non-toxic carrier
that efficiently helps dissolve the lipid-soluble pesticide Aza into
water. This would contribute to developing a green and safe
botanical pesticide water dispersion formulation at the nanoscale
level.
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