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Abstract Polymeric nanoparticles can be used as carrier

systems for a variety of bioactive compounds, altering the

physico-chemical properties of the substances that are

incorporated in the particle matrix. Coating techniques are

employed to modify the interactions of the particles with

the target medium. The objective of this work was to

prepare nanocapsules of poly(e-caprolactone) containing

the herbicide atrazine and study the effect of coating the

nanocapsule surfaces using different concentrations of

chitosan. The encapsulation efficiency, release kinetics

profile, and physico-chemical stability of the formulations

were evaluated. Encapsulation percentages of 64–84 %

were achieved. The release kinetics profile of the herbicide

was altered when the nanocapsules were coated, and the

release mechanism could be described by a combination of

diffusion and relaxation of the polymeric chains. The sta-

bility of the formulations was influenced by the concen-

tration of chitosan used in the preparation procedure. Given

the global application of herbicides in agriculture, the

results indicate that their association with coated modified

release carrier systems could be beneficial from both eco-

logical and economic perspectives. These systems offer

delivery that is more efficient, as well as improved adhe-

sion of herbicides to the target plants.

Keywords Environmental chemistry � Atrazine �
Coated polymeric nanoparticles � Chitosan

Introduction

Colloidal nanoparticle systems can be used as carriers of

bioactive compounds, whose properties then become dif-

ferent to those obtained when the materials are prepared at

the macroscopic scale (Kumar et al. 2012; Wu et al. 2011).

In addition to particle size, classification of a system as

nanometric can be based on a variety of other parameters,

including particle structure, porosity, and surface area

(Maynard 2011).

Many studies reported in the literature have focused on

the association of bioactive compounds with nanoparticles

as a means of steering molecules to specific target sites,

protecting the active principal against degradation, and

modifying its release profile (Radad et al. 2012; Kumar

et al. 2012). Nanoparticles can be produced using bio-

compatible and biodegradable synthetic polymers such as

poly(e-caprolactone) (PCL) (Dash and Konkimalla 2012),

poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and

poly(lactic-coglycolide) (PLGA), as well as natural poly-

mers including gelatin, chitosan (Garcia-Fuentes and

Alonso 2012), alginate, and polysaccharides such as cel-

lulose (Sabir et al. 2009).

Growth in the development of polymeric nanoparticles,

and the desire to migrate this technology to new applica-

tions, has led to the need to modify particle surfaces in

order to enhance the delivery of the bioactive compounds

contained within the particles, and improve adhesion of

nanoparticles to target substrates. One way of altering the

nanoparticle surface is to coat it with oppositely charged

polymers. Kumar et al. (2012) described a variety of
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coating techniques, involving emulsification, evaporation,

coacervation, and nanoprecipitation. The coating of nano-

particles is an effective means of improving the mucoad-

hesion of bioactive compounds (Prego et al. 2005)

delivered orally (Tobio et al. 2000; Mazzarino et al. 2012)

and ocularly (Calvo et al. 1997; Nagarwal et al. 2012),

increasing the efficiency of chemotherapeutic pharmaceu-

ticals (Chakravarthi and Robinson 2011; Bilensoy et al.

2009), inducing humoral and cellular immunity against the

influenza virus (Gupta et al. 2011), and increasing the

stability and controlled release of peptides (Gref et al.

2001).

Mazzarino et al. (2012) prepared PCL nanoparticles

coated with chitosan and containing the compound curcu-

min, and observed that the coated particles were stable and

had a strong electrostatic interaction with the mucosa.

Similar results were obtained by Calvo et al. (1997), who

coated nanocapsules (NC) of poly(L-lysine) and poly(e-

caprolactone) with chitosan and associated them with the

drug indometacin, in order to develop a new ocular release

system. In this case, chitosan was used to increase the

mucoadhesion of the particles, given that the epithelium of

the cornea is negatively charged. The coating did not alter

the release profile of the bioactive compound, but signifi-

cantly increased the quantity of drug in the ocular region.

Use of the coating technique can induce different

interactions between the nanoparticles and the target sub-

strate, due to modification of the charge and other prop-

erties of the surface (Calvo et al. 1997; Mazzarino et al.

2012; Prego et al. 2005).

Most of the reported studies concerning the preparation

of polymeric nanoparticles have focused on their use as

carriers in medical applications (Grillo et al. 2010a; Cle-

mente-Napimoga et al. 2012; Moraes et al. 2011; de Melo

et al. 2011; Mora-Huertas et al. 2010). However, recent

work has involved the application of polymeric nanopar-

ticles in agriculture, including the development of formu-

lations for the release of herbicides (Grillo et al. 2011,

2012; Silva et al. 2011; Grillo et al. 2010b; Silva et al.

2010, 2012). The practical use of nanotechnology in the

field environment can bring a series of benefits, including

improvements in the stability of formulations, alterations in

the release of the active principle, protection against

external agents (oxidation, light, hydrolysis, and evapora-

tion), and improved delivery of the active principle to

plants. Nanoparticles can provide better adhesion to the

waxy surface of the leaf, favoring adsorption of the her-

bicide and maximizing biological activity (Taylor 2011),

amongst other effects (Hack et al. 2012).

Recent work reported the preparation and characteriza-

tion of formulations of PCL NC containing different tri-

azine herbicides (Grillo et al. 2012). Association of the

herbicides with the NC altered the release profiles of the

active principles, and the formulations presented good

colloidal stability, as well as reduced genotoxicity, due to

the modified release of the herbicides. Amongst the various

triazine herbicides available on the market, atrazine (ATZ)

is one of the compounds most widely used globally in

agriculture for the pre- and post-emergent control of

invasive broadleaved and graminaceous plants (Brecken-

ridge et al. 2010).

The objective of this work was to use previously pre-

pared PCL NC containing ATZ (Grillo et al. 2012) to study

the effect of coating the NC surface with different con-

centrations of chitosan. The physico-chemical stability of

the NC was evaluated, and the release profiles of ATZ were

investigated, in order to obtain information relevant to the

formulation of chitosan-coated PCL NC that offered

improved adhesion to target plants and that would be

suitable for use in new agricultural applications.

Materials and methods

Materials

Atrazine, poly-e-caprolactone (PCL, MW 80 kDa), Poly-

sorbate 80 (Tween 80, MW 1,310), sorbitan monostearate

(Span 60), and chitosan (CS, low molecular weight) were

purchased from Sigma-Aldrich. Oil consisting of the tri-

glycerides of capric and caprylic acids (Myritol 318) was

obtained from ChemSpecs (Brazil). The solvents used in

the chromatographic analyses were HPLC grade acetoni-

trile (JT Baker) and Milli-Q water. The solutions were

filtered using 0.22-lm nylon membranes (Millipore, Bed-

ford, USA). All other reagents and solvents were sourced

within Brazil.

Preparation of the polymeric nanocapsules containing

atrazine

The nanocapsules coated with chitosan were prepared by

the method of interfacial deposition of preformed polymer,

with modifications (Grillo et al. 2012). This technique

involves the mixing of an organic phase into an aqueous

phase. The organic phase was composed of 100 mg of

polymer (PCL), 30 mL of organic solvent (acetone),

200 mg of oil (Myritol 318), 40 mg of Span 60, and 10 mg

of herbicide (ATZ). The aqueous phase consisted of 30 mL

of a solution containing 60 mg of Tween 80. After dis-

solving the components of both phases, the organic phase

was slowly inserted into the aqueous phase, with magnetic

stirring. The resulting suspension was maintained under

agitation for 10 min, after which the organic solvent was

evaporated under reduced pressure using a rotary evapo-

rator (Fessi et al. 1989). The nanoparticle suspension was
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evaporated to a final volume of 10 mL, resulting in an

herbicide concentration of 1 mg/mL. Different quantities

of chitosan (0, 8, 10, 20, 30, and 40 lg/mL) were then

added, using a stock solution of 500 lg/mL chitosan pre-

pared at pH 4, and the mixtures were kept under agitation

overnight. The resulting samples were stored in the dark at

25 �C for later analysis.

Measurement of encapsulation efficiency

The total quantity (100 %) of herbicide present in the

suspensions of polymeric NC coated with chitosan was

determined by diluting the suspensions with acetonitrile.

This solvent is able to completely dissolve the nanoparticle

structure hence disrupting the system and dispersing the

active component present within the matrix (Schaffazick

et al. 2003).

After this step, the suspension was filtered using a 0.22-

lm membrane (Millipore), and the herbicide was quanti-

fied by high-performance liquid chromatography (HPLC,

Varian ProStar), employing a Phenomenex column (Gem-

ini 5l C18 110A, 250 9 4.60 mm), acetonitrile/water

(50:50, v/v) eluent, a flow rate of 1.0 mL/min, and a

detector wavelength of 225 nm. The analytical methodol-

ogy was previously validated according to the ICH

guidelines (ICH 1996); the analytical curve presented a

linear correlation coefficient (r2) of 0.999, and the detec-

tion and quantification limits were 0.57 and 1.91 lg/mL,

respectively.

The quantity of herbicide encapsulated in the NC was

determined by the ultrafiltration/centrifugation method.

The coated NC were centrifuged using an ultrafiltration

(2,0009g) unit composed of 30 kDa regenerated cellulose

(Microcon, Millipore), after which the herbicide was

quantified in the filtrate (corresponding to the amount of

free herbicide). The encapsulation efficiency was deter-

mined as the difference between the total amount of her-

bicide present in the samples (100 %) and the amount that

was not encapsulated.

Evaluation of nanocapsule stability

The stability of the coated NC formulations, with or

without ATZ, was determined using several physico-

chemical parameters. Measurements were made of the

hydrodynamic diameter, polydispersion index, zeta poten-

tial, and pH, as a function of time (after 0, 15, 30, 60, and

90 days) (Guterres et al. 2010).

Determination of nanocapsule diameter and polydispersion

index The light scattering technique was used to deter-

mine the average diameter and size distribution (polydi-

spersion) of the NC. The procedure was performed by

diluting the coated NC with deionized water (1:100, v/v),

prior to measurement at 25 �C using a Malvern Instruments

Zeta Plus particle analyzer with the detector at a fixed

angle of 90�. Each result was expressed as the average of

three determinations (Govender et al. 2000; Grillo et al.

2012).

Determination of zeta potential

The electrical potential at the hydrodynamic shearing plane

of the NC was evaluated by determination of the zeta

potential using the Malvern Instruments Zeta Plus analyzer.

The analyses were performed after diluting the suspensions

of nanoparticles coated with chitosan in deionized water

(1:100, v/v). The formulations presented conductivity val-

ues exceeding 0.25 lS/cm. The results were expressed as

the average of three determinations (Grillo et al. 2012).

Measurement of polymer chemical stability

The chemical stability of the polymer was evaluated using

measurement of the pH of the suspension as a function of

time, since alterations in this parameter can be indicative of

polymer chemical degradation (Guterres et al. 2010;

Schaffazick et al. 2003). The NC suspension pH was

measured over a period of 90 days, using a pH meter

(Tecnal) that had been previously calibrated with pH 7 and

pH 4 buffer solutions.

In vitro release kinetics

In vitro release kinetics experiments were used to investi-

gate how different quantities of chitosan used to coat the

PCL NC affected the release profile of ATZ. A two-com-

partment system was used, in which the donor and acceptor

compartments were separated by a Spectrapore cellulose

membrane with a molecular exclusion pore size of 1 kDa.

The sample (2 mL of the formulation) was placed in the

donor compartment, and the acceptor compartment was

filled with solvent (80 mL of water) maintained under

gentle agitation (Grillo et al. 2012; Paavola et al. 1995).

Samples were collected from the acceptor compartment for

analysis by HPLC at 15 min intervals during the first hour,

and then at intervals of 30 min and 1 h, over a period of

approximately 5 days, until the release stabilized. The peak

area values were converted into the percentage of herbicide

released as a function of time, and all measurements were

performed in triplicate.

The release efficiency (RE) was calculated from the

areas under the release profile curves obtained for the

herbicide alone or for the herbicide in the suspensions of

coated NC, obtained at time intervals (t) between zero and

5.5 days, divided by the area under the upper boundary of a
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rectangle corresponding to a theoretical 100 % release

(Khan 1975).

Mathematical modeling of atrazine release The semi-

empirical Korsmeyer-Peppas model (Eq. 1) was applied to

the herbicide release curves for the PCL NC prepared using

different concentrations of chitosan, in order to elucidate

the type of release mechanism (Siepmann and Siepmann

2008; Siepmann and Peppas 2001; Costa et al. 2001;

Korsmeyer et al. 1983).

Mt

M1
¼ Ktn þ b ð1Þ

In Eq. 1, Mt/M? is the fraction of herbicide released at

time t, K is the release kinetic constant, which incorporates

structural and geometric aspects of the process, and n is the

release exponent, which, according to its numerical value,

characterizes the mechanism of release of the herbicide.

This equation is generally used to interpret and describe the

release of compounds when the predominant mechanism is

not well known, or when it results from the combination of

two apparently independent processes. One is due to her-

bicide transport obeying Fick’s laws (Fickian transport),

and the other (Case II transport) is a consequence of the

swelling and relaxation of the polymeric matrix (dynamic

expansion), involving a transition from a semi-rigid state to

a more flexible condition. Korsmeyer et al. (1983) descri-

bed the values of the release exponent as follows: n\ 0.43

indicates that the release mechanism is by pure diffusion

(classical Fickian diffusion); n[ 0.85 reflects release

modified by Case II transport, with swelling of the polymer

(relaxation of the polymeric matrix); 0.43\ n\ 0.85

indicates anomalous transport, involving a combination of

the mechanisms of diffusion and Case II transport.

Results and discussion

In earlier work (Grillo et al. 2012), PCL NC containing

triazine herbicides (ATZ, ametryn, and simazine) were

developed, achieving encapsulation efficiencies exceeding

84 %. The NC modified the release profiles of the herbi-

cides, reduced the toxicity of the compounds, and remained

stable over 270 days. Here, the PCL NC that had been

prepared previously by Grillo et al. (2012) were coated

with chitosan polymer.

The encapsulation efficiencies of the different formula-

tions of PCL NC coated with chitosan (NC:PCL/CS) were

compared (Fig. 1). The uncoated NC showed the highest

encapsulation efficiency (86.7 ± 2.3 %), followed by the

NC prepared using the highest concentration of chitosan

(72.8 ± 2.4 %). The remaining formulations (prepared with

8, 10, 20, and 30 lg/mL of chitosan) showed efficiencies

close to 65 %. The greater encapsulation efficiency for the

uncoated NC was probably due to the presence of ATZ

adsorbed on the walls and surfaces of the NC. During the

coating process, the herbicide was substituted by the

chitosan polymer, resulting in the release of ATZ molecules

into the solution and consequently diminishing the encap-

sulation efficiency. Nonetheless, even with these differences

in encapsulation, all of the formulations presented a good

interaction with the model molecule (ATZ), which could be

explained by the interaction between ATZ, which is

hydrophobic, and the oily core of the NC. Another factor

that should be taken into consideration is that although the

Fig. 1 Encapsulation efficiencies of atrazine in PCL nanocapsules

coated using different quantities of chitosan (0, 8, 10, 20, 30, and

40 lg/mL). The experiments were performed in triplicate (n = 3) at

25 �C

Fig. 2 Average size distribution of PCL nanocapsules coated using

different concentrations of chitosan (0, 8, 10, 20, 30, and 40 lg/mL)

and containing atrazine, as a function of time (0, 15, 30, 60, and

90 days). The experiments were performed in triplicate (n = 3) at

25 �C
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coated NC presented lower association efficiency, they

should be able to provide better interaction with the long-

chain hydrocarbons, alcohols, acids, and triterpenes found in

waxy plant cuticles (Baker 1982). This should improve the

efficiency of absorption of the herbicide by the leaf, since

the greater the retention of the active principle on the leaf

surface, the greater its absorption and biological activity

(Taylor 2011; Grangeot et al. 2006; Pathan et al. 2007).

The stability of the suspensions of NC:PCL/CS con-

taining ATZ was evaluated using several different physico-

chemical parameters. Particle size (hydrodynamic diame-

ter), polydispersion index, zeta potential, and pH were

measured as a function of time (after 0, 15, 30, 60, and

90 days), during which all the samples were stored at

25 �C in flasks protected from light.

The effect of different concentrations of chitosan on the

hydrodynamic diameter of the NC is shown in Fig. 2.

There was an increase in particle size for all the formula-

tions containing the cationic polymer, which provides

evidence for the formation of a coating. At the beginning of

the period (0 days), the size of the NC prepared using 8 and

10 lg/mL of chitosan was greater than that reported in the

literature for these types of nanoparticles (Mora-Huertas

et al. 2010). The NC containing 8 lg/mL of chitosan

showed the greatest size changes over time, which could

have been due to sudden shifts in the dynamics of the

colloidal system, with electrostatic interactions initially

causing particle agglomeration, after which (at between 15

and 30 days) the system became more organized, followed

by a further loss of stability after 30 days.

Fig. 3 Size distributions of

PCL nanocapsules coated with

chitosan and containing

atrazine: a nanocapsules

prepared using 8 lg/mL of

chitosan, on day 0;

b nanocapsules prepared using

40 lg/mL of chitosan, on day 0;

c photographs of the

formulations of nanocapsules

coated with chitosan and

containing atrazine, after a

storage period of 90 days. The

experiments were performed at

25 �C

Fig. 4 Polydispersion index values for the PCL formulations

prepared using different concentrations of chitosan (0, 8, 10, 20, 30,

and 40 lg/mL) and containing atrazine, as a function of time (0, 15,

30, 60, and 90 days). The experiments were performed in triplicate

(n = 3) at 25 �C
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For the formulations of NC without chitosan (0 lg/mL),

and the formulations containing 20, 30 and 40 lg/mL of

chitosan, the average size of the NC was stable over

90 days, and there was no evidence of aggregate formation.

However, in the case of the formulations prepared with

smaller quantities of chitosan (8 and 10 lg/mL), the size of

the NC increased with time, and there were changes in the

size distribution, as shown in Fig. 3a. The systems that

used smaller concentrations of chitosan also exhibited

greater variability and higher experimental errors, indica-

tive of colloidal instability. On the other hand, the formu-

lations containing higher concentrations of chitosan (20,

Fig. 5 Effect of increased concentrations of chitosan on the zeta

potential values of PCL nanocapsules containing atrazine, as a

function of time (0, 15, 30, 60, and 90 days). The experiments were

performed in triplicate (n = 3) at 25 �C

Fig. 6 Investigation of the pH of the formulations of PCL nanocap-

sules and PCL nanocapsules coated with chitosan, as a function of

time (0, 15, 30, 60, and 90 days). The experiments were performed in

triplicate (n = 3) at 25 �C

Fig. 7 Representation of the effect of increased chitosan concentra-

tions on nanocapsule size and zeta potential, together with a

schematic explanation of possible interactions between the positively

charged groups of the chitosan polymer and the negative charges of

the surface of the PCL nanocapsules containing atrazine

1696 Int. J. Environ. Sci. Technol. (2014) 11:1691–1700

123



30, and 40 lg/mL) presented particle sizes close to those

reported in the literature (200–500 nm) and a single size

distribution (Fig. 3b).

Evaluation of the size of the coated NC provided

important information concerning the interaction of chito-

san with the polymeric wall. The experiments demon-

strated that low concentrations of chitosan increased the

size of the NC and decreased the temporal stability,

probably due to the formation of aggregates. When the

concentration of chitosan was increased, the NC were more

thickly coated, more consistent in size, and remained more

stable. Figure 3c shows the behavior of the formulations

after 90 days of storage at 25 �C, revealing the presence of

aggregates in the formulations prepared with smaller con-

centrations of chitosan (8 and 10 lg/mL).

Most of the formulations presented a polydispersion

index below 0.2, which is associated with a monodisperse

distribution and good homogeneity (Mora-Huertas et al.

2010). Only the NC formulations prepared using 8 and

10 lg/mL of chitosan showed polydispersion indices above

0.3, indicative of systems with distributions of differently

sized particles, as illustrated in Fig. 4.

The zeta potential obtained for the uncoated NC con-

taining ATZ was approximately -40 mV, due to the

presence of carboxylic groups in the PCL polymer as well

as other components of the formulation, including the

surfactant located at the polymer/water interface (Fig. 5).

The potential was shifted to positive values for the for-

mulations containing chitosan at different concentrations

(Fig. 5), indicating that there was an increase in positively

charged amino groups of the chitosan molecules, proving

that the nanoparticles had been successfully coated.

Similar results have been reported in the literature for

ocular and buccal NC (Calvo et al. 1997; Mazzarino et al.

2012).

The charges measured on day 0 increased proportion-

ately to the amount of chitosan used, and this trend was

maintained over time. The zeta potential values of all the

samples diminished with time, which could be explained

by hydrolysis of the PCL polymer and consequent release

of carboxylic groups.

The pH of the formulations without chitosan decreased

with time (Fig. 6), evidencing polymer degradation, as

found previously (Guterres et al. 2010; Schaffazick et al.

2003). The pH of the coated NC formulations was close to

3 and showed no significant change over 90 days (Fig. 6),

as a result of which any degradation of the PCL polymer

was not observed. The high H? concentration found for the

coated formulations was due to the acetic acid solution

used to dissolve the chitosan in the initial preparation

process. An acid pH is required in order to generate pro-

tonated groups on the chitosan and facilitate electrostatic

interaction with the PCL polymer.

The stability data were used to characterize the behavior

of the polymeric NC by construction of a representation

relating NC size to the zeta potential (Fig. 7). These data

clearly indicated that the adsorption process was mediated

by electrostatic interactions (Calvo et al. 1997). The zeta

potential increased as the formulations received increasing

quantities of chitosan, while the NC size increased when

low concentrations of chitosan were used in the formula-

tion and decreased when higher concentrations were used

(Fig. 7). A possible explanation is that when the NC began

to be coated by the chitosan, they shifted from a low zeta

potential (-30 mV), at which they possessed substantial

electrostatic repulsion, to a positive zeta potential, at which

there was less electrostatic repulsion and greater particle

agglomeration. However, further studies will be needed in

order to understand the nature of this agglomeration, which

Fig. 8 Kinetic release curves of atrazine associated with coated and

uncoated PCL nanocapsules. a In vitro release kinetics, at 25 �C, for

PCL nanocapsules coated using different concentrations of chitosan,

measured in triplicate (n = 3). b Results obtained following appli-

cation of the Korsmeyer–Peppas mathematical model to the atrazine

release curves obtained for the coated and uncoated PCL

nanocapsules
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could be due to Ostwald ripening or a combination of

flocculation and coalescence processes. When higher con-

centrations of chitosan (30 and 40 lg/mL) were used, the

zeta potential increased ([45 mV), resulting in repulsion

between the NC and creation of a more stable system with

size, polydispersion index, and zeta potential values that

were characteristic of stable colloids (Calvo et al. 1997).

Similar results have been reported in the literature for

nanoparticles of TiO2 submitted to different pH conditions.

Measurements of particle size and zeta potential revealed

that when the pH approached the isoelectric point, the

repulsive force was weakened due to the low surface

charge, and the hydrodynamic size increased to beyond the

measurable range. Under these conditions, large flocs were

formed, which rapidly settled out of the solution due to

gravitational forces (Jiang et al. 2009).

The formulations containing higher quantities of chito-

san (30 and 40 lg/mL) therefore provided better coating of

the PCL NC, suggesting that these formulations should be

the most promising in future investigations of the use of

these systems against target organisms.

Release kinetics experiments were performed to deter-

mine how chitosan might affect the release profile of the

active principle, and whether any change occurred in the

mechanism of release of ATZ from the coated PCL NC.

Figure 8a shows the release profiles of free ATZ (ATZ

dissolved in water), ATZ NC without chitosan (0 lg/mL),

and ATZ from the coated NC, as a function of time and the

different chitosan concentrations employed. The release

profiles of all the formulations were slower, compared to

free ATZ. The formulations of uncoated NC (0 lg/mL) and

NC coated with the greatest quantity of chitosan showed

similar profiles, which were slower compared to the

profiles obtained for the formulations prepared using the

other concentrations of CS.

These findings can be explained by the differences in

the encapsulation efficiencies (illustrated in Fig. 1). The

formulation prepared using the lowest concentration of

chitosan (8 lg/mL) showed the fastest release profile of

all the formulations, due to the diminished encapsulation

efficiency caused by the removal of ATZ from the surface

of the NC. It can be concluded that low concentrations of

chitosan destabilized the NC system and accelerated the

release of ATZ; the release was faster due to removal of

the ATZ molecules adhering to the surface of the coated

NC.

The release efficiency describes the quantity (as a per-

centage) of active principal released in the system and is

calculated by comparing the area of the theoretical rect-

angle corresponding to 100 % release with the area under

the experimentally determined release profile curve (Costa

et al. 2001). From the calculated RE values (Table 1), it

can be seen that the formulations prepared using 0 and

40 lg/mL of chitosan presented similar release profiles,

with both systems retarding the release of ATZ by around

43 % over the trial period. RE values between 75 and 87 %

have been reported in the literature for polymeric micro-

particles containing ametryn (Grillo et al. 2011), which are

of similar order as the values obtained here for the poly-

meric NC.

The mechanism of release of ATZ from the different

coated NC was investigated using the Korsmeyer–Peppas

theoretical model (Costa et al. 2001). Linear regressions

were applied to the release curves in order to determine the

correlation coefficients (r) and the release constants (k).

Table 2 gives the results obtained using the data illustrated

in Fig. 8b. Application of the Korsmeyer–Peppas mathe-

matical treatment resulted in values of the constant (k) that

varied between 1.4 9 10-4 and 2.0 9 10-4/min, with

higher values being indicative of faster release of the her-

bicide. The values of the release exponent (n) varied

between 0.77 and 0.82, indicating that release of the her-

bicide from the interior of the coated NC occurred due to a

combination of non-Fickian diffusion and relaxation of the

polymeric chains. In comparison, the release exponent

values obtained for uncoated PCL nanoparticles containing

Table 1 Atrazine release efficiencies for formulations of PCL

nanocapsules coated with chitosan

NC:PCL/CS [chitosan] (lg/mL) Release efficiency (RE)

0 56.2 % ± 1.2

8 63.9 % ± 0.9

10 59.8 % ± 0.8

20 60.0 % ± 1.1

40 56.5 % ± 0.5

Table 2 Values of the release

constant (k), release exponent

(n), and correlation coefficient

(r) obtained for the best fits of

the release kinetics curves for

atrazine associated with the

PCL nanocapsules coated with

chitosan

NC:PCL/CS [chitosan]

(lg/mL)

Release constant

(k) (min-1)

Release exponent

(n)

Correlation coefficient

(r)

0 1.7 9 10-4 0.89 0.997

8 2.0 9 10-4 0.77 0.998

10 1.5 9 10-4 0.80 0.997

20 1.4 9 10-4 0.82 0.998

40 1.4 9 10-4 0.81 0.997
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ATZ (Grillo et al. 2012) were indicative of a mechanism

that only involved relaxation of the polymeric chains. Silva

et al. (2010), (2011) prepared alginate/chitosan nanoparti-

cles containing the herbicides paraquat and clomazone, and

obtained release exponent values between 0.67 and 0.83,

showing that the particles containing chitosan released the

herbicide according to the same mechanism proposed in

the present work.

Conclusion

Formulations of NC coated with chitosan and containing

ATZ showed encapsulation efficiencies exceeding 65 %,

with different values obtained depending on the concentra-

tion of chitosan used. The release profile of atrazine was

altered by the presence of chitosan on the surface of the NC,

compared to uncoated NC. The mechanism of release from

the coated NC involved non-Fickian diffusion and relaxation

of the polymeric chains, which could be explained by

alterations in the dynamics of the electrostatic interactions

between the polymeric chains of chitosan and the PCL NC.

The size and polydispersion of the particles were greater for

NC coated using a low concentration of chitosan, and

smaller for formulations prepared with higher concentra-

tions, resulting in differences in particle aggregation. The

zeta potential of the formulations was shifted from negative

to positive with the addition of chitosan, indicative of

changes in the conformation of the polymeric wall. The

findings open new perspectives for modified herbicide

release systems, since it has been shown that changes in the

surface charge ofNC can improve their adhesion to the target

substrate. This should assist the development of more effi-

cient systems for the control of weeds in agriculture.
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