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Abstract

The incorporation of antibacterial additives in polymeric materials has become common to reduce the colonization of
microorganisms in daily household items. This kind of product can be helpful to prevent diseases, but following the end of
its useful lifetime, it might become an environmental problem, causing hazards also to the beneficial soil-borne microbes.
This study aims to evaluate the effect of thermoplastic elastomers (TPEs) compounds loaded with silver ions (Ag* bentonite,
Ag' phosphate) and nanoparticles (AgNp_silica) in the soil microbiota. Samples were exposed to weathering for 3, 6, 9 and 12
months, and monitored by carbon dioxide (CO,) production in the soil for 4 months. Standard sample exposed to weather by 6,
9 and 12 months showed higher CO, production than samples unexposed or exposed for 3 months. By contrast, silver-loaded
samples had higher CO, production in samples pre-aged for 3 months, but the values decreased in samples pre-aged for 6, 9
and 12 months. Moreover, soil microbial counts were lower in samples that had lower CO, production. Though the amount of
silver in the soil has been lower than the limit of detection, after intense exposure to weather, the degradation of the polymer
may have facilitated the release of silver from the TPE matrix, and on these terms, silver may have caused a harmful effect on

soil fungi and bacterial population.
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INTRODUCTION

The quality of causing the death of microorganisms
or suppressing its growth is a desired characteristic in
thermoplastic elastomers (TPEs), which can be used in
nosocomial environments, food manufacturing facilities, and
personal healthcare products. For this purpose, antimicrobial
substances such as silver, zinc, and copper can be incorporated
into materials to induce biocide qualities (Pittol et al., 2017,
Ribeiro ef al., 2017). However, concerns exist regarding the
degradation of these metal-containing materials after the end
of its service life.

Polymers possess structures resistant to biodegradation,
being less susceptible to microbial attack due to their

high molecular weight, hydrophobicity, the presence of
antioxidants, and lack of biodegradable functional groups
such as oxygen and nitrogen (Corti ef al., 2010; Russel et
al.,2011). Though the plasticizers used in TPE formulations
can support microbial growth (Lugauskas et al., 2003), a
structure composed solely of carbon and hydrogen make
polymers resistant to biodegradation (Zheng et al., 2005).
In spite of that, physical or chemical modification resulting
from chemical hydrolysis, thermal or photodegradation
cause a breakdown of the polymer chains and molecular
weight reduction, rendering the polymer more susceptible
to the action of living organisms (Bonhomme et al., 2003;
Fontanella et al., 2013; Roé-Sosa et al., 2015; Portillo et
al., 2016).
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During biodeterioration, microbial enzymes modify the
physical properties of the polymer and enlarging their pores.
This process leads to chains cleavage forming low-molecular-
weight fragments and further assimilation of monomers into
living microbial cells (Goldberg, 1995). The activity of soil
microorganisms causes substrate oxidation, which can oxidize
completely to carbon dioxide (CO,). Ultimately, the quantity
of carbon released in the form of CO, indicates assimilation
of polymeric material by microorganisms (Gongalves &
Franchetti, 2015).

The influence of silver in biodegradation process have
been discussed in cellulose fibers and polyurethane materials
(Klemencic¢ et al., 2010; Tomsi¢ et al., 2011; Oprea et al.,
2017). However, few studies report the impact of materials
containing metal in the soil microbiota at the end of their
lifecycle (Bao et al., 2016; Samarajeewa et al., 2017; McGee
et al., 2017). In this context, investigations addressing the
impact of metal ions and nanoparticles on the soil microbial
populations are required.

A previous study by this research group showed that the
presence of silver in the compound affects its biodegradation
(Tomacheski et al., 2017a). The current research attempted
to investigate whether the release of silver ions and
nanoparticles occurs from the polymer to the environment
and whether the metal presence affects the abundance of soil
microbes. In order to achieve this aim, TPE samples were
exposed to weathering for 3, 6, 9 and 12 months followed by
measuring the carbon mineralized from each treatment after
4 months under soil incubation. Besides the respirometric
analyses, the soil microbial abundance and the silver content
was quantified.

MATERIAL AND METHODS

Test Materials

The particles tested were bentonite organomodified with
silver (referred to here as Ag" bentonite), silver ions supported
in phosphate glass (referred to here as Ag" phosphate) and
nanosilver adsorbed on fumed silica (referred to here as
AgNp silica). The particles were dispersed respectively into
the polymer matrices in mass proportions of 2.0 %, 0.3 % and
0.05 % according to the additives suppliers. The additives
were loaded into a TPE formulation compounded by styrene-
ethylene/butylene-styrene copolymer (SEBS, 32 % styrene,
ethylene/butylene 32/68, linear, Mw 214.8 Da) polypropylene
homopolymer (PP), white mineral oil (64 % paraffinic and 36
% naphthenic), in a weight ratio of 30/20/50 respectively. The
antioxidant was added to the formulation at the concentration
of 0.1 % to prevent thermal degradation during processing. A
compound with no antimicrobial additive (Standard sample)
was also tested.

More information about the additive used can be found at
Tomacheski et al., 2017b. The preparation of TPE compounds
were described in a previous study (Tomacheski e al., 2017a).

Tomacheski et al.

Polymer degradation studies

The biodegradability of SEBS-PP compounds was
determined by measuring the carbon dioxide (CO,)
production. The samples were exposed to weathering for
12 months (from August 2015 to August 2016), under real
climatic conditions in accordance with ASTM 1435. Samples
were collected every 3 months and were buried in the soil
during 4 months for performing respirometric tests. Soil used
in the respirometric tests was Organosol. The method used
for the respirometric experiment was based on parameters
reported by Montagna et al. (2013) and Catto et al. (2017)
using a biometer flask adapted according to ASTM D 5338
and ASTM D 5988. The results were obtained by using
measured carbon dioxide production rates from TPE samples,
blank soil and cellulose card sample (positive control) during
the incubation time. More information on the methodology
are available in Tomacheski et al., 2017a.

Soil characterization

The soil samples from the respirometric test, in which TPE
samples exposed to weather for 12 months were buried during
4 months were used to quantify silver and microorganisms.

For silver quantification, the soil sample (25 g) was acid
digested according to EPA 3050B and the silver was quantified
by Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES, Thermo Scientific iCAP 6300 Model).

The soil pH was measured using the potentiometric
method in a 1:10 soil-water dilution ratios.

Enumeration of soil microorganisms

For the enumeration of microorganisms, 25 g of soil
sample was suspended in 225 mL peptone salt solution (0.1%)
and homogenized in Stomacher for 60 s (10" dilution). For
the enumeration of mesophilic aerobic microorganisms, 1 mL
(10) of the suspension was placed in sterile Petri dishes and
molten Plate Count Agar (Oxoid) was added to these plates
and incubated for 48 h at 36 = 1 °C. For yeasts and fungi
isolation, the dilution (10*) was placed in Potato Dextrose
Agar (MERCK) for 7 days at 25 + 1 °C.

RESULTS AND DISCUSSION

InFigure 1 is presented the carbon dioxide (CO,) production
from TPE samples monitored by respirometric assay during
120 days (4 months). The amount of CO, from flasks
containing the standard sample exposed to weather by 6, 9 and
12 months was higher than the CO, from unexposed samples
or that one exposed for 3 months (Figure 1a). Considering that
abiotic degradation increases the mineralization process, these
results are in agreement with the literature. Even at a slow
oxidation rate, some chains of the polymer can be fragmented
and become susceptible to access of the microorganisms (Corti
et al., 2010). In a previous study, after 9 months of SEBS-
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Figure 1. CO, production over the burial time, before (-#-) and after three (-m-), six (- A-), nine (-x-) and twelve (-e-) months of weathering for samples (a)
standard, (b) Ag+ phosphate, (c) Ag+ bentonite and (c) AgNp_silica.

TPE exposure to weathering, the polymer degradation was
confirmed with the reduction of tensile properties, variation of
crystallinity of material and surface modification of polymer
with the appearance of oxidation bands verified by infrared
spectroscopy (Tomacheski et al., 2017a).

By contrast, in the sample loaded with Ag® phosphate
(Figure 1b) Ag® bentonite (Figure 1c) and AgNp_ silica
(Figure 1d) the CO, production was elevated in the compounds
exposed to weather for 3 months than 6, 9 and 12 months.

Near 200 mg of CO, was generate in Ag’_phosphate
sample unexposed to weather (Figure 1b). After 3 months of
weather exposure, this sample presented an increase in CO,
production starting from the thirty-fifth day of incubation and
reaching almost 700 mg of CO, in day 120. Following 6, 9 and
12 months of weather exposure, the samples reached values of
500 mg, 400 mg, and 200 mg, respectively.

In the samples aged for 3 months, the CO, production
was less than 600 mg in Ag" bentonite and less than 500 mg
in AgNp _silica. These numbers decreased after 6, 9 and 12
months of weather exposure until achieving values close to
or under to zero. This result can be attributed to high abiotic
degradation (12 months of weathering) which promoted the
release of silver ions and nanoparticles from polymer to the
soil, causing an impact on the soil microbial community and
diminishing the action of living organisms into the polymer.

The characteristics of the polymer such as crystallinity,
molecular weight, functional groups, plasticizers, and
additives have relevance in the degradation process (Artham

& Doble, 2008). In styrene-cthylene/butylene-styrene
(SEBS)-based TPE matrices, the metal particles have the
tendency to remain in the SEBS/oil phase (Tomacheski
et al., 2016). The amorphous part of the polymer matrix is
prone to oxidation; whereas the crystalline phase of the
polymer is more susceptible to a molecular reorganization,
such as chains fragmentation (Corti et al., 2010). Thus, the
breaking of polypropylene chains and SEBS/oil permeability
can influence the polymer crystallinity and finally favor the
release of ions and silver nanoparticles from the polymer to
the environment (Tomacheski et al., 2017a).

To verify this hypothesis and assuming that pre-aged
samples could present the highest rates of silver release, the
average concentration of silver was measured in soils buried
with metal-loaded TPE samples for 4 months. However, as
can be seen in Table 1 the amount of silver released into
the soil were below the limit of detection (< 2 mg g'). The
extraction conditions (extraction medium, extraction time and
extraction temperature) could influence the extraction levels
of silver. Also, it is possible that not all functionalized silver
nano-devices will be liberated from the materials in observable
amounts (Sussman ef al., 2015).

Table 1 presents microbial counts, pH, and silver
concentration in the soil exposed to loaded and unloaded TPE.
Cellulose material was used as a reference of a material that is
certainly degraded (Park & Kang, 2004). The lower number of
bacteria and fungi in control soil can be related to the absence
of an available substrate for microbial utilization.
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Table 1. Counts of mesophilic bacteria, fungi and yeasts in the soil (after 4 months).

Control soil  Cellulose Standard Ag+ phosphate  Ag+ bentonite AgNp_silica
Mesophilic bacteria 3 o 152 3315100 12x10° 2.40 x 10° 1.36 x 10° 2.20x 10°
(CFU g
Fungi and yeasts 1.00x 10>  1.50x10°  5.10 x 106 136 x 107 1.09 x 10° 2.50 x 10*
(CFU g")
pH 5.65 532 5.42 5.18 5.16 5.3
Silver (mg g) - - - <2% <2%* <2%*

* Equipment detection limit: 2mg g!

The soil exposed to standard sample presented the highest
bacterial abundance. Among the silver-based compounds,
microbial counts were elevated in soil with Ag" phosphate
loaded compounds. In the AgNp silica loaded compounds, soil
presented an intermediate number of microbial abundance. The
number of mesophilic bacteria, fungi and yeasts were low in soil
buried with Ag" bentonite loaded compounds. Fungal counts
were higher than bacteria in all metal-loaded samples (Table 1).

Taking into account that phosphate is an essential
macronutrient for microbial growth, the high CO, production
rates in the Ag’ phosphate experiment could be linked to a
lower effect of this additive in soil microorganisms that allowed
a better microbial activity on polymer mineralization. The ability
to produce metabolites enables the hyphae of the fungus to grow
even on microbial-resistant polymers surface (Lugauskas et al.,
2003). Since these microbes use oxidation products as a carbon
source (Corti et al., 2010) they can cope with metal-stress more
effectively than bacteria (Sillen ef al., 2015).

The degree of biodeterioration depends on the physical and
chemical properties of the polymer, as well of the adhesion
capacity of microorganisms, availability of nutrients, pH,
temperature, amount of moisture, and oxygen in the system
(Tomsi€ et al., 2011). According to Bao et al., (2016) AgNPs
can affect the microbial biomass; however environmental
conditions can mitigate the impact of AgNPs on bacterial
community structure. Following biodegradation test, the soil
pH of control, cellulose, and standard samples were 5.50, 5.32
and 5.42, respectively and between 5.16 - 5.23 in soil with
silver-loaded TPE. Given that the pH of the solution can affect
the metabolism and membrane permeability of microorganisms
or impact on the oxidation and toxic element release (Schlich
& Hund-Rinke, 2015), it can be proposed that differences in
pH between soils may have changed the availability of toxic
elements or the sensitivity of microbes to silver.

Metal and metal oxide present in the environments have
been shown to alter microbial growth (Tomsic¢ ef al., 2011).
In soil ecosystem, Samarajeewa et al., (2017) observed a
negatively effect on microbial growth and activity in soil
containing AgNPs in the concentration of 49 mg kg and Ag
tolerant bacteria was detected. However, the specie Pelobacter
propionicus which has a function in carbon and nitrogen cycles
was found to be sensitive to exposure to AgNPs in estuarine
sediments (Antizar-Ladislao, 2015). McGee et al., (2017)

reported an impact on the ammonia-oxidizing microbes and
in the overall microbial communities’ structures with the
exposure to 50 mg kg' of AgNPs.

The metabolic diversity of microbial communities allows
transformation of a variety of substrates. However, the
multiple factors that occur during this mineralization process
hamper the reproduction and control of the experiments in vitro
(Lucas et al., 2008). In this study, the sample without silver
additive (standard sample) showed higher CO, production
and bacterial abundance. The results documented here does
indeed confirm that, in some degree, fungi and bacteria
promote the breakdown of polymers and use it as an energy
source. However, in the silver-loaded samples, a decrease
was observed in microbial counts and CO, rate. Thus, even
without the detection of silver in soil samples, the low CO,
production can be attributed to a silver antimicrobial effect.

CONCLUSIONS

In the present study, the standard TPE samples (unloaded)
presented the highest CO, emissions and bacterial abundance.
In the silver-loaded samples, it was observed that the more
degraded the polymer the lower the production of carbon
dioxide. The low CO, production was consistent with low soil
microbial counts, giving evidence that even in small amount
the silver may have affected soil microbes. Nevertheless,
further studies are needed to investigate the biodegradation
process of silver-loaded polymer, considering the contribution
of others parameters which were not covered by this study
such as nutrient concentration in the soil.
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