Optimization of Parameters to Produce Chitosan Nanoparticles
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Abstract

Chitosan is a natural biopolymer, derived by the deacetylation of chitin, which has antibacterial effect associated with the positive charge of the amino groups. However, this effect is even greater when the chitosan is in the form of nanoparticles. Chitosan samples of different molecular weights and deacetylation degrees result in nanoparticles with variable sizes and charges, so in this work was performed a factorial design to evaluate the best experimental conditions for chitosan nanoparticles production. The particles were analyzed in relation to size, zeta potential, morphology and antimicrobial activity by agar diffusion method. The results shown that the formation of chitosan nanoparticles depended mainly on ratio of chitosan:tripolyphosphate (CTS:TPP). Nanoparticles were obtained with average diameter of 69.7 nm, zeta potential of 33.8 mV and antimicrobial activity on the bacteria Sthapylococcus aureus.
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1. Introduction

Chitosan, a biopolymer obtained from partial deacetylation of chitin, has attracted the scientific community attention for its unique combination of properties such as antibacterial activity, ability to form metal complexes and for being non-toxic1. Its antibacterial effect is associated with the positive charge of the amino groups, which can bind to the bacterial cell surface and interfere with normal functions of the membrane, inhibiting their growth2.

Chitosan exhibits higher antibacterial activity against Gram-positive, such as Staphylococcus aureus, as it does against Gram-negative bacteria, like Escherichia coli3. Nevertheless, this antibacterial activity of chitosan changes according to the bacteria, since this mechanism is intimately related to the physical-chemical properties of the polymer and to the characteristics of the membrane of the microorganism4. Because of these properties, chitosan has been used more often in food preservation5-7, in biomedicine8 and the orthodontic fields9.

When chitosan is in form of nanoparticles, its antimicrobial activity increases, because these particles have higher surface area and charge density that can interact to a greater degree with the negatively charged surface of the bacterial cell10, therefore, the antibacterial activity of chitosan nanoparticles has been explored by many researchers3,11-13.

A great variety of methods for the synthesis of chitosan nanoparticles can be found in literature, like ionic gelation14-15, synthesis with carboxymethylcellulose16, formulations using glutaraldehyde17-18, synthesis with alginate19, coacervation20-21 and reverse micellar22-23. 

In this work the ionic gelation method was applied, which is based on the principle that at acidic conditions, the –NH3+ groups of chitosan are protonated (-NH2) and interact with anions, like triphosphate, creating nanoparticles24. This method presents the following advantages: the nanoparticles are obtained spontaneously under mild control conditions without involving high temperatures, organic solvents, or sonication and it has a surface charge which can be modulated from high to low positive values25.

Since there are different kinds of chitosan, with distinct deacetylation degrees and molar weights, it is important to study which are the best conditions in order to obtain the smallest nanoparticles with the appropriate superficial charge. 

The aim of this work was to evaluate the influence of pH, ratio of chitosan: tripolyphosphate (CTS:TPP) and acetic acid concentration in the size and zeta potential of the nanoparticles obtained through ionic gelation. The nanoparticles were characterized concerning its antimicrobial activity and morphology using transmission electron microscopy. 

For the experimental evaluation, in this study was performed a fractional factorial design 23 (FFD), with 8 experiments (in duplicate), to analyze the effects of three selected factors.

2. Materials and Methods 

2.1 Chitosan nanoparticles

Chitosan nanoparticles were prepared using chitosan with a deacetylation degree of 81.9% and molar mass of 111.01 kDa, from Purifarma (São Paulo, Brazil); sodium tripolyphosphate (Na5P3O10) from Sigma-Aldrich; NaOH PA from Vetec and glacial acetic acid PA from Synth. 

In order to produce chitosan nanoparticles, the ionic gelation technique, described by Calvo et al. (1997)25, was used. Two chitosan solutions were prepared, one with 2 mg mL-1 of the polymer in acetic acid 0.1 M and the other with the same concentration of the polysaccharide in acetic acid 0.2 M. After filtration, both the solutions were divided into two equal volumes but with different pH: 4.4 and 4.6. 

Then, a solution with 1 mg mL-1 of sodium triphosphate was prepared. In tests with ratio of CTS:TPP of 3:1, 10 mL of the TPP solution were added to 15 mL of the chitosan solution and in the experiments with the ratio of 3:0.8; 8 mL of the TPP solution were added to the chitosan solution (15 mL).

The eight different formulations of the experimental planning were kept under magnetic stirring, at room temperature, for 1 h. Table 1 provides data on the levels of parameters used in the factorial design 23 (in duplicate).
2.2 Nanoparticles characterization

The average size and zeta potential of the nanoparticles were measured using the Zetasizer Nano ZS equipment from Malvern Instruments. The images were obtained with a transmission electron microscope (TEM), from Jeol, model JEM-1011 and using an acceleration tension of 100 kV. 
Antimicrobial activity was evaluated using the agar diffusion method against Staphylococcus aureus. About 0.1 g of freeze-dried chitosan was placed on agar before their complete solidification. The Petri dishes were kept in the cell incubator at 37 °C during 24 h. The plates were analyzed macroscopically and microscopically using the halo presence.
2.3 Data treatment

The experiments were performed in triplicate and the data analyzed by applying the Tukey test using the program Statistica (version 8.0), which is based on the HSD (Honestly Significant Difference), with a significance level of 5%.

3. Results and Discussion

Chitosan nanoparticles were easily prepared by the ionic gelation method using TPP as a crosslinking agent. This is a simple process based on an ionic interaction between positively charged amino groups on chitosan and the negatively charged tripolyphosphate at room temperature26.

Table 2 contain the zeta potential and size of the chitosan nanoparticles obtained by factorial design 23. The polydispersity index (PDI) for the eight formulations evaluated was lower than 0.3 (data not shown).
Table 2 shows that, with a significance level of 5%, the variation in pH did not influence significantly on diameter and zeta potential of nanoparticles. Therefore, the value of 4.4 was adopted due to lower consumption of NaOH to raise the pH of the chitosan solution which initially is less than 4.0.
With the results shown in Table 2 and using the program Statistica, graphs showing the effect of each parameter (pH, QTS:TPP and acetic acid concentration) on the size and zeta potential were obtained. With these data it is possible to determine which parameters have a statistically significant influence.

As can be seen in Figure 1, the parameter that most influenced the zeta potential of the nanoparticles was ratio of QTS:TPP and its optimum condition was that at the lowest level (3:0.8). This is the main parameter because the tripolyphosphate anions interact with the protonated amino groups of chitosan forming nanoparticles. As shown in Figure 1(b), with the highest level of TPP (ratio 3:1), there was more linkages between polymer and phosphates forming particles with smaller hydrodynamic diameter. However, is illustrated in Figure 1(e) that for the ratio of 3:0.8, the nanoparticles exhibited average zeta potential greater than 33 mV while for ratio of 3:1 the average potential was less than 29 mV. According to Ing et al. (2012)27, nanoparticles with surface charge greater than 30mV are more stable and this value is sufficient to prevent aggregation of the particles, wherefore, the ratio of 3:0.8 is the best for chitosan nanoparticles production.
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Through statistical analysis of the Figures 1(c) and 1(f) it was observed that there was no significant difference between the results of size and zeta potential with 0.1 and 0.2 M of acetic acid. Therefore, concentration of 0.1 M was chosen because requires smaller volume of acid.
Based on these results, the parameters were fixed at pH 4.4, acetic acid concentration of 0.1 M and ratio QTS:TPP of 3:0.8. Under these conditions, the average size of the chitosan nanoparticles was 69.7 nm as shown in Figure 2.

Douglas et al. (2006)28, using ionic gelation method with chitosan and alginate, obtained nanoparticles with average diameter (157 nm) larger than the particles acquired in the first test of the factorial design. The zeta potential (32.2 mV) obtained by the authors was lower than the value found in the Experiment 1, of 33.8 mV, as can be observed in Figure 3. 
Figure 4 shows the TEM image of chitosan nanoparticles obtained under the conditions evaluated in the first test of the design, where it can be seen that the nanoparticles have spherical shape with a homogeneous and uniform distribution of size less than 100 nm, that mach with the size distribution for this test in which the particles had an average diameter of 69.7 nm.

The chitosan nanoparticles showed higher antimicrobial effect against Staphylococcus aureus, with zone of inhibition of 2.0 cm as shown in Figure 5. This demonstrates that the cationic amino groups of chitosan nanoparticles bind to anionic groups of this Gram-positive bacteria, resulting in growth inhibition29.
4. Conclusions
This study has demonstrated the importance of a factorial design for the analysis of the best conditions to create chitosan nanoparticles. It was observed that the particles size and zeta potential depended mainly on ratio of QTS:TPP used in the formation of the nanoparticles. The best conditions to form these particles were pH 4.4, QTS:TPP of 3:0.8 and 0.1 M of acetic acid to solubilize the polymer. With these conditions, particles were obtained with average diameter of 69.7 nm, zeta potential 33.8 mV and antimicrobial activity against the bacteria Sthapylococcus aureus.
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Table 1 – Levels of parameters used in the factorial design.

	Parameter
	Level - 1
	Level +1

	pH
	4.4
	4.6

	QTS:TPP
	3:0.8
	3:1

	[Acetic acid] (M)
	0.1
	0.2 


Table 2 – Size and zeta potential of chitosan nanoparticles obtained with the factorial design 23.
	Experiment
	pH
	QTS:TPP
	[Acetic acid]
	Size (nm)
	Zeta Potential (mV)

	1
	(-) 4.4
	(-) 3:0.8
	(-) 0.1
	69.7±0.4ab
	33.8±0.2a

	2
	(+) 4.6
	(-) 3:0.8
	(-) 0.1
	71.7±0.7a
	33.3±0.1a

	3
	(-)  4.4
	(+) 3:1
	(-) 0.1
	68.4±0.5b
	28.6±0.1b

	4
	(+) 4.6
	(+) 3:1
	(-) 0.1
	69.7±0.7 ab
	28.5±0.2b

	5
	(-)  4.4
	(-) 3:0.8
	(+) 0.2
	70.4±0.5ab
	33.8±0.3a

	6
	(+) 4.6
	(-) 3:0.8
	(+) 0.2
	71.1±0.6ab
	32.9±0.1a

	7
	(-)  4.4
	(+) 3:1
	(+) 0.2
	68.9±0.4ab
	28.8±0.2b

	8
	(+) 4.6
	(+) 3:1
	(+) 0.2
	71.6±0.3a
	29.1±0.2b


Averages with the same letters are not significantly different, (p<0.05; Tukey’s test).
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Figure 1 – Analysis of the effects of the parameters (a) pH, (b) QTS:TPP and (c) [Acetic acid] on size and (d) pH, (e) QTS:TPP and (f) [Acetic acid] on zeta potential of chitosan nanoparticles.
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Figure 2 – Size distribution of chitosan nanoparticles by intensity with average size of 69.7 nm.


Figure 3 – Zeta potential distribution of chitosan nanoparticles by intensity with average potential of 33.8 mV.
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Figure 4 – TEM image of chitosan nanoparticles.
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Figure 5 – Image of agar diffusion against Staphylococcus aureus.
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