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High Performance Biocidal Glass: Comparing the Antimicrobial Potential Obtained by Different Ionic Exchange Procedures
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This work presents preliminary results for a biocidal vitreous material that is produced by the incorporation of ionic silver specimens through ionic exchange reactions. Powdered glass was submitted to ionic exchange in an ionic medium containing silver species sufficient to saturate the glass matrix. Ionic exchange reactions were developed by three different methods: thermal ionic exchange in a muffle oven; ionic exchange in aqueous solution without heating; and ionic exchange in aqueous solution with heating. Samples were submitted to microbiological analysis and Atomic Absorption Techniques. Results showed that the thermal ionic exchange provides a higher silver ion concentration in the glass matrix and a more intense biocide property. However, the difference between the results obtained by thermal ionic exchange in a muffle oven and the ionic exchange in aqueous solution without heating was very small, and the ionic exchange process in aqueous solution is most viable to the industrial implementation.
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1. Introduction
Due to the risks posed to humans by bacteria, fungi and other pathogenic microorganisms, demand has been increasing for materials that guarantee the hygiene of human environments. This need is more prevalent in homes and industrial settings where such microorganisms are more actively controlled. The development and use of biocidal materials is an efficient way to handle such risks1-4. 
The biocidal properties of silver ions have been known since ancient times, leading to their use as a bactericide in catheters, the treatment of burn wounds, foam mattresses and dental work. However, residual silver ions in treated water may adversely affect human health5,6.
A compound containing silver ions in its structure has strong bactericide and fungicide property, with proportional effects to the ions concentration. This silver ions biocidal property is due to the oligodynamic effect that this kind of ion has. The oligodynamic aspect is a toxic effect of metals ions on living cells, algae, fungal, bacteria, virus or others microorganisms, even in relatively low concentrations. This antimicrobial effect is shown for ions: mercury, silver, copper, iron, zinc, gold, aluminum and other metals. Especially heavy metals exhibit this effect7-9.

Ionic silver specimens can be incorporated into glasses or natural clays by the ionic exchange process. Differing silver concentrations can be realized depending on the kind of matrix chosen and on the ionic exchange process parameters utilized. Ionic exchange involving oligodynamic specimens is favored by the presence of sodium in the glass or clay structure, which, in the case of Ag+ and Na+ ions, is due to their similar ionic radii and equivalent valence states2. The other factors that influence the efficiency of ionic exchange are the reactive area and the porosity10.

The biocidal properties of clays and glasses depend on the presence of oligodynamic specimens in their structure. The percentage of ionic silver in a material structure is a fundamental factor in determining the magnitude of its antimicrobial activity. The biocidal efficiency of glasses or clays submitted to ionic exchange with silver ions is proportional to the percentage of ionic silver incorporated by the exchange process2.

This study evaluates new techniques to perform the ionic exchange reaction between silver ions present in ionic media and sodium ions already present in the glass. Powdered glass was submitted to ionic exchange process in an ionic medium containing silver species sufficient to saturate the glass matrix. Silver nitrate (AgNO3) was used as the silver source. Ionic exchange reactions were developed by three different methods: thermal ionic exchange in a muffle oven; ionic exchange in aqueous solution without heating; and ionic exchange in aqueous solution with heating. After ionic exchange, glass samples were studied by microbiological analysis and Atomic Absorption Techniques. Samples antimicrobial activity was evaluated by the disk diffusion method for the bacteria species Echerichia coli and Staphylococcus aureus, and fungal species Candida albicans.
2. Experimental Procedure
2.1. Glass Development

The efficiency of the ionic exchange reaction depends on the sodium presence in the vitreous material structure. Thus, the glass used in this work must contain a high sodium concentration.

The glass was prepared following the composition and methodology developed by Fiori et al.2. The raw materials were melted at 850 ºC for 30 min and at a heating rate of 10 ºC/min. They were then heated to 1450 ºC for 120 min at the same heating rate. In sequence, the glass obtained was crushed to particle sizes less than 40 μm and submitted to ionic exchange treatment in AgNO3 ionic media at different methods.
2.2. Ionic Exchange Treatment
The ionic exchange process was performed utilizing powdered glass in an ionic medium containing AgNO3 (Cennabras, 99.5% purity) as the silver source and NaNO3 as the melted medium (Reagan, 99.0% purity).
Samples were developed by three different ionic exchange reaction methods: ionic exchange by heat treatment in a muffle oven; ionic exchange in aqueous solution without heating, and ionic exchange in aqueous solution with heating.

Sodium concentration in the glass structure sets a limit for the silver ions incorporation in which the system enters a saturation regime. At this point becomes ineffective increasing the silver salt concentration since the glass has no more sodium to perform the ionic exchange with silver ions and antimicrobial activity presents no change (2). It was used to the samples development sufficient silver salt amounts for the system to reach the saturation regime of silver ions, obtaining the highest biocidal effect possible for each sample.
In sample 1, powdered glass was immersed into the ionic medium containing AgNO3 and NaNO3 and heated at 430 ºC for over 4 h in a muffle oven, so that the ionic exchange reaction occurred. Samples 2 and 3 were developed in aqueous solution. The powdered glass was immersed in a solution containing the ionic medium and kept under magnetic stirring for 6 hours. Sample 2 was developed at room temperature while sample 3 was developed at 90 ºC, so that the heating effect during ionic exchange process in aqueous solution could be evaluated.

Tab. 1 shows the parameters applied to the samples development.

After the ionic exchange treatment, the samples were washed and kept in deionized water for two days. This procedure was used to dissolve the sodium residues that had been incorporated onto the glass surface during the ionic exchange process. The samples were then dried in an oven at 70 ºC and crushed again to ungroup the particles.

2.3. Microbiological Tests

Bactericidal and fungicidal activities of the samples were evaluated using the agar diffusion test (disk diffusion method). The bacteria species utilized were Echerichia coli (ATCC 25922) and Staphylococcus aureus (ATCC 6538), and the fungal species utilized was Candida albicans (ATCC 10231). 

The tests were conducted in Petri dishes containing three wells 10 mm in diameter. Measured quantities of 0.050 (± 0.001) g of biocide powdered glass were placed into each well followed by 10 µL of sterile water. Each sample was placed in its individual Petri dish and each sample configuration was performed in triplicate.
All tests were conducted at 37 °C after the microorganism was submitted to a 24 hour incubation period. For all samples, microbiological tests were carried out to evaluate the influence of the ionic medium and reaction time on the production of a biocidal glass.

In order to evaluate the performance of the antimicrobial effect in the agar well diffusion test, the biocide action areas (total and sample areas) were modeled as circles.

2.4. Analysis of Silver Incorporation in Powdered Glass Samples

After the ionic exchange process, the glass samples were submitted to Atomic Absorption technical (AA) to determine the silver ion concentration into the glass matrix. The powder glass is not soluble in water. So, it becomes necessary to transfer the silver ions incorporated in the powder glass by ionic exchange for a solution to apply the AA analysis. The technique used for this purpose was the cation exchange. A salt widely used in this process, including the exchange with silver ions is the barium chloride (BaCl2.2H2O, Fmaia, 99.0% purity)11.

The cation exchange processes on the powdered glass samples were realized with a solution 1.2 M of barium chloride contending 5.0 g of glass sample. The system was kept under magnetic stirring for 4 hours. In the sequence, the cation exchange solution was submitted to vacuum filtration to separate the liquid phase containing silver. This procedure was repeated for each powdered glass sample. Atomic absorption technical was used in these solutions and the appropriate calculations were made to determine the silver amount in each sample. The mass perceptual of silver was determined utilizing the Equation 1.
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Where [Ag+]% is the weight perceptual of the ion silver in the bactericidal glass sample, [Ag+]s is the mass concentration per liter in the cation exchange solution, Vs is the volume in liter of the cation exchange solution and m the mass of the bactericidal glass sample submitted to cation exchange process.
All experiments were performed in triplicate to determine the average and standard deviation of the obtained values.
3. Results and Discussion
3.1. Microbiological Results

Bactericidal and fungicidal action values obtained in microbiological analysis with Echerichia coli and Staphylococcus aureus bacteria, and Candida albicans fungus are considered excellent. Tables 2, 3 and 4 show the triplicate values for the biocidal area with E. coli (ATCC 25922) and S. aureus (ATCC 6538) bacteria, and C. albicans  (ATCC 10231) fungus respectively, for all samples, obtained by disk diffusion method. Results show a great biocide effect, however with small variations in its magnitude.

Figures 1, 2 and 3 show the microbiological results to the agar diffusion test employing E. coli and S. aureus bacteria species, and C. albicans yeast species respectively.

Sample 1, developed by heat treatment in a muffle oven, showed the largest inhibition zones when tested with E. coli bacterium and C. albicans fungus. When tested in S. aureus bacterium, sample 1 had the lowest antimicrobial performance and the largest standard deviation.

Microbiological results obtained with sample 2, prepared in aqueous solution without heating, showed a standard deviation below the sample 1. In S. aureus bacterium, sample 2 provided the most intense bactericidal effect. In C. albicans yeast, sample 2 had the lowest death zone.

Sample 3, prepared in aqueous solution with heating, showed small variation in their microbiological results. Inhibition zones obtained for this sample were very close to those obtained with sample 2. Only in S. aureus tests sample 2 showed a large difference in the inhibition halo. In other tests differences were small, showing that the heating of the ionic medium during ionic exchange reactions promoted in aqueous media did not influence significantly the antimicrobial property acquired.
3.2. Atomic Absorption Results

Tab. 5 shows the values of ionic silver species concentrations in the glass obtained by Atomic Absorption technique.
All samples showed a small standard deviation. Silver ions concentrations obtained for all samples were very close, and any ionic exchange technique used was suitable for the preparation of antimicrobial glassy material by silver ions action.
4. Conclusion
Samples containing silver ions showed antimicrobial properties, with proportional effect to the ion concentration found in Atomic Absorption analysis. This study compared the antimicrobial effect and the silver ions concentration incorporated in a glass structure by three different techniques: ionic exchange by heat treatment in a muffle oven; ionic exchange in aqueous solution without heating, and ionic exchange in aqueous solution with heating.
According to microbiological tests and Atomic Absorption analysis the temperature did not influence significantly the results obtained for glasses prepared by ionic exchange in aqueous solution. Results showed differences in antimicrobial activity promoted by the additive developed in aqueous solution and that developed by heat treatment in a muffle oven. Powdered glass developed by heat treatment showed a stronger fungicidal activity, however the antimicrobial effect of the additive developed in aqueous solution without heating was more effective in S. aureus bacterium.

Results show that use of the aqueous solution technique to perform ionic exchange reaction without heating is suitable for the biocide powdered glass development. Although the process uses more time to the ionic exchange reaction, requires no heating and only mechanical stirring is needed. This is a great advantage and makes the process more viable for application to larger plants.
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Table captions

Table 1 – Parameters applied to the samples development.
Table 2 – Agar diffusion test results for Echerichia coli bacterium.
Table 3 – Agar diffusion test results for Staphylococcus aureus bacterium.
Table 4 – Agar diffusion test results for Candida albicans fungus.
Table 5 – Silver ion concentration for each sample obtained by Atomic Absorption.
Table 1

	Sample
	Glass (g)
	AgNO3 (g)
	NaNO3 (g)
	Time

(h)
	Temperature (ºC)

	1
	20.00
	2.00
	2.61
	4.00
	430

	2
	20.00
	5.00
	6.00
	6.00
	25

	3
	20.00
	5.00
	6.00
	6.00
	90


Table 2

	Sample
	Ionic Exchange Technique
	Abac
 QUOTE 
 (cm2)
	<Abac>
(cm2)
	σ

(cm2)

	1
	heat treatment
	3.37
	3.37
	3.74
	3.49
	0.21

	2
	solution without heating
	3.02
	3.02
	3.37
	3.13
	0.20

	3
	solution with heating
	3.02
	2.68
	3.37
	3.02
	0.35


Table 3

	Sample
	Ionic Exchange Technique
	Abac
 QUOTE 
 (cm2)
	<Abac>
(cm2)
	σ

(cm2)

	1
	heat treatment
	2.68
	2.36
	3.37
	2.80
	0.52

	2
	solution without heating
	3.74
	3.02
	3.37
	3.37
	0.36

	3
	solution with heating
	2.68
	3.02
	3.02
	2.90
	0.19


Table 4

	Sample
	Ionic Exchange Technique
	Abac
 QUOTE 
 (cm2)
	<Abac>
(cm2)
	σ

(cm2)

	1
	heat treatment
	3.02
	3.02
	4.52
	3.52
	0.87

	2
	solution without heating
	1.76
	2.36
	3.02
	2.38
	0.63

	3
	solution with heating
	2.36
	2.68
	3.02
	2.68
	0.33


Table 5
	Sample
	Ionic Exchange Technique
	Silver ion Ag+ concentration
(wt.%∙102)
	<Ag+>
(wt.%∙102)
	σ

(wt.%∙104)

	1
	heat treatment
	1.70
	1.73
	1.76
	1.73
	2.873

	2
	solution without heating
	1.71
	1.73
	1.67
	1.70
	2.548

	3
	solution with heating
	1.62
	1.58
	1.63
	1.61
	2.615


Figure captions

Figure 1 – Microbiological analysis by disk diffusion method for Echerichia coli bacterium: (a) sample 1, (b) sample 2 and (c) sample 3.
Figure 2 – Microbiological analysis by disk diffusion method for Staphylococcus aureus bacterium: (a) sample 1, (b) sample 2 and (c) sample 3.
Figure 3 – Microbiological analysis by disk diffusion method for Candida albicans fungus: (a) sample 1, (b) sample 2 and (c) sample 3.
Figure 1
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Figure 2
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Figure 3
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