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Abstract

The present study introduces a coating approach for realization of antimicrobial textile surfaces that does not rely on nano-scale
metal particles. Instead, bactericidal metal ions are used in place of elemental metal particles and are deposited in alginates that
are adhered to the textile substrate through coating application. Antimicrobial finishing of polyester fabrics is challenging due to
the limited permanence resulting from the hydrophobic nature of polyester fibers. A high-temperature (HT) derived process is
now presented as a promising opportunity for introducing functions on polyester fabrics. For instance, an approach of
antimicrobial finishing is presented; the applied antimicrobial agent consisted of a modified carbohydrate which cannot be
bonded to the textile surface in a HT process. Therefore, different silane linker molecules were utilized, either comprising an
alkyl or vinyl functional group. In terms of antimicrobial testing, the viability assay was carried out against the following
pathogens, Escherichia coli and Staphylococcus aureus. Promising antibacterial results were witnessed and are likely to pave the
way for future coating applications on textiles and other polymers substrates.
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1. Introduction

There is a lot of public debate about antimicrobial active materials, and this is made worse by the emergence of new bacteria or
the emergence of resistance to antibiotics in well-known bacterium. Examples for these pathogenic microbes are Methicillin
resistant Staphylococcus aureus (MRSA) and Enterohemorrhagic Escherichia coli (EHEC). For these pathogens, preventive
hygiene is essential andactive antimicrobial materials can help in preventive measures. Antimicrobial finishes are often applied
with nano-scale silver particles or other similar nano-scale metals, which have a high surface area to volume ratio. Silver ions can
be released from these particles to act as the antimicrobial or biocidal agent (Mata et al., 2009). However, there are concerns about
potential health risks caused by these particles; so antimicrobial finishing without nano-scaled particles may be more appealing to
the customers. Antimicrobial finishing can be used for a variety of purposes;for example, it can help treat neurodermatitis in
patients with diabetes mellitus. Additionally, it can reduce the risk of secondary wounds infections caused by diabetes mellitus.
These infections can lead to serious complications when treating diabetic foot ulcers (Rouette., 2000). The 19th century witnessed
the initial reference of the oligodynamic effect, which is the antibacterial action of certain metal ions. The exact mechanism of
action of this phenomenon is still undetermined. Nonetheless, there are hints that metal ions, such as silver ions, alter the bacterial
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membrane's sodium ion permeability. The bacterial respiratory chain enzyme NADH-quinone-reductase and NADH-ubiquinone-
reductase is bound by silver ions, which moderates its impact. The gradient of sodium ion concentration across the cell membrane
is lowered by the improved sodium permeability. This gradient typically powers the bacterial respiratory chain and a decrease in it
may result in the death of the bacteria.

As known from high-temperature (HT) dyeing procedures, hydrophobic molecules can diffuse into the polymeric fiber during
this kind of HT-treatment (Rouette., 2000). In this process the polymeric fiber is heated to its glass transition temperature which
results in a higher mobility of the polymeric molecules. This allows hydrophobic molecules to diffuse into the polymer. After
cooling down the polymeric matrix gets more rigid leading to an immobilization of the introduced molecules. Although this
process is commonly used for dyeing it can also be applied for introducing other functions like antimicrobial properties on textile
surfaces. The applied antimicrobial agent consists of a modified carbohydrate which cannot be bonded to the textile surface in a
HT process. Therefore, different silane linker molecules were utilized, either comprising an alkyl or vinyl functional group
(Deacon et al., 1980).

So, it is very likely that alkyl groups of a silane can also diffuse into a polymeric substrate heated above or to its glass transition
temperature leaving their hydrophilic silanol groups on the surface of the substrate. In this study octyl-triethoxy-silane was used as
alkyl functionalized silane.
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Figure 1: Octyl-triethoxy-silane

A second approach was conducted using vinyl-triethoxy-silane. In this case the mechanism is considered as a grafting reaction.
For initiation of the radicalic reaction, dicumyl-peroxide was used as depicted in Figure 2.The initiated silane molecules are then
grafted to the polyester substrate (Figure 3).
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Figure 2: Preparation of radicalic initiated silane molecules
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Figure 3: Grafted substrate of Polyester
2. Methods

With these two approaches of HT process, two different variations of silane mechanisms can be obtained and demonstrated as in
figure 4A & 4B. Further different silane concentrations, viz. 0.1%, 0.5% and 1% were experimented at various processing times
viz. 10 minutes, 20 minutes, 30 minutes, 60 minutes, 90 minutes and 120 minutes to demonstrate the differences and variations in
the microbe viability results.In this way functionalized surface offers different reaction possibilities at the silanol site. For instance,
antimicrobial active polymers can be immobilized on such a polymeric surfacelike polyester by means of surface functionalization.
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Figure 4b. Diffusion of alkyl residues into a polymeric fiber, immobilizing reactive silanol groups on the surface

In this work modified alginates were used as an antimicrobial/biocidal agent. The alginate was loaded with copper and zinc ions by
an ion exchange reaction. Alginates consist mainly of B-D-mannuronic acid and o-L-guluronic acid. Sequences of polyguluronic
acid in the polymer lead to a folded structure which allows coordinative bonding with bivalent cations in a chelate like complex
(Figure 5).
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Figure 5: Pseudo chelate complex in a guluronic acid sequence

The coordinative bonding mechanism of the ions to the alginate can be investigated by FTIR spectroscopy due to a frequency
shift of the asymmetric (asym.) and symmetric (sym.) stretching vibrations of the carboxylic groups (Papageorgiou et al., 2010).
The antimicrobial effect of the alginate composite originates from the release of the introduced copper and zinc ions from the
metal complex alginate. This effect is known as oligodynamic effect and is widely known. However, the mechanism is not fully
understood. Some authors conclude the production of peroxides in a Fenton like reaction is responsible for the effect (Grass et al.,
2011), others suggest it is because of some cationic changes in the sodium permeability of the bacterial cell membrane infringing
the bacterial respiratory chain (Semeykina et al., 1990; Shrestha et al., 2009).
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3. Experimental

The alginate composite was prepared by dispersing 22g sodium alginate in 60ml ethanol and adding 10ml of a solution
containing 10g Cu(NOs), and 10g Zn(NO;),(Balouiri et al., 2016; Christoph et al., 2000). The temperature of mixture was raised to
80°C from 40°C and allowed to cook for 90-100 minutes. Afterwards the solid substance was separated by centrifuging. Both the
infusing reactions were conducted like a HT-dyeing process in a HT dyeing apparatus (Mathis Labomat, Niederhasli/Ziirich,
Switzerland). For this 0.1ml to 1ml silane was added to 100ml of a mixture of water and/or ethanol. Also, 4g of the modified metal
complex alginate (after ion exchange) was added. The process was then conducted at 120°C for 10 minutes, 20 minutes, 30
minutes, 60 minutes and 90 minutes. The textile specimens were rinsed with the same process liquorafter finishing in which the
material was treated under high temperature, containing silane and metal complex alginate and dried (Bogdanovi¢ etal., 2015). For
comparison the samples were also prepared with bareCu(NOs), and Zn(NQO;), instead of the alginate composite (Gizdavic-
Nikolaidis et al., 2011; Ramachandran et al., 2014).

For investigations of the surface topography of textile samples after finishing,Scanning Electron Microscopy (SEM) was used.
For SEM investigations a microscope TM-3000 from Hitachi equipped with an EDS-unit (Quantax70 from Bruker) is used. This
allows investigating the coating on the fiber surfaces and also to identify the copper and zinc content in the material. The
acceleration voltage was 15 kV for SEM image acquisition and energy dispersive x-ray spectroscopy. To characterize the
synthesized alginates, copper and zinc alginates were prepared separately. The materials were investigated by FTIR spectroscopy
using an ATR assembly (Varian Excalibur 3100). The antimicrobial properties of the prepared textile samples were investigated
using a viability assay against Escherichia coli. Glycerol stocks (10 pl) were grown over night in 75 ml LB medium. For testing
their impact on viability, copper or zinc containing textile samples (circles of 6 mm diameter) were placed in sterile 48-multiwell
cell culture plates together with 200 pl bacterial suspension (diluted 1:250 in LB medium) per well and incubated for 4h at 37°C,
rotating at 120 rpm in an orbital incubator. Subsequent to treatment with the fabric samples, cellular viability was tested by
measuring the reduction of methyl thiazolyl diphenyl-tetrazolium bromide (MTT). Briefly, cells were incubated with 0.01 % (w/v)
MTT in culture medium, followed by lysis in isopropanol and determination of the absorption at 570 nm. Data are shown as %
viability relative to bacteria in the absence of fabric samples. For each textile sample the measurement was conducted three times
with different cutouts from the same sample (Mahltig et al., 2001).

4. Results

The prepared alginate composite exhibits significant peak shifts in the 1400 cm™ and 1600 cm™ region. Similar peak shifts were
found (Papageorgiou et al., 2011, Song et al., 2022) indicating a complexation of the copper and zinc ions with the alginate (Qiang
etal., 2021).
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Figure 6: IR (ATR) Spectra of prepared alginates
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Reference [1] This study

COO COO AD COO COO AD
asym sym asym sym
Na-alginate 15963 14043 192.0 1597 1408 189

Cu-alginate 15842 1402.1 182.1 1591 1408 183

Zn-alginate  1588.8 1407.3 181.5 1589 1412 177

Figure 7: Metal—carboxylate interactions in metal—alginate complexes studied with FTIR spectroscopy

The mechanism of the high temperature treatment with the alkyl silane was investigated by introducing nonanoic acid into
polypropylene fibers in the mentioned process (Laourari, 2022). By EDX measurements, a significant oxygen content on the fibers
was found after treatment and rinsing, which can only originate from nonanoic acid. Therefore, a similar mechanism in
immobilizing amphiphilic substances like nonanoic acid or alkyl silanes is suggested as in the high temperature dyeing of polyester
fabrics (Shemesh et al., 2015).

Figure 8a. SEM image of alginate particles on VTEO finished fabric; Figure 8b. EDX-Mapping: VTEO finished fabrics; Figure 8c.
EDX-Mapping: OctEO finished fabrics.

On a comparative analysis from the results of the samples treated vinyl silane and alkyl silane at different temperatures and
process duration, it was observed that the samples treated at 120°C for 90 minutes (both vinyl silane and alkyl silane) was likely to
exhibit better antimicrobial function that was clear from the viability assay with E. coli. This may be because the samples treated at
lower duration contained comparatively less volume of alginate-metal complex entrapped with silanes. This can be brought out as
a correlation between the process duration and the volume of silanes that get infused which turns out to show that the process
duration is directly proportional to the antimicrobial property and performance. But further prolonging of process duration to 120
minutes showed reduced antimicrobial property which might be because of the degradation of the metal complex alginates due to
prolonged exposure to high temperature.

As depicted in Figure 9, the bactericidal properties of the alginate containing samples processed on the above parameters are
significantly better compared to the control samples (Nitrate only). Furthermore, the antibacterial effect of the control group
decreases after washing which is not visible in the alginate containing fabrics.
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Figure 9: Antibacterial properties of fabrics finished with alkyl silane at120°C for 90 minutes, different silane concentrations
(0.1% to 1%)

The use of vinyl silane instead of alkyl silane leads to slightly different results (Figure 10). The overall viability rates are lower
in all cases compared to the alkyl silane mediated process (Figure 9). However, the washing fastness of the alginate finished
samples is most significant by using the lowest silane concentration. The influence of the silane concentration is more crucial in
this case than in the case of alkyl silane finished fabrics (Schierholz et al., 1997). However, the bactericidal effect even after
washing of the vinyl silane finished fabrics is more evident than in every alkyl silane finished ones.
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Figure 10: Antibacterial properties of fabrics finished with vinyl silaneat 120°C for 90 minutes, different silane concentrations
(0.1% to 1%)

5. Discussion

Copper and zinc complexated alginates might be promising antimicrobial additives for textile finishing. Gelling of the alginate in
the process was not observed, but the complexation could be confirmed by infrared spectroscopy. Furthermore, the release of the
bactericidal ions in the finished fabrics is retarded, providing a long lasting and efficient antibacterial effect even after
washing(Cyphert et al., 2020; Zhang et al., 2017). The process is favorable conducted with vinyl silanes leading to better
bactericidal effects and higher washing fastness. Also, a less amount of silane is needed.
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6. Conclusion

The prepared antimicrobial agent was applied on polyester substrate by the afore-mentioned HT-process. The resulting textile
specimens exhibit bactericidal properties which was confirmed by viability assay against Escherichia coli.The presented approach
shows an alternative option to introduce bactericidal effects in polyester fabrics. Therefore, HT finishing exhibits the ability to
introduce anchor groups by the use of functionalized silanes which can be bonded permanently to the polyester substrate. The
process was demonstrated by creating antibacterial functions but might also be promising for introducing other functions
permanently on polyester or other hydrophobic polymeric fibers.
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