Durable antimicrobial cotton textiles coated sonochemically with ZnO nanoparticles embedded in an in-situ enzymatically generated bioadhesive
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Abstract
An important preventive measure for providing a bacteria-free environment for the patients is the introduction of highly efficient and durable antibacterial textiles in hospitals. This work describes a single step sono-enzymatic process for coating of cotton medical textiles with antibacterial ZnO nanoparticles (NPs) and gallic acid (GA) to produce biocompatible fabrics with durable antibacterial properties. Cellulose substrates, however, need pre-activation to achieve sufficient stability of the NPs on their surface. Herein, this drawback is overcome by the simultaneous sonochemical deposition of ZnO NPs and the synthesis of a bio-based adhesive generated by the enzymatic cross-linking of GA in which the NPs were embedded. GA possesses the multiple functions of an antibacterial agent, a building block of the cross-linked phenolic network, and as a compound providing the safe contact of the coated materials with human skin. The ZnO NPs-GA coated fabrics maintained above 60 % antibacterial efficacy even after 60 washing cycles at 75 ºC hospital laundry regime. 
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Introduction
The hospital-acquired (nosocomial) infections are the most frequent adverse events during care delivery, representing a major financial burden for the healthcare systems worldwide (World Health Organization, 2015). Multidrug-resistant bacteria emerged due to the overuse or misuse of antibiotics additionally reduce the treatment options. The modern antibiotics in clinically prescribed dosage are not able to manage these pathogens and therefore preventive strategies are necessary. A main strategy to limit the spread of resistant bacterial strains is to transform the hospital into a pathogens-free and patient-safe environment. Multiple-use medical staff and patient gowns or bed linen are some of the textile materials largely adopted in clinical settings. To impart antibacterial functionalities and thus, to prevent the occurrence of nosocomial infections, medical cotton textiles have been coated with triclosan (Dhiman & Chakraborty, 2015), phenolic derivatives (Hong, 2014) and silver (Zhang, Chen, Zang, Chen, & Lin, 2013). However, release of antibacterial agent during use of these fabrics remains a major concern, compromising durability of the antibacterial effect and safety of patients and environment (Quadros et al., 2013). 
Inorganic antibacterial agents, rather than organic biocides have been applied to medical cotton textiles because the stability and antibacterial effectiveness of latters are easily deteriorated by the intensive laundry regimes employed in hospitals. Silver is by far the most widely used antimicrobial material incorporated in the form of nano silver in textiles and in wound dressings. Silver however causes toxicity and may induce a potential environmental problem (Bondarenko et al., 2013). Considerable interest shifted to metal oxide (MeO) nanoparticles (NPs) such as ZnO, CuO and MgO NPs due to their excellent antimicrobial properties and low toxicity in low concentration (Stankic, Suman, Haque, & Vidic, 2016; Yang, Liu, Yang, Zhang, & Xi, 2009). ZnO NPs in particular are highly efficient against both Gram-positive and Gram-negative bacteria through the formation of reactive oxygen species (ROS) - a mechanism less prone to the development of antimicrobial resistance (Jiang, O’Neill, & Ding, 2015; Lipovsky, Perelstein, Perkas, Lubart, & Gedanken, 2013; Stoimenov, Klinger, Marchin, & Klabunde, 2002).  ROS are able to damage bacterial proteins and DNA, and cause breakdown of the bacterial membrane (A. E. Nel et al., 2009; A. Nel, Xia, Mädler, & Li, 2006; Pramanik, Laha, Bhattacharya, Pramanik, & Karmakar, 2012).
The current technologies for producing MeO NPs coated fabrics often require time-consuming or harsh fabric pre-treatments such as chemical activation in addition to subsequent coating stabilisation using different cross-linking reagents and techniques (Gupta, Jassal, & Agrawal, 2007). Alternatively, the ultrasound (US) is an easy, fast and environmentally friendly approach to design new materials with antibacterial properties (Perelshtein, Perkas, & Gedanken, 2015). The effects of US arise from the acoustic cavitation phenomena consisting in bubble formation growth and implosive collapse in liquids (Radziuk & Möhwald, 2016). If NPs are present in close vicinity to these collapsing bubbles, the generated high velocity microjets project them towards the fabric surface resulting in a stable coating (Suslick et al., 1999). High intensity US accelerates the mass transfer without damaging the fibres and results in better uniformity of the coating (Suslick & Nyborg, 1990; Yachmenev, Blanchard, & Lambert, 2004). Versatility of the US coating technology has been widely demonstrated by the authors of this paper via imparting antibacterial properties to a broad range of surfaces, such as paper, glass, polymers and cotton textiles (Perelshtein et al., 2013; Perelshtein, Lipovsky, et al., 2015; Petkova, Francesko, Perelshtein, Gedanken, & Tzanov, 2016). 
Gallic acid (GA) is a non-toxic phenolic biomolecule with antimicrobial and antioxidant activities that can be used for coating surfaces that come in contact with humans (Rosso et al., 2006; Sun, Zhang, Xie, Zhang, & Zhao, 2016). The solubility of the GA in water may however compromise durability of the coating. To overcome this limitation, both water soluble and insoluble phenolic compounds were immobilised successfully on cellulosic substrates (Perelshtein et al., 2014) with the aid of the oxidative enzyme laccase. Laccase is able to polymerise the phenolic compounds and graft them onto these materials via hydrophobic interactions and hydrogen bonds (Calafell et al., 2007; Hadzhiyska, Calafell, Gibert, Dagà, & Tzanov, 2006). Hydrolytic enzymes were used to coat cotton fabrics with ZnO NPs via US irradiation, either in a two-step process for pre-activation of cellulose substrates with cellulases, followed by sonochemical deposition of ZnO NPs (Perelshtein et al., 2012),  or in a one-step sono-enzymatic process to simultaneously activate cellulose and deposit ZnO NPs (Petkova et al., 2016).  
The current work aims at developing durable and efficient antibacterial coatings on cotton textiles by depositing antibacterial ZnO NPs and GA in a single-step laccase/US process. The rationale behind this sono-enzymatic approach is in situ synthesis upon enzymatic oxidation of GA of a bio-adhesive in which the ZnO NPs will be firmly embedded on the fabric surface. Laccase oxidises GA forming a biopolymer network in which the NPs are retained without the need of cotton pre-treatment or post-coating stabilisation. Unlike the simultaneous US-cellulase process referred to above (Perelshtein et al., 2012; Petkova et al., 2016) where the cellulase cleaves the polysaccharide chains of cellulose to create more anchoring points where the NPs may adhere, here the oxidative enzyme laccase does not act on the cotton substrate preserving its mechanical properties. The feasibility of using oxidative enzymes in US field was previously demonstrated for cotton bleaching (Basto, Tzanov, & Cavaco-Paulo, 2007) but the simultaneous synthesis of a natural based adhesive and coating of cotton textiles with metal oxide NPs have not been reported so far. The antibacterial efficiency of the ZnO NPs-GA coated fabrics and its durability was evaluated against the major community-acquired skin pathogen S. aureus (Barnes & Sampson, 2011; Miller & Cho, 2011) after multiple washing cycles at high-temperature hospital laundry regimes. A synergistic improvement of the antibacterial efficiency of reduced amount ZnO NPs by the presence of the natural antimicrobial agent GA was sought.


Materials and methods
Materials, reagents and bacteria
The coated substrate was a 100 % cotton fabric (144 g m-2) supplied by Davo SRL (Romania). Water dispersion of ZnO NPs (NP size < 100 nm), acetic acid, sodium acetate, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) and 2 N Folin-Ciocalteu were purchased from Sigma–Aldrich (Spain). Gram-positive S. aureus (ATCC 25923) was used in the antibacterial activity assays. Plate-count agar and all other reagents for bacterial studies were purchased from Sigma–Aldrich unless otherwise speciﬁed. Nutrient broth (NB) was provided by Sharlab (Spain) and the non-ionic surfactant Cotemol NI was provided by Colorcenter (Spain). Laccase from Miceliophtora termophila (Novozym 51003 product, 1277 U mL-1) was kindly provided by Novozymes (Bagsvaerd, Denmark). 

Laccase activity and stability in US field
Laccase activity was measured spectrophotometrically on a microplate reader Infinite M200 (Tecan, Austria) reading the absorbance at 436 nm of 5 mM ABTS in 100 mM sodium acetate buffer (pH 5) upon oxidation with laccase. The molar extinction coefficient at 25 ºC was 29300 M-1 cm-1. To evaluate the stability of laccase in the US field, 150 µL of the commercial laccase product was diluted with 50 mL milliQ water and further subjected to US irradiation using a Ti-horn (20 kHz, Sonics and Materials VC750, USA) at intensity 17.30 W cm-2, density 0.43 W cm-3, power 21.5 W and 35 % of amplitude for 30 min at 50 °C. This temperature corresponds to the temperature of laccase maximum activity determined for the enzyme preparation. Aliquots of the laccase solution at the beginning of the experiment and after 5, 10, 20, 25 and 30 min of sonication were used for measuring the residual enzyme activity (reported as mean values ± standard deviation (n = 3)) as a percentage of the laccase activity at the beginning of the reaction taken as 100 %. 

Sonochemical coating of cotton with ZnO NPs and GA
The ultrasonic transducer was introduced in the reaction vessel containing 50 mL aqueous solution of ZnO NPs (1 mM), GA (0.3 % w/v), 150 µL laccase product and the cotton sample (5 x 10 cm, 0.7 ± 0.05 g). The coating was performed for 30 min at the above specified US conditions. The fabric sample was cut with a diameter larger than the diameter of the pot and folded in a way that the contact/friction of its edges with the pot’s walls did not allow the movements of the sample during the sonication. After the coating process, the loosely fixed NPs and GA were removed from the fabric by thorough washing with distilled water. Control samples were prepared following the same procedure, using the thermally inactivated enzyme.

Characterisation of the coatings
The surface morphology of the coatings was studied with a high-resolution scanning electron microscope (HRSEM) Quanta 200 FEG (FEI, USA). The surface z-potential of the coated cotton textiles was determined using a ZEN1020 Surface Zeta Potential Cell (Malvern Instruments, UK). In brief, a small piece of coated fabric was immobilised onto the sample holder in the measurement cell. Zeta potential transfer standard (DTS 1235) was used as a tracer for measuring the electrophoretic mobility at four different displacements from the sample surface. The surface z-potential was obtained by processing the data with the Zetasizer software. The amount of ZnO NPs embedded on the fabrics was determined after extraction with 0.5 M nitric acid and analysis of the concentration of solubilized Zn2+ ions by inductive coupled plasma (ICP) using an ULTIMA JY2501 (France). All results are reported as mean values ± SD (n= 3)
The amount of free phenolic groups available on the fabric after coating (reported as mean value ± standard deviation (n = 3)) was determined by measuring the total phenol content by the Folin-Ciocalteu assay (Ainsworth & Gillespie, 2007). Briefly, a coated fabric sample (10 mg) was incubated with 70 μL 0.2 N Folin-Ciocalteu reagent, 1.3 mL of Milli-Q water and 120 µL 20 % w/v Na2CO3. Afterwards, the sample was placed in dark conditions at room temperature for 1 h and the absorbance of 200 μL of this solution was monitored at 765 nm with a microplate reader Infinite M200. 
The antibacterial performance of the coated fabrics (samples of 10 mg) was assessed by the standard shake-flask method (ASTM-E2149-01) used for permanently immobilized active agents on fabrics. This method measures the reduction rate in the number of colonies formed, converted to the average colony forming units per millilitre of buffer solution in the flask (CFU mL-1). A single colony from the corresponding bacterial cultures was used for suspensions and the culture was then incubated at 37 ºC and 230 rpm and grown overnight in sterile NB. The inoculated bacterial culture was diluted with sterile 0.3 mM KH2PO4 buffer until solution absorbance of 0.28 ± 0.01 at 475 nm which corresponds to a final concentration of 1.5 ~ 3.0 x 108 CFU mL-1. Thereafter, the cotton samples (10 mg) were incubated with 5 mL bacterial suspension at the conditions explained above. The suspensions were serially diluted with 0.3 mM KH2PO4 buffer, plated on a plate-count agar and incubated at 37 ºC for 24 h. The percentage ratio between the average numbers of surviving bacteria before (A) and after (B) contact with the coated fabrics defined the antibacterial efficiency as calculated using the following equation:
 Bacteria reduction  
Durability of the antibacterial effect
The stability of antibacterial effect was evaluated by subjecting the coated fabrics (samples 5 x 10 cm) to up to 60 washing cycles at 75 ºC in a laboratory washing machine (Ahiba Nuance, Datacolor) with 0.1 g L-1 non-ionic surfactant Cotemol NI provided by Color-Center S.A. (Spain). Each washing cycle was carried out for 15 min at 30 rpm. After a defined number of washings, the antibacterial performance of the fabrics was evaluated as described in the previous section. 

Cytotoxicity evaluation 
The cytotoxicity evaluation was carried out by indirect contact as explained in (Stefanov et al., 2017). Briefly, the human foreskin fibroblasts were maintained in culture Dulbecco's Modified Eagle Medium (DMEM) at 37 °C in a humidified atmosphere with 5 % CO2. The culture medium was replaced every 2 days. At preconfluence, cells were harvested using trypsin-EDTA. The treated cotton samples (10 mg) were sterilized under UV light for 1 h before beginning the experiment and then placed in contact with 3 mL of DMEM in a CO2 incubator at 37 °C for both 1 and 7 days. The culture medium was withdrawn, placed into contact with the previously seeded cells and further incubated at 37 °C in a humidified atmosphere of 5 % CO2 for 24 h. 
The number of the remaining living cells after being in contact with the medium was measured using an Alamar Blue assay kit (AlamarBlue®, Invitrogen) as described before (Fernandes et al., 2014). All results are reported as mean values ± SD (n = 3).


Results and discussion
Laccase activity under US irradiation
During US irradiation, free hydroxyl and hydrogen radicals created by the high localized pressure and temperature may inactivate the enzymes (Yu, Zeng, Zhang, Liao, & Shi, 2014). To verify whether the laccase activity would be affected by the US during the coating process, an aqueous laccase solution (3.8 U mL-1) was exposed to US irradiation at 50 ºC for time intervals up to 30 min. Less than 10 % loss of the enzymatic activity was detected after application of US regardless of the exposure time (Fig. S1) suggesting the feasibility of the simultaneous sono-enzymatic process.

Characterisation of the coatings
A hybrid sono-enzymatic coating technology was used to impart antibacterial properties to the cotton fabrics. The so-called “throwing stones” (Perelshtein et al., 2009) sonochemical method was combined with the use of oxidative enzyme laccase in a simultaneous one-step sono-enzymatic coating process with ZnO NPs and GA. Our group had previously employed sonochemistry to coat cotton fabrics with ZnO NPs alone (Perelshtein et al., 2009). In the present work, the enzymatically-catalysed cross-linking reaction of GA was expected to improve the stability of ZnO NPs on the fabric and to enhance the durability of the antibacterial effect. The GA would synergistically improve the antibacterial effect of ZnO NPs and promote their adhesion onto the fabric surface by encasing the NPs in an in situ laccase-generated GA bio-adhesive. Thermally denatured laccase was used as a control in order to outline the effect of the GA cross-linking reaction catalysed by the active laccase. 

The samples obtained using active laccase (Fig. 1a) present a denser and more uniform NP coating on their surface compared to the cotton fabric coated with denatured laccase (corresponding to a non-enzymatic process) where the formation of a phenolic bioadhesive was not expected (Fig. 1c). After subjecting these samples to 10 washing cycles at 75 ºC, the fabric coated with active laccase (Fig. 1b) was still uniformly and densely covered with NPs, while considerably less NPs were observed on the control sample (Fig. 1d). 
The stability of the ZnO NPs-GA hybrid coating on the fabrics was improved compared to the stability of the individual compounds (not shown). Polyphenols are prone to associating with polysaccharides via hydrogen bonds and hydrophobic interactions (Le Bourvellec & Renard, 2012). The molecular size, number of galloyl groups and hydrophobicity of the enzymatically obtained polyphenol define its interaction with cellulose (Tang, Covington, & Hancock, 2003). GA in turn is a small and hydrophilic molecule that might be loosely adsorbed on the cellulose fibres based on hydrogen bonding between the hydroxyl groups of GA and the oxygen atoms of the glycosidic linkage of cellulose (Hanlin, Hrmova, Harbertson, & Downey, 2010). On the other hand, ZnO is also soluble in water (Ksp = 109) and thus it would hardly remain on the fabric without pre-treatment of its surface. In our current approach, the soluble GA and ZnO form particulate complexes on the cotton fibres. The addition of active laccase catalysed the in situ cross-linking of GA and improved the stability of the ZnO NPs-GA coating. In the absence of active enzyme, the GA-based bioadhesive was not formed (Fig. 1c, 1d) and the ZnO NPs-GA complexes were progressively removed during the repeated high temperature washing procedure (Fig. 1d).
 
Figure 1. HRSEM micrographs of cotton fabrics coated with ZnO NPs and GA in presence of active laccase before (a) and after 10 washing cycles (b) and in presence of denatured laccase before (c) and after 10 washing cycles (d). 

After the sono-enzymatic deposition of GA and ZnO NPs, the surface z-potential of the cotton fabrics became highly negative (-54 mV) due to the negative z-potential of GA. Increasing the number of high temperature washing cycles the z-potential of the textile material dropped nearing that of the untreated cotton fabric (-25 mV) (Fig. 2A) indicating the removal of GA upon washing. Conversely, a more negative surface z-potential was observed on the samples treated with active laccase confirming the higher stability of the enzymatically generated GA-based bio-adhesive on the fabrics. Although the treated samples reached the pristine cotton z-potential (-25 mV) when washed 50 and 60 times, they still showed antibacterial effect as will be explained in section 3.3. ICP analysis confirmed the presence of ZnO NPs embedded on the fabric (Fig. 2B).
The initial amount of ZnO NPs deposited on the fabric (Fig. 2B) using active laccase doubles the one obtained with denatured laccase. After 30 washing cycles, the coatings using active laccase still showed higher amounts of ZnO, while on the fabrics coated using denatured laccase a negligible ZnO content was detected. 
The connection of the data points in Figure 2 was smoothed
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Figure 2. a) Surface z-potential of cotton fabrics coated with ZnO NPs and GA at 50 °C and b) amount of ZnO remaining on the fabrics after multiple washings at 75 °C.
The ZnO NPs-GA coating generated by denatured laccase presents lower phenol content than the coating produced with active laccase (Fig. 3) due to different stability of each coating. Stability of ZnO NPs-GA hybrid complexes obtained using active laccase was attributed to the reduced solubility of oxidatively cross-linked GA adhesive on cotton fabrics (Fig. 1). In addition, some of the three OH groups of GA most probably remained unreacted and were responsible for higher phenol content observed on the fabrics coated with active laccase (Fig. 3) which is further related to antibacterial properties of the material (section 3.3). This was also in agreement with higher negative surface z-potential of the enzymatically treated cotton textiles (Fig. 2A). The decrease in phenol content by 50 % on both enzymatically and non-enzymatically treated fabrics corresponds to the removal of the partially oxidised or non-oxidised GA from their surface.

Figure 3. Total phenol content of the fabrics coated with ZnO NPs and GA before and after 10 washing cycles at 75 °C.

Antibacterial activity of the coatings
The antibacterial durability of the ZnO-GA hybrid coating subjected to high temperature hospital regime washing was further evaluated (Fig. 4). The antibacterial performance of coatings obtained in the presence of active laccase remained unaffected after up to 20 washing cycles. With increasing number of washing cycles the antibacterial efficiency gradually decreased, maintaining over 60 % activity even after 60 washing cycles. In contrast, the control sample coated with denatured laccase completely lost its antibacterial properties. These results confirmed that the simultaneous sono-enzymatic process provided durability of the antibacterial effect on the fabrics. 
A multimode antibacterial action of the hybrid ZnO NPs-GA complexes is hypothesised (Sarker et al., 2012). GA is able to chemically interact with the peptidoglycan layer of the cell wall of S. aureus (Sanhueza et al., 2017) increasing its susceptibility to ZnO NPs. The ZnO dissolution to Zn2+ and the subsequent generation of ROS induces further damage to bacteria causing their death (A. E. Nel et al., 2009; Song et al., 2010). In this study, a high amount of phenolics on the surface of washed fabrics (Fig. 3) coupled to the ZnO NPs release (Fig 2B) conferred antibacterial properties to the textile material. Phenolic compounds have demonstrated antibacterial efficacy against several microorganisms through a multimode action that combines cytoplasmatic membrane destabilisation-permeabilisation, enzyme inhibition by oxidised products and inhibition of nucleic acids synthesis in bacteria (Borges, Ferreira, Saavedra, & Simões, 2013).
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Figure 4. Antibacterial activity of the fabrics sono-enzymatically coated with ZnO NPs-GA after multiple washing cycles at 75°C.

Despite that the functionalisation of cotton fabrics with antimicrobial ZnO NPs is widely reported in the literature (Perelshtein, Perkas, et al., 2015), the durability of obtained surface functionality is still insufficient. In-situ chemically synthesised antimicrobial NPs on the surface of cotton fabric (Shateri-Khalilabad & Yazdanshenas, 2013) retained their biocide efficacy only until five washing cycles. Stronger NPs fixation was achieved by modification of the cotton surface. A simultaneous sonochemical/enzymatic process developed by (Petkova et al., 2016) using cellulases allowed to obtain a stable ZnO NPs coating on cotton. Unlike this combined process, where enzymes modified the surface of cellulose by hydrolytic cleavage of β-1,4 glucosidic bonds, the current work used an oxidative enzyme (laccase) to act on an external molecule (GA) transforming it into a bioadhesive where the ZnO NPs were firmly embedded. The coated fabrics showed antibacterial activity even after 60 washing cycles in hospital regime. In addition, the antibacterial properties of fabric resulted from the synergy between two antibacterial compounds (ZnO NPs and GA) with a multimode bactericidal action.
Biocompatibility assay
ZnO NPs are widely used in commercial products although their toxicity to mammalian cell lines was reported (Demir et al., 2014). The accepted mechanism for ZnO NPs cytotoxicity implies the partial dissolution of these NPs in an aqueous environment resulting in ionic and particulate species, and the ROS generation (Pokhrel et al., 2009). Therefore, the potential toxicity of the coatings of ZnO NPs, GA and hybrid ZnO NPs-GA coatings towards fibroblasts cells was evaluated. After 1 and 7 days of contact, the cultured cells were metabolically active with no difference in cell viability observed among the experimental groups (Fig. 5) demonstrating that the developed materials are safe for uses in contact with human skin. Low amount of ZnO NPs (< 0.65 % wt) in the coatings (Fig. 2B) did not compromise the cell viability (Song et al., 2010). Therefore, the developed hybrid coatings present an enhanced antibacterial effect coupled with high biocompatibility.

Figure 5. Viability of human fibroblasts cell line after 1 day and 7 days of contact with the sono-enzymatically coated with hybrid ZnO NPs-GA fabrics. 


Conclusions
Hybrid antimicrobial coatings comprising ZnO NPs and GA were generated on cotton fabrics via a simultaneous sonochemical and laccase-catalysed process. The laccase oxidised GA forming a bio-based adhesive in which the sonochemically deposited ZnO NPs were firmly embedded. This novel coating methodology resulted in the uniform deposition of ZnO NPs onto the fabric and outstanding stability of the hybrid coating to the high-temperature hospital laundry regime. After 20 washing cycles at 75 ºC the antibacterial efficacy of the fabrics was nearly 100 % and remained above 60 % even after 60 washings. The sono-enzymatic process generated highly efficient, durable and biocompatible antibacterial cotton textiles without the need for substrate pre-activation or coating post-stabilisation.
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