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ABSTRACT

The importance of the preservation of water resources has resulted in the application of
technologies such as nanostructured materials, which are able to minimize the impact associated
with water contamination. This work evaluated the application of polyamide-66 (PA) pellets
functionalized with silver nanoparticles (AgNPs) at polymer mass percentages of 0.05, 0.10
and 0.50% to disinfect of drinking water. Studies were carried out in three stages. The first stage
was the synthesis of the silver nanoparticles by using silver nitrate as a metal precursor and
sodium borohydrate as a reduction agent. The colloidal dispersion was characterized by UV-
Vis spectrophotometry and transmission electron microscopy (MET). Afterwards, the
nanostructures were incorporated into a polyamide-66 polymeric matrix. In the second stage,
the silver ions leached from the polymer matrix in the water after a three-hour period were
quantified in order to evaluate the limit established by Conama Resolution 357/2005, which
imposes a concentration limit of 0.010 mg L™. The best results were obtained with the
application of 0.05% AgNPs in the polymeric matrix, yielding an average concentration of
silver ions lixiviated of 0.008 mg L. The last step comprised the quantification of the
antibacterial activity of the polymer matrix containing 0.05% of AgNPs against the
microorganism E. coli using the Standard Test Method for Determining the Antimicrobial
Agents Under Dynamic Contact Conditions. The samples containing 0.05% of AgNPs
exhibited an antibacterial reduction of 97.89% after 24 h of incubation under stirring at room
temperature (25°C).
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Uso de nanoparticulas de prata impregnadas em poliamida-66 para
desinfeccdo de agua para consumo

RESUMO

A importancia da preservagdo dos recursos hidricos tem resultado na aplicacdo de
tecnologias, tais como o uso de materiais nanoestruturados, para minimizar o impacto associado
a contaminacdo da &gua. Neste trabalho, foi avaliada a aplicacdo de pellets de poliamida-66
(PA) funcionalizados com nanoparticulas de prata (AgNPs), em percentuais de 0.05; 0.10 e
0.50% em relacdo a massa de polimero, na desinfeccdo de &gua para consumo. O presente
estudo teve como principal objetivo sintetizar as nanoparticulas de prata, e avaliar a atividade
antibacteriana destas nanoestruturas em relacdo a bactéria Gram negativa Escherichia coli
qguando incorporadas numa matriz de PA. A sintese das nanoparticulas de prata foi realizada
empregando o nitrato de prata como sal do metal precursor e o borohidreto de sédio como
agente redutor. A dispersdo coloidal foi caracterizada por espectrofotometria na regido UV-Vis
e microscopia eletrénica de transmissdo. Posteriormente, foi realizada a quantificagdo de ions
prata lixiviada da matriz polimérica para a agua no periodo de 3 horas, de forma a avaliar
comparativamente ao limite estabelecido pela Resolu¢do do Conama 357/2005, que impde um
limite de concentragéo da prata de 0.010 mg L. O melhor resultado consistiu na aplicacio de
0.05% de AgNPs na matriz polimérica, lixiviando uma quantidade equivalente a uma
concentracdo média de fons prata de 0.008 mg L. A (ltima etapa foi a utilizagdo da matriz
polimérica funcionalizada com as AgNPs em ensaios microbiol6gicos para mensurar a
atividade antibacteriana do produto obtido contra o microrganismo E. coli. Os resultados
ilustram que apds 24 h de incubacdo, sob agitacdo e temperatura de 25°C, as amostras com
0.05% de AgNPs apresentaram uma reducao antibacteriana de 97,89%.

Palavras-chave: desinfeccdo da agua, E. coli., nanoparticulas de prata, poliamida-66.
1. INTRODUCTION

Drinking water sources are becoming increasingly scarce as a result of prolonged droughts
and water pollution (Vérosmarty et al., 2000). Nascimento and Aradjo (2013) reported that
freshwater quality has been compromised due to anthropogenic actions mainly related to the
disposal of sewage, which may contain a range of microorganisms natural to the human
intestinal microbiota, such as members of the Enterobacteriaceae family. Pollution and water
contamination increase the need for measures to mitigate environmental impact so that the
application and optimisation of technologies for the adequate treatment of water are not
compromised (Araujo et al., 2016).

Nanotechnology has attracted significant interest from several research areas in relation to
the application of nanomaterials. In the medical field, metallic nanoparticles and their oxides
have been proven effective against microorganisms (Nogueira et al., 2014; Kim et al., 2016).

In recent years, several studies have been undertaken on the application of silver
nanoparticles in water disinfection, aiming at improving conventional water treatments (Zhang
and Oyanedel-Craver, 2013). Such studies have reported the antimicrobial activity of silver
nanoparticles against bacteria such as Escherichia coli, Pseudomonas aeruginosa and
Salmonella typhi (Alizadeh et al., 2014). The action mechanisms and toxicity have been
attributed to the interaction of Ag* ions with sulphuric groups in the cell membrane of the
microorganisms (Durén et al., 2016). Silver ions are of limited antimicrobial application due to
their high toxicity and low stability. However, these drawbacks can be overcome by replacing
Ag" ions with properly stabilized silver nanoparticles (Mohanty et al., 2012).
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Recent research indicates that silver nanoparticles act on the surface of the cell membrane
and diffuse into the bacterium (Duréan et al., 2016). There are some non-conclusive hypotheses
about the mechanism of action of this nanostructure, including that silver might exhibit a
synergistic action rather than a restrictive mode of action in relation to its antibacterial activity
(Mohanty et al., 2012). Therefore, the objective of this study was to present a viable alternative
for water disinfection using silver nanoparticles (AgNPs) incorporated in a polyamide-66 (PA)
matrix as a bactericidal material.

2. MATERIAL AND METHODS

2.1. Silver nanoparticles (AgNPs) synthesis

In the literature, the synthesis of silver nanoparticles comprise different production
methods, varying types and quantities of reactants, reaction time, stirring rate, heating, among
other parameters. The preparation of these nanostructures relies on the use of aqueous solutions
of silver salts — reducing and stabilizer agents — which are heated under stirring for a certain
time (Polte et al., 2012). Variables such as the type and concentration of reactants (precursor
salt and reducing agent) and stabilizers, pH and temperature have significant impact on particle
size and morphology (Nogueira et al., 2014).

In this work, synthesis reactions of silver nanoparticles were conducted in a boron-silicate
reactor with a 200-mL capacity, operating in a semi-continuous regime under controlled
temperature and stirring. The silver nanoparticles were synthesized by initially adding 180 mL
of deionized water to the reactor. Then, the precursor metal salt (silver nitrate — AgNOs,
Cennabras, Brazil) was added to the water until a concentration in the reaction medium equal
to 9.3 mmol L was reached. The stabilizing agent employed to stabilize the colloidal
dispersion (silver nanoparticles) was a hydrosoluble silicone wax containing amine functional
groups (Quimisa, Brazil).

The concentration of this compound in the reaction medium was 0.84 g L. The operational
temperature was set at 20 °C and a stirring rate of 600 rpm was kept for 10 min to ensure
complete solubilization. Then, 20 mL of a sodium borohydride solution (Nuclear, Brazil), with
a concentration of 4.64 g L™ and a temperature of 10°C was added at an approximate flow rate
of 1.5 mL min’. Following the addition of the reducing agent, the system was kept under
temperature and stirring control for additional 10 min to ensure completion of the reaction.

In the next step, silica powder (Syloid 244 FD, 5 um average diameter, Grace Division)
was added to the metallic silver colloidal dispersion at the ratio of 1.0 g of silica to 8.0 mL of
colloidal dispersion. The resulting suspension was kept under stirring for 30 minutes.
Afterwards, the system was left to rest to allow the sedimentation of the silica particles to
functionalize the silver nanoparticles. The silica was separated from the supernatant using a
separator funnel and the solid material was dried at 50°C for 48 h.

The incorporation of the AgNP-containing powder into polyamide-66 was performed in
the extruder illustrated in Figure la (Cristal Master Model GR 001) operating at 250°C at a
dosing speed of 12.60 min™. The polyamide (PA) filaments incorporated with AgNPs were
processed in a granulator (SAGEC Model S650/2) (Figure 1b) for the production of
functionalized pellets with approximate area of 1.0 cm? and mass 0.25 g. PA/AgNPs pellets
were produced at concentrations of 0.05%, 0.10% and 0.50% in relation to the weight of the
silica powder incorporated with AgNPs.
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Figure 1. (a) Extruder used to obtain PA/AgNPs filaments; (b) Granulator used to obtain PA/AgNPs
pellets.

2.2. Characterization of nanoparticles

MET analyses were performed to evaluate the mean size, size distribution and geometric
shape of the synthesized nanoparticles. Ten drops of silver nanoparticles dispersed in water
were dripped onto a 300-mesh grid covered with carbon film. After drying at room temperature,
the grids were examined in a microscope (JEOL, JEM-2100) and the images were captured at
a voltage of 200 kV.

UV-Vis spectrophotometry analyses were conducted to obtain information on the optical
properties of the synthesized product by absorption spectra. Thus, 0.1 mL of the AgNPs
colloidal dispersion were diluted in 7.5 mL of deionized water, and 3.0 mL of this solution were
added into a glass cuvette with a 10 mm optical path to obtain the absorption spectra in a
spectrophotometer (Schimadzu, model UVPC-V.3.9). The UV-Vis tests were performed in
triplicate and the same solution was prepared three times to ensure reproducibility of the results.

2.3. ICP-MS essays

The ICP-MS technique (Optima 8300 Perkin-Elmer) was selected to quantify the
concentration of silver ions leached from the PA/AgNPs pellets after 3 h of contact with water
samples contaminated with E. coli. The silver quantification was undertaken with solutions
used in microbiological tests in the presence of silver nanoparticles, according to the
methodology recommended in the Standard Methods for the Examination of Water and
Wastewater (22nd ed.), methods SMEWW-3120 B and SMEWW-3030 E. Samples containing
0.05%, 0.10% and 0.50% of silica powder incorporated with AgNPs were prepared for the
determination of Ag® ions by addition of rhodium as internal standard at concentration
5 ng Lt and 1% (v/v) HNOs. The same methodology was used for the calibration and control
solutions. The pneumatic nebulization was performed with argon gas (99.99% purity) to avoid
interference in the tests.

2.4. Microbiological tests

For the analysis of faecal coliforms, Gram-negative bacteria E. coli (CCT-8739) was
selected as faecal origin bacteria because it is directly related to health problems associated with
contaminated water consumption. Faecal coliform analysis of water potability was performed
using the Multi-Tube Fermentation Technique (TFTM) as described by APHA (2012). Serial
dilutions were prepared and the medium to be analysed was transferred to test tubes containing
the appropriate culture medium and a gas-collecting tube (Durhan tube). Following incubation
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of the tubes, the samples that showed positive results for the presence of coliforms were
submitted to three dilutions (10, 102 and 10®) and subdivided into three groups comprising
three tubes with their own culture medium.

The presumptive test for coliforms was performed using Lauril Sulfate Triptose (LST)
broth enriched with 50 mg L of 4-methylumbelliferyl-p-D-glucuronide (LST-MUG). The
analyses were performed by pipetting 1.0 mL aliquots of different dilutions into a series of three
tubes containing 9.0 mL of LST-MUG and provided with an inverted Durham tube,
homogenized and incubated at 35°C for 48 h. Gas production observed in the Durham tubes
indicated the presence of coliforms.

Following the 24 h incubation at 37°C using the serial tube methodology, all the LST-
MUG tubes that exhibited fluorescence were considered positive for E. coli when exposed to
ultraviolet light (6W) with a long wavelength (366 nm) in a dark room.

The E. coli solution was prepared using the strain cultured in TSB broth. Then, 200 pL of
such solution were dispensed into a tube containing 3.0 mL of a 0.85% NaCl solution (mass
percentage). Afterwards, the turbidity corresponding to 0.5 on the McFarland scale
(109 bacteria mL™) was determined. The solution obtained was subjected to antimicrobial
susceptibility tests by the plate diffusion method (Mdiller Hinton Agar) and the polymer matrix
containing the AgNPs were transferred into the plates and incubated for 24 h at 25°C. The
antimicrobial activity of the pellets impregnated with silver nanoparticles was assessed by the
most probable number (MPN), according to the ASTM International ( 2001).

The tests were carried out using 2.0 g of PA/AgNPs pellets containing 0.05, 0.10 and
0.50% (m/m) of silica powder functionalized with the metal nanostructures. Three triplicate
samples comprising 2.0 g of pellets without silver nanoparticles were used as control.

Subsequently, 1.0 g of inoculum was solubilized in 50 mL of deionized water at a
concentration of 2.0-3.0 x 10° CFU mL™. The flasks were closed and incubated in a shaking
oven with temperature controlled at 25°C for 24 h. Several dilutions were prepared from
1.0 mL from each vial. All tests were performed in triplicate. The microbial reduction
percentage was calculated by Equation 1.

Reduction % (UTFIC) = BlTAxl 00 1)
where: A is the microbial count in the sample containing (AgNPs) (CFU/mL) and B is the
microbial count in the sample with no antibacterial agent (control).

The samples were stirred at 40 + 2 min for 20 h on a magnetic stirrer. Afterwards, the
samples were vacuum-filtered and the liquid fraction was subjected to inductively coupled
plasma atomic mass spectroscopy (ICP-MS) to quantify the silver leached from the PA/AgNPs
pellets.

2.5. Statistical analysis and E. coli reduction kinetics

The data were treated by analysis of variance (ANOVA) and Tukey's test at 5% of
significance using Statistica for Windows (Version 7.0, Statsoft). The results allowed
determining the reduction kinetics of E. coli under two different conditions: agitation and no
agitation of the solution added with AgNPs. The reaction order was determined by the Pearson
correlation coefficient, R2, which measures the degree of linear correlation between two
guantitative variables, yielding values between 0 and 1.
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3. RESULTS AND DISCUSSION

Figure 2 shows a transmission electron microscopy (TEM) image of the silver
nanoparticles. The synthesized nanostructures exhibited an approximate spherical shape, with
an average size between 20 and 30 nm.
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Figure 2. MET image (x 450,000 times).

The absorbance spectrum shown in Figure 3 shows a peak absorbance close to 400 nm.
Similar results were published in Nogueira et al. (2014; 2016), who reported that silver
nanoparticles with predominantly spherical shape presented a surface plasmon resonance that
absorbs the radiation at wavelength around 400 nm in the UV-visible region.
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Figure 3. Absorption spectrum of synthesized silver nanoparticles.

Absorbance

The silica microparticles with adsorbed silver nanoparticles were also analysed by
transmission electron microscopy. The images presented in Figure 4 show that the metallic
nanostructures are well dispersed on the silica’s surface. Figure 4a, a conventional image
without contrast, shows the nanoparticles as dark spots. In Figure 4b, to which an optical
contrast feature was applied, the bright dots indicate the presence of a metallic material
adsorbed on the surface of the silica microparticles. This metallic material corresponds to the
silver nanoparticles, which reflect part of the incident electron beam.
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Figure 4. MET image of the silver nanoparticles adsorbed on the silica
surface: a) without contrast; b) with contrast.

The following average values were obtained from the silver-leaching tests as a function of
the amount of functionalized silica incorporated in the polyamide: 0.052 mg L™ (0.50%),
0.020 mg L™ (0.10%) and 0.008 mg L* (0.05%). The polyamide sample that complied with the
maximum limit of leached silver as established in the Conama resolution 357/2005 (CONAMA,
2005) (0.010 mg L) was used in the microbiological tests. The tests were performed with
pellets containing 0.05% by weight of silica powder functionalized with silver nanoparticles.

The antibacterial activity was determined in terms of mean faecal contamination
(CFU m L1). The tests were carried out in triplicate and the Tukey test was used to analyse the
bactericidal effect of the pellets containing silver nanoparticles (N) on the representative Gram-
negative bacteria (E. coli) after exposure times of 1 h, 2 h and 3 h. AgNP-free samples were
used as control. The data summarized in Table 1 indicate that the averages followed by the
same letter in the columns do not differ by the Tukey test (Tt) at 5% significance level.

Table 1. Faecal coliform (E. coli) contamination (average + standard
deviation) of different samples.

Sample PA/AgNps CFUmL? Tt Control Tt CFUmL?

NA251 167208 d BA251 ef 6.10£1.05

NA252 133+153 d BA252 ef 19.07+7.22
NA253 1.00+1.73 ed BA253 c¢ 47.17+11.77
NSA251 2850+131 ef BSA251 b 61.60%1.49
NSA252 23.83+1.10 f BSA252 a 90.27+491
NSA253 16.07+533 f BSA253 b 70.00+2.00

Legend: N = silver nanoparticles; B = control (no nanoparticles); A=
stirring; SA=no stirring; Tt= Tukey test (5% significance level).

Table 1 shows the interaction between residence time and stirring. A significant microbial
reduction to final concentrations of 1.33 CFU mL* (NA252) and 1.00 CFU mL™* (NA253) were
reached in the presence of silver nanoparticles for residence times of 2 h and 3 h, respectively.
In Table 1, averages followed by the same letter in the same columns do not differ by the Tukey
test at a 5% significance level. The control (BSA252) reached an average E. coli count of
90.27 CFU mLt in 2 h. The reduction in the presence of silver nanoparticles (NA252) for the
same residence time was 93.05% (p <0.05). The antimicrobial activity is ascribed to the action
of silver ions on the respiratory chain of bacteria, by decoupling the electron transfer in
oxidative phosphorylation, thereby inhibiting the enzymes of the respiratory chain (Feng et al.,
2000). Figure 5 shows the reduction kinetics of E. coli attributed to the antibacterial activity of
silver nanoparticles.

Figure 5 shows the mean percentage of microbial reduction ascribed to the antibacterial
activity of silver nanoparticles incorporated in polyamide-66. The lowest antibacterial reduction
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occurred for sample NSA251 (53.73%), no stirring and 1 h contact time. The most significant
reduction was observed for sample NA253 (97.89%), corresponding to stirring and 3 h contact
time.
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Figure 5. Reduction kinetics of E. coli.

The microbiological analysis revealed that both conditions (stirring and no stirring), result
in a relevant bactericidal effect, as stated by Tan et al. (2015). Some authors confirm that AgNPs
establish chemical bonds with sulphur and phospholipids present in the DNA, inhibiting various
cellular processes in gram-negative bacteria (Franci et al., 2015; Li et al., 2011; Morones et al.,
2005). The changes are associated with adverse effects resulting from the antibacterial activity
of AgNPs in the cell membrane due to increased production of reactive oxygen species (ROS)
(Franci et al., 2015).

The cellular stress mediated by reactive oxygen species has a detrimental and irreversible
effect on the intracellular structure of bacteria (Morones et al., 2005; Choi and Hu, 2008). Xu
et al. (2012) reported that some reactive oxygen species (ROS), including superoxide (¢O2),
hydrogen peroxide (H202) and hydroxyl radical (*OH), are generated during aerobic
metabolism.

The chemical interaction between AgNPs and the cell membrane of bacteria can be related
to the presence of sulphur in proteins, forming preferential sites with AgNPs (Zhang et al.,
2013). Therefore, exposure to AgNPs promotes an increase in the rate of lipid peroxidation and
oxidation of the protein due to lesser thiol groupings (-SH) bounded to protein (Struzynski et
al., 2014). The reduction of thiol levels and glutathione activity may induce AgNP-exposed
organisms to ineffective antioxidant mechanisms against cellular stress mediated by reactive
oxygen species (Becaro et al., 2015).

When stirring was used, the bacterial activity was reduced exponentially as R? approached
1.0. It was possible to obtain a trend line with a very satisfactory correlation coefficient of
0.9973, according to Equation 2.

y = 0.1631e%5574x 2
where: t is the residence time (h).
Equation 2 represents the exponential microbial reduction as a function of the initial

concentration of the indicator bacterium, time and bacterial reduction rate. Equation 2 allows
prediction of the bacterial reduction without the use of stirring in any residence time.
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The Pearson coefficient was 0.9349 for the tests without stirring. Equation 3 represents the
exponential curve of the sample behaviour in these conditions.

y = 0.1358¢%-5295% (3)
4, CONCLUSIONS

Functional nanoparticles supported in a polymeric matrix were proved an efficient
bacterial inhibitor for water disinfection. The results concerning the leaching tests indicate that
the concentration of 0.05% AgNPs in the polymer matrix met the maximum value allowed by
the current legislation (Conama 357/2005), which is 0.010 mg.L . The most significant
reduction (97.89%) was observed for the sample with AgNPs, stirring and 3 h contact time. The
antibacterial reduction related to stirring can be explained by the high surface area/volume ratio
of the silver nanoparticles, which in theory yield a greater diffusive contact between the AgNPs
and the bacteria, allowing a fast release of Ag™ and consequent reduction of antibacterial
activity. A longer diffusive contact time between silver nanoparticles and the studied bacteria
results in structural alterations and deformations in the membrane walls and nucleic acids of
the bacterial cells.
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