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Abstract

:

Antibacterial filtration materials have been used effectively to control biological pollutants and purify indoor air. This study aimed to assess the antibacterial capability of three fiber filter materials treated with triclosan: glass fiber (GF), non-woven fabric (NF) and chemical fiber (CF). Triclosan was loaded onto the filtration materials by the impregnation method. The triclosan-treated filter materials exhibited antibacterial zones obviously: the average antibacterial bands against E. coli were 11.8 mm (GF), 13.3 mm (NF) and 10.5 mm (CF); against S. albus, they were 25.5 mm (GF), 21.0 mm (NF) and 23.5 mm (CF). The percent reductions of bacteria for the antibacterial air fiber materials treated with triclosan against E. coli were 71.4% (CF) and 62.6% (GF), while the percent reductions against S. albus were 61.3% (NF) and 84.6% (CF). These findings could help to reduce the transmission and threat of epidemic and purify the environment through the use of environmentally friendly antibacterial filter fibers.
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1. Introduction


Airborne microbes, as the major biological pollutant in the air, have a possibility of affecting human health negatively and causing or enhancing infectious diseases, such as influenza, pneumonia, coronavirus (COVID-19) and so on [1]. Therefore, an efficient and environmentally friendly technique is required for the control of bioaerosols, in order to reduce the transmission and harm of infectious diseases and decontaminate indoor air. According to the field literature, much effort has been devoted to developing active control technologies for airborne bacteria, including ultraviolet irradiation [2], static electricity, microwave irradiation [3], plasma [4], ozone, gas fumigation, lysozymes, photocatalysis [5] and air bactericides. These active sterilization technologies have an obvious sterilization effect and control effect on indoor microorganisms. However, a number of problems remain, such as the instability of the sterilization effect (light blocking, electric field characteristics), secondary pollution (residual ozone, heat or formaldehyde), and clear toxicity (chemical bactericides). Air filter fiber containing antibacterial agents is efficient and commonly used in removing airborne biological pollutant.



In recent years, metal nanoparticles (silver [6,7] and copper [8,9]) and natural plant essential oils, such as thyme essential oil [10] and Picea abies essential oil [11], have been widely used in antibacterial filter materials due to their sterilization efficiency, but the attenuation of the germicidal efficacy caused by self-oxidation and difficult extraction have limited their use as antimicrobial agents in some conditions. Additionally, metal ions have a potential toxicity to human health [12]. Triclosan is well known to be a broad-spectrum and environmentally friendly antimicrobial agent and has been commonly added in soap [13], cosmetics [14] and the adhesive resin employed in medical application [15,16,17].



Several studies [18,19,20,21,22] on the application of triclosan in the field of stomatology found that triclosan has a good disinfection effect on bacteria. Lee et al. [23] reported that the antibacterial rate of triclosan was >97% against S. aureus. Moreover, the antibacterial properties have been affected by the triclosan concentration and the coating process of treated cotton [24]. Furthermore, when the triclosan is more concentrated, the antibacterial effect is greater. The antibacterial properties of triclosan were reflected by its inhibition of microbial growth and reduction of adherence to polymers. Triclosan also exhibits a strong antimicrobial result when used as an antimicrobial agent for textile materials [25,26,27,28]. Pelia et al. [29] had obtained a good antimicrobial result of cotton textile treated with triclosan. Field studies [30,31,32] resulted in a significant and persistent antimicrobial performance of triclosan against bacteria (S. aureus and E. coli). Air filter non-wovens with triclosan showed good and stable antimicrobial properties for 12 months when used in an air conditioner [26,33]. At present, because of the huge demand for antibacterial filtration materials to reduce the microbe pollutant in the air, there is still not sufficient detailed information on the use and efficacy of triclosan as an antibacterial agent when applied to ventilation filter materials.



Therefore, the aims of this study were (1) to prepare three kinds of triclosan-loaded antibacterial filter materials and (2) to assess the antibacterial capability of triclosan-treated fiber filter materials. Chemical fiber (CF, polypropylene), glass fiber (GF) and non-woven fabrics (NF) were selected as the experimental filter materials, because these materials are widely used in ventilation filters. Triclosan was loaded onto the filter materials by a soaking method. In this study, Escherichia coli (E. coli, Gram-negative, the indicator bacteria in water) and Staphylococcus albus (S. albus, Gram-positive, the representative bacteria of airborne microorganisms) were chosen as the biological agents for testing the antibacterial capability of triclosan-treated filter materials.




2. Materials and Methods


2.1. Preparation of Antibacterial Fibers


The three kinds of filter materials used in this paper (glass fiber (GF) was a fiber filter material made of glass, non-woven fabrics (NF) were composed of directional or random fibers, and chemical fiber (CF) was a fiber filter material made of polypropylene) were evaluated as square-shaped coupons with dimensions of 12 cm × 12 cm. The coupons were treated by immersion in an alcoholic-triclosan solution.



Figure 1 shows the preparation of the triclosan-treated fiber coupons (triclosan-treated (TT)) and the treated filter materials. The temperature ranged from 18–26 °C during the treating process. The relative humidity of air during the treating process was in the range of 40–60%. First, the triclosan was added to a beaker containing an alcoholic solution, until a white crystal appeared. After ten minutes, the supernatant of the saturated solution of triclosan was poured into a glassware, and the three filter materials were soaked in the solution for five minutes. Next, the treated filter materials were put in a petri dish (90 mm) that was placed in an air-blast drier (101-1AB) at 50 °C for 30 min, and then dried naturally in air for 24 h. Subsequently, a secondary impregnation for the filter materials was performed in the supernatant, after which the filter materials were dried in the air-blast drier at 50 °C for 30 min and placed in air for 24 h. The add-on of triclosan was gained by the difference of weight between the treated and untreated material. The preparation of the alcohol-treated fiber coupons (AT) was impregnated in alcohol solation, while the no-treatment fiber coupons (NT) were soaked in distilled water. The filtration efficiency of the filter materials was tested with a filtration velocity of 5.3 cm/s and air flow rate of 32 L/min based on the standard of EN 1822 [34]. The particle size ranged from 0.04 μm to 1.0 μm in the efficiency testing.




2.2. Test Materials


E. coli and S. albus were chosen as test bacteria in antibacterial assays. The bacterial suspensions were prepared by adding the E. coli or S. albus into the sterilized nutrient broth (NB), and diluted to the concentrations of about 108 CFU/mL (the qualitative assays) and 106 CFU/mL (the quantitative assays) by PBS buffer (0.3 mol/L). In all antibacterial assays, the bacteria were cultured in the plate containing 15 mL of sterilized agar medium (AM).



For all antibacterial assays, a single active colony was picked up from the cultured plate with active colony. The selected colony was then inoculated in NB and propagated in an oscillating incubator at 37 °C with 130 r/min for 24 h. Next, the concentration of the bacterial suspension was determined from the absorbance value measured with a UV spectrophotometer at 660 nm. Equation (1) was used to calculate the concentration:


   C  sus   =   OD   660  mm    ×   10  9   



(1)




where    C  sus     is the concentration of bacterial suspension, CFU/mL, and     OD   660  mm      is the absorbance value.




2.3. Qualitative Antibacterial Efficiency Assays


The preparation of the coupons involved cutting several circles (diameter 24 mm) out of each coupon [35] and exposing them to UV for 30 min.



The experiments were conducted as follows. The 10 mL AM was poured into the petri dish (90 mm) to solidify it as the underlying medium. Next, 1 mL of E. coli (or S. albus) suspension was taken by a pipette, put into 400 mL AM at 50 °C and shaken evenly; 5 mL of the mixture was poured into the dish containing 10 mL AM. The coupons were positioned in the middle region of the plates with sterilized tweezers, and pressed to have enough contact with the AM. Then, the coupons in the dishes were placed and incubated at 37 °C for 24 h. Bacteriostatic zones around the coupons were then detected. In addition, the presence or absence of bacterial growth at the bottom of the filter material was observed. Since S. albus grew slowly in the experiments, the cultivation time was longer (72 h), which led to the AM cracking and stripping from the bottom when only 10 mL of AM was added. Therefore, it was appropriate that the amount of AM of each disk was improved to 20 mL in the preparation of culture plates.




2.4. Quantitative Antibacterial Efficiency Assays


The antibacterial fiber was cut into the square-shaped coupons (5 mm × 5 mm), which were weighed to 0.7 g each [36,37], and then irradiated under UV light for 30 min for sterilization.



Nine 250-mL flasks, each containing 5 mL bacterial suspension and 70 mL PBS buffer, were divided into three equal groups. In Figure 2, distilled water was added to one group of flasks (the blank group) and alcohol was added to another group (the control group); in the experimental group, distilled water and alcohol were added to treat the filter material. The two groups were then placed in the incubator at 37 °C with 250 r/min, and shaken for 1 min (referred to as “0” contact time). Next, 0.6 mL of the bacterial suspension from each of the flasks was transferred into a 10-mL test tube containing 5.4 mL of 0.03% PBS buffer solution, and four gradients were diluted. One milliliter of bacterial diluent from each tube was taken to duplicate two plates, which were incubated for 24–48 h at 37 °C. The number of bacterial colonies on each plate was recorded. The final group of flasks contained filter material treated with triclosan as the experimental group. These flasks were placed in the incubator at 37 °C with a rotation speed of 150 r/min, and the oscillation time was 18 h (referred to as “18 h” contact time) (Figure 2). The bacterial suspension in each flask was then diluted. Two parallel templates were prepared for each dilution gradient, and all the plates were placed in the incubator and cultured at 37 °C for 24–48 h. The number of colonies was counted for each dilution gradient.




2.5. Qualitative Evaluation on Antimicrobial Capability


Qualitative antibacterial properties were evaluated according to ISO 20645 [35]. Bacteriostatic zone was sized, the inhibition zone was defined by Equation (2):


  H =   D − d  2   



(2)




where  H  is the inhibition zone, mm,  D  is the diameter of the antibacterial area, mm, and  d  is the diameter of coupons, mm.



After measuring the bacteriostatic zone, the coupons were removed from the AM. Additionally, the active bacterial grown was observed in the contact area under the coupons. The antibacterial performance of triclosan-treated coupons was evaluated by ISO 20645 [35].




2.6. Quantitative Evaluation on Antibacterial Capability


The quantitative antibacterial activity of triclosan-treated coupons against E. coli and S. albus was evaluated, according to the quantitative assessment of the antibacterial textile materials [37]. After oscillating, “18 h” contact and being serially diluted by ten-fold, the bacterial suspension containing the triclosan-treated coupons was sucked and painted on the surface of plate with10 mL AM, then incubated for 24–48 h at 37 °C. The colonies, grown on the cultured plates, were counted by eyes. The bacteriostatic rate of TT filter fiber was defined as Equation (3) [37,38]:


  BR =     CC  N  −   EC  N      CC  N    × 100 %  



(3)




where BR is the bacteriostatic rate, %,     CC  N    is the viable bacteria in control coupons after “18 h” oscillating, CFU, and     EC  N    is the viable bacteria in experimental coupons after “18 h” of oscillating, CFU.





3. Results and Discussion


3.1. Antibacterial Filter Material Performance


The weights and thicknesses of the antimicrobial filter materials were measured. Compared with the untreated materials, the average weights of the GF, NF and CF treated with triclosan increased by 2.77 g, 2.25 g and 1.65 g, respectively. The weight of the filter material treated with alcohol alone did not increase much. In addition, as calculated by Equation (4), the thicknesses of GF and NF with triclosan increased by 18.50% and 14.21%, respectively, while that of CF decreased by 5.23%, compared with untreated filter materials. Because the layered structure of CF was looser, the smaller space in the structure of CF resulted in more compact when treated with triclosan by soaking. The explanation for this phenomenon is that the addition of triclosan may have led to an increase in weight with the reduced thickness.


  Z =    Z f  −  Z i     Z i    × 100 %  



(4)




where  Z  is the change rate of the thickness, %,    Z i    is the thickness of the filter material sample without any treatment, g, and    Z f    is the thickness of the filter material sample after the addition of triclosan, g.



Fiber images obtained with a scanning electron microscope (SEM) are shown in Figure 3. Compared with the non-treated fiber, the fiber materials to which triclosan was attached had a cloudy condition (Figure 3). This phenomenon also explains the increase in weight that resulted from the addition of triclosan.



Compared with the non-treated filter materials, the GF and NF treated with triclosan exhibited filtration efficiencies that were 4.68% and 7.14% higher, respectively, while the filtration efficiency of CF was 12.27% lower. This finding indicates that the alcohol in the impregnation solution weakened the static electricity in the CF, leading to a decrease in filtration efficiency, while the increase in the filtration efficiency of the other two filter materials resulted from smaller space between fibers and reducing the porosity due to the add-on of triclosan (Figure 3). Meanwhile, the resistance of GF and CF increased by 4.3 Pa and 4.0 Pa, respectively, and that of NF decreased by 1.2 Pa, compared with untreated filter material. This study speculated that the increase in resistance was caused by the adhesion of triclosan to the fibers, which reduced the porosity, while the decrease was due to the change in NF fiber structure by the alcohol.




3.2. Antibacterial Capability of the Qualitative Assays


The bacteriostatic bands of GF, NF and CF for E. coli and S. albus are displayed in Table 1. It can be seen that all bacteriostatic bands were more than 1 mm, and there were no viable bacteria in the contact area between the coupons and AM except for NF (AT). The average antibacterial bands against E. coli were 11.8 mm (GF), 13.3 mm (NF) and 10.5 mm (CF); against S. albus, they were 25.5 mm (GF), 21.0 mm (NF) and 23.5 mm (CF) (Table 1). Celebioglu et al. [32] also observed clear antibacterial bands (>5.0 mm) against E. coli. It was demonstrated that triclosan-treated GF, NF and CF exhibited a strong antibacterial action on the tested bacteria under ISO 20645 [35]. Moreover, no bacterial reproduction was observed on the bottoms of the coupons, and S. albus was found to be growing at the bottom of the NF treated with AT (Table 1). Furthermore, no bacterial reproduction occurred in the area of contact between the coupons and AM. The different size of inhibition zones has been reported compared with that in field study [26] due to the different treatment methods.



The typical bacteriostatic bands of GF, NF and CF treated with triclosan are shown in Figure 4. The bacteriostatic bands of the triclosan-treated GF, NF and CF were obvious and were wider than the zones of the alcohol-treated materials (Figure 4), against the E. coli and S. albus. The results indicated that there was no viable bacteria growth on the bottom of the triclosan-treated material against the E. coli. The triclosan-treated air filter material have a strong antibiotic action, resulting from the appearance of bacteriostatic bands. Field studies have all demonstrated the reliability of triclosan’s antimicrobial ability, and the findings of those studies agree with the qualitative experimental results in the present study. Cui et al.’s [25] study also obtained bacteriostatic bands by a disk-diffusion assay. Furthermore, Karaszewska et al. [26] also found that polylactide microparticles with triclosan had a clear bacteriostatic band. Additionally, Figure 4 reveals that CF, NF and GF all had zones of E. coli inhibition, even when there was no triclosan. This phenomenon may have been due to the static electricity [39] loaded in the filter media.



Meanwhile, the colony self-activity was a significant factor effect on the antibacterial assays. Field studies [10] have reported that bacteria exhibit a greater logarithmic change in the exponential phase than the stable phase. Moreover, the bacteria in the present study are facultative and slow-growth anaerobes, and the oxygen obtained by colonies was lower after they had been cultured into the AM. Due to the small growth form of S. albus and the similarity of the colony’s color to that of the culture medium, the bacteriostatic bands could not be clearly identified in the photographs in Figure 4.




3.3. Antibacterial Capability of the Quantitative Assays


In this study, 6 assays were conducted on the quantitative evaluation, and 153 samples were collected in each quantitative experiment. The bacteriostatic rates in the quantitative experiments are shown in Table 2. The bacteriostatic rates of GF (TT) and CF (TT) against E. coli were 62.7% and 71.4%, respectively, while the bacteriostatic rates of NF (TT) and CF (TT) against S. albus were 61.3% and 84.6%, respectively. Analysis of the results showed that the antibacterial activity of CF treated with triclosan against S. albus was higher than that against E. coli, which was agreed with the field study [30,32]. This finding was resulted from that Gram-positive bacteria are more active than Gram-negative bacteria [30,40]. The bacteriostatic rates in this study were lower than the results reported by Guo et al. [20] (more than 99%) and Kamalipour et al. [41] (more than 95% in a three-day period). Paula et al. [19] have reported that adding triclosan to resin composites can reduce the formation time of bacterial biofilms by more than 10 days, and thus, reduce bacterial adhesion. Therefore, the concentration of triclosan and duration of action, as well as the way in which the triclosan is added, can help to explain the different bactericidal effects mentioned above.





4. Conclusions


In this study, three kinds of triclosan-loaded antibacterial filter materials (chemical fiber, glass fiber and non-woven fabrics) were prepared, and the antibacterial capability of triclosan-treated fiber filter materials was assessed for selected bacterial agents. The filtration materials with triclosan adhesion had a strong antimicrobial effect, as shown by the obvious bacteriostatic bands in qualitative evaluation experiments. The results showed that three triclosan-loaded antibacterial filter materials obviously reduced the selected bacteria (bacteriostatic rates > 60%). In the future, more work would be focused on the relationship with particle size of the triclosan and porosity result for the use of antibacterial filter materials in air conditioning systems. The present study has provided an effective antibacterial fiber filter material loaded with triclosan that can help to reduce the transmission and threat of infectious diseases and improve the indoor environment.
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Figure 1. Preparation process for the filter materials treated with triclosan and the treated filter material ((a) no treatment (NT), (b) alcohol-treated (AT), and (c) triclosan-treated (TT); in each set of images, the left is GF, the middle is NF and the right is CF). 
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Figure 2. Steps of oscillation and dilution during the quantitative experiments. ((a) blank group, (b) control group and (c) experimental group; each group consisted of three identical flasks, and the operation procedure was exactly the same). ”0” contact time: oscillated (a,b) for 1 min at 24 °C, 250 r/min; “18 h” contact time: oscillated (a–c) for 18 h at 24 °C, 150 r/min; the bacterial suspensions taken from each flask were successively diluted to five gradients (101, 102, 103, 104, 105). 
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Figure 3. Photographs of non-treated (NT, upper) and triclosan-treated (TT, lower) GF, NF and CF filter fibers by SEM. ((a)-GF (NT); (b)-NF (NT); (c)-CF (NT); (d)-GF (TT); (e)-NF (TT); (f)-CF (TT)). 
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Figure 4. Typical bacteriostatic bands of GF, NF and CF treated with triclosan (Left: (a)-GF (AT) against E. coli; (b)-GF (AT) against S. albus; (c)-GF (TT) against E. coli; (d)-GF (TT) against S. albus; Middle: (a)-NF (AT) against E. coli; (b)-NF (AT) against S. albus; (c)-NF (TT) against E. coli; (d)-NF (TT) against S. albus; Right: (a)-CF (AT) against E. coli; (b)-CF (AT) against S. albus; (c)-CF (TT) against E. coli; (d)-CF (TT) against S. albus). 
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Table 1. Bacteriostatic bands of GF, NF and CF to E. coli and S. albus (units: mm).
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Coupons

	
E. coli

	
S. albus






	
GF

	
TT

	
   11.8   ±   0.4   

	
-

	
   25.5   ±   3.5   

	
-




	
AT

	
   4.5   ±   2.1   

	
-

	
   0.1   ±   0.1   

	
-




	
NF

	
TT

	
   13.3   ±   3.9   

	
-

	
   21.0   ±   4.2   

	
-




	
AT

	
   4.8   ±   1.1   

	
-

	
   0.1   ±   0.1   

	
+




	
CF

	
TT

	
   10.5   ±   0.7   

	
-

	
   23.5   ±   2.1   

	
-




	
AT

	
   1.6   ±   0.3   

	
-

	
   0.1   ±   0.1   

	
-








“-” no bacterial growth in contract area. “+” viable bacteria in contract area.
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Table 2. Bacteriostatic rates of tested filter materials treated with triclosan (a: E. coli, b: S. albus).
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	Coupons
	E. coli
	S. albus





	GF (TT)
	   62.6   ±   27.7 %   
	--



	NF (TT)
	--
	   61.3   ±   22.3 %   



	CF (TT)
	   71.4   ±   20.2 %   
	   84.6   ±   7.3 %   







“--” No petri dishes meeting the standard range of colony data were detected (30–300 CFU).
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