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Re-designing existing nano-silver technologies to optimize efficacy and sustainability has a tangible impact on preventing infections and limiting the spread of pathogenic microorganisms. Advancements in manufacturing processes could lead to more cost-effective and scalable production methods, making nano-silver-based antimicrobial products more accessible in various applications, such as medical devices, textiles, and water purification systems. In this paper, we present a new, versatile, and eco-friendly one-pot process for preparing silver nanoparticles (AgNPs) at room temperature by using a quaternary ammonium salt of hydroxyethyl cellulose (HEC), a green ingredient, acting as a capping and reducing agent. The resulting nano-hybrid phase, AgHEC, consists of AgNPs embedded into a hydrogel matrix with a tunable viscosity depending on the conversion grade, from ions to nanoparticles, and on the pH. To investigate the synthesis kinetics, we monitored the reaction progress within the first 24 h by analyzing the obtained NPs in terms of particle size (dynamic light scattering (DLS), field emission scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM)), Z-potential (ELS), surface plasmon resonance (UV-VIS), crystallographic phase (XRD), viscosity, and reaction yield (inductively coupled plasma-optical emission spectrometry (ICP-OES)). To explore the design space associated with AgHEC synthesis, we prepared a set of sample variants by changing two independent key parameters that affect nucleation and growth steps, thereby impacting the physicochemical properties and the investigated antimicrobial activity. One of the identified design alternatives pointed out an improved antimicrobial activity in the suspension, which was confirmed after application as a coating on nonwoven cellulose fabrics. This enhancement was attributed to a lower particle size distribution and a positive synergistic effect with the HEC matrix.
Keywords: green synthesis, silver nanoparticles, hydroxyethyl cellulose, clean technology, advanced antimicrobial nanocoatings
1 INTRODUCTION
Silver nanoparticles (AgNPs), known since ancient times as colloidal silver, find applications in different technologically relevant sectors, such as biomedical, optics, electronics, and catalysis (Shen et al., 2014; Dong et al., 2015; Haider and Kang, 2015; Khan et al., 2016; Gao et al., 2019; Ye et al., 2019; Rasmagin and Apresyan, 2020; Ardakani et al., 2021). They are extensively studied for their antibacterial, antiviral, and antifungal properties, making them optimal candidates for use as antimicrobial agents on different classes of materials, such as wound dressings, sanitary plastic materials, prostheses, materials for dental use, ceramics, textiles, and filters for water/air purifiers (Marini et al., 2007; Zhang et al., 2009; Chen et al., 2010; Mahltig et al., 2011; Quang et al., 2013; Brennan et al., 2015; Corrêa et al., 2015; Ibrahim, 2015; Atay, 2017; Moustafa, 2017; Ibrahim et al., 2018; Deshmukh et al., 2019; Ibrahim et al., 2019; Ibrahim et al., 2021; Gupta et al., 2022). The antimicrobial effect is exerted through multiple mechanisms, including disruption of bacterial cell membranes, interference with microbial enzyme systems, and generation of reactive oxygen species. This multifaceted mode of action reduces the likelihood of pathogens developing resistance compared to traditional antibiotics, which typically target specific cellular processes (Dakal et al., 2016). The numerous applications as coatings or additives in formulations have greatly increased the experimental (Gardini et al., 2018) and computational efforts (Furxhi et al., 2024) to identify design factors that can control their intended functionalities and safety profiles. Furthermore, in alignment with the European Green Deal program, the need for benign and biocompatible reagents forming stable suspensions over time represents a challenge to those concerned with the synthesis of colloids, offering a new approach for the one-pot synthesis of nanocomposites based on natural polymers as reducing and stabilizing agents. Replacing hazardous reagents with lower-impact ones is a new promising strategy that requires the chemical production sector to shift toward processes and technologies that need less energy, limit emissions, and minimize use of toxic reagents (Bhardwaj et al., 2020). In this context, the main requirements for successful industrial exploitation of the processes are based on scalability, which must balance the environmental impact with functionality. For colloidal nanosuspensions, combining high solid concentrations with long stability over time represents an added value toward sustainable upscaling; however, in literature, few methods ensure these requirements simultaneously (Tai et al., 2008; Srivastava et al., 2010; Hou et al., 2011; Tarannum et al., 2019; Yaqoob et al., 2020). In response to these needs, we present a patented green synthesis method for preparing AgNPs driven by a cellulose-derived compound acting on silver species both as a reducing and capping agent (Costa and Blosi, 2016). Since AgNPs enhance the antimicrobial functionality in synergy with their stabilizing and dispersing matrix (Morones et al., 2005; Cazzagon et al., 2022; Ameh et al., 2023), we have identified a quaternary ammonium salt of hydroxyethyl cellulose (HEC) as a key benign regent. HEC exerts intrinsic antimicrobial activity against a wide range of pathogens and is highly active in preventing bacterial resistance (Zubris et al., 2017; Kukushkina et al., 2021; Haktaniyan and Bradley, 2022).
HEC promotes the formation of AgNPs at room temperature without heating treatment. NPs are nucleated within the positively charged polymer. The method allows the one-shot preparation of spherical NPs of approximately 15–20 nm diameter in the form of a stable concentered hydrogel (0.5% wt) with tunable viscosity, overcoming the limitations of known methods, while satisfying the requirements for a future industrial scale-up. We also present a deep investigation of the synthesis process by monitoring the reaction progress within the first 24 h and evaluating how the main synthesis parameters affect both physicochemical and antibacterial properties. The potentialities of this method stem from its combined characteristics of simplicity, low environmental impact, reproducibility, and versatility, making the prepared material of great industrial interest as an antimicrobial coating that is easily applicable to numerous strategic sectors (Marassi et al., 2018; Cazzagon et al., 2022).
Further quantitative investigations in the proposed nano-silver technology were aimed at assessing the effect of different synthesis options on the physicochemical features of obtained nano-silver products and identifying the combination of the synthesis variables that allow simultaneously maximizing the nano-silver product antibacterial performance level, while assuring a safer and more sustainable synthesis route. The identified solution, consistent with the safe and sustainable by design approach, was obtained by implementing the multi-criteria decision analysis algorithm by using the MultiOptimal™ IT platform (https://www.projecthub360.com/multioptimal360/).
2 EXPERIMENTAL PROCEDURE
2.1 Chemicals
For the preparation of AgNPs, the following analytical-grade reagents were used: AgNO3, NaOH (Sigma-Aldrich, United States), and a quaternary ammonium salt of hydroxyethyl cellulose, SoftCAT SL-30 Polymer (INCI Name: Polyquaternium-67), purchased from Dow Chemical, United States, hereafter named as HEC. This polymer, primarily used in hair and skin cleansing/conditioning products or as a moisturizer, is used here as both a capping and reducing agent for AgNPs. HEC is characterized by cationic molecules possessing a positive charge at the nitrogen atoms balanced by chloride counterions (Supplementary Figure S1) (Pfau et al., 1997; Ballarin et al., 2011).
2.2 Synthesis procedure
HEC (1.47 g) was dissolved in 18.0 mL of water by mechanical stirring, and 8.0 mL of the Ag salt precursor solution (AgNO3, 0.2 M) was added. The presence of silver in the solution containing chloride ions coming from HEC produced a whitish color due to the formation of silver chloride. After 1 min, 4.0 mL of a NaOH solution (1.0 M) was poured and stirred for 5 min. The obtained suspension turned brown/yellow, suddenly increasing its viscosity in the form of the hydrogel. The product was kept in dark conditions at room temperature for 48 h, promoting the total reduction of Ag+→AgNPs and reorganization of the gel into a low-viscosity suspension with a high concentration of AgNPs (0.5% wt).
To explore the design space and identify the most effective AgHEC-based solutions, we modified the main stoichiometric ratios in terms of HEC/Ag and NaOH/Ag by preparing five variants at different molar ratios.
Along with the formation of AgHEC, cellulose (HEC) hydrolysis occurs, as indicated by the decrease in the viscosity of the gel during the first 12–48 h. Typically, the synthesis involves NaOH/Ag and HEC/Ag molar ratios of 2.8 and 5.5, respectively, and a silver nitrate concentration of 0.05 M (0.5% wt of metal). In exploring the design space, the HEC/Ag molar ratio varied from 5.5 to 1.4, and the NaOH/Ag molar ratio varied from 4.2 to 1.4.
2.3 Application of AgHEC on nonwoven cellulose fabrics
AgHEC compounds were applied to nonwoven cellulose samples (140 g/m2, dimensions of 100 mm × 50 mm) by using a dip-coating deposition process. We set up a dipping/withdrawing speed of 2 mm/s and a soaking time of 5 s into the prepared Ag-based suspensions, previously diluted at a metal concentration of 0.01% wt. After drying at room temperature for 1 h, the coated samples were treated in the oven for 10 min at 90°C.
2.4 Analytical characterization
Prepared nanosols were characterized by optical spectroscopy (UV–VIS), dynamic light scattering (DLS), X-ray diffraction (XRD), inductively coupled plasma-optical emission spectrometry (ICP-OES), viscosity, and field emission electron microscopy (FE-SEM).
UV–VIS extinction spectra were measured using a Lambda 35 Spectrophotometer (PerkinElmer, United Kingdom), by using a quartz cuvette as a sample holder. Samples were prepared by diluting the as-prepared colloidal suspension at the same metal concentration (6–12 mg/L).
DLS was used to monitor the hydrodynamic diameter and particle size distribution of the suspensions. Measurements were carried out using Nano S (Malvern, United Kingdom), working at a fixed angle of 173°. Samples were properly diluted with water and poured into a polystyrene cuvette before measurement. The hydrodynamic diameter includes the coordination sphere and the species adsorbed on the particle surface, such as stabilizers and surfactants. A polydispersity index (PDI) ranging from 0 to 1 and quantifying the colloidal dispersion degree was also provided; for a PDI below 0.2, a sol can be considered monodispersed.
Diffraction patterns were collected on the synthesized samples dripped on a glass slide and dried at 80°C for 15 min. Analyses were performed by using the Bruker D8 Advance Diffractometer (Germany) operating in the θ/2θ configuration with a LynxEye detector (acquisition condition 20°–80° 2θ range, 0.02 step size, and 16 s time per step equivalent). To derive the mean crystallite size, we implemented the Debye–Scherrer equation by using the following parameters: K = 0.9 and λ = 1.54056 Å.
Unreacted metal cations were detected by ICP-OES (5100 vertical dual-view apparatus, Agilent Technologies, United States) to infer the reaction yield. The percentage ratio (Ag+/Ag) was assessed after filtering 10.0 mL of the suspension using an ultra-centrifugal filter (UCF) unit (Amicon Ultra-15, 10 kDa, Millipore) at 5,000 rpm for 30 min by retaining AgNPs and removing Ag+ ions.
Coated fabrics were soaked for 5 min in 6.0 mL of a solution 50:50 v/v of HNO3 (65% v/v Sigma Aldrich) and H2O2 (30% v/v Sigma Aldrich), then rinsed with 6.0 mL of MilliQ water, and analyzed by ICP-OES to quantify the mass of applied Ag onto the fabric and expressed as micrograms of the metal on grams of the substrate.
The viscosity was evaluated to monitor the change in the polymerization degree of HEC, which occurs simultaneously with the formation of AgNPs embedded into the hydrogel. Viscosity tests were performed by rotational viscometry at 25°C by using a rheometer (Bohlin C-VOR 120, Bohlin Instruments, United Kingdom) equipped with a cone and plate geometry with a cone angle of 4° and a diameter of 40 mm (CP4/40) and controlling the temperature using an external water thermostat (Julabo KTB-30). The shear viscosity was measured by applying a constant shear rate of 0.1 s−1 on samples withdrawn from the reaction environment at different times (to a maximum of 8 h).
Ag nanoparticles were observed both using a field emission scanning electron microscope (Supra 40, Zeiss, Germany) and a transmission electron microscope (FEI Tecnai F20).
For FESEM analysis, specimens were prepared by dripping the colloidal suspensions on an aluminum stub. Specimens were prepared by dripping the colloidal suspensions, previously diluted in water (Ag concentration of 0.002% wt), onto a metal grid coated with a polymer film. Drops were evaporated at room temperature in the ambient atmosphere. Image analysis was performed on more than 150 particles for each sample to calculate particle size distribution and mean diameter. Scanning transmission electron microscopy (STEM) pictures were recorded by using a high-angle annular dark field (HAADF) detector. Image analysis was performed on more than 300 particles for each sample to calculate the particle size distribution and mean diameter.
For TEM analysis, Ag suspensions diluted at 0.005% wt were drop-cast on a holey carbon film supported by a gold grid. The specimens were then dried at 50°C to remove the solvent. TEM images were collected in the phase contrast mode using a selected area electron diffraction (SAED) device operating at 200 keV. Image analysis was performed on more than 400 particles.
2.5 Antibacterial characterization of AgHEC-based suspensions
Tests were carried out in compliance with the EN 1040:2005 standardized method against Escherichia coli (ATCC 10536) and Staphylococcus aureus (ATCC 6538). Suspensions at concentrations ranging from 50.0 to 0.05 mg/L were tested at four dilutions for a contact time of 24 h. Each result is the average of three independent measurements. Blank solutions (identified as HEC-01, HEC-02, HEC-04, HEC-05, and HEC-06) were considered a comparison and were prepared by using the procedure of the corresponding Ag suspension without adding the metal. Antibacterial results are reported on a logarithmic scale.
2.6 Synthesis process safety and sustainability assessment
In the framework of safe and sustainable by design processing to obtain chemicals and materials with addressed functionality, multiple performance indicators have been addressed in association with the synthesis of AgHEC nano-silver products.
The sustainability of the synthesis route was assessed by applying the life cycle assessment (LCA) methodology according to the ISO 14040-44 standard by applying a “cradle to gate approach.” The functional system has been identified as the AgHEC synthesis process. The defined functional unit (FU) is the amount of 30 g of AgHEC hydrogel product obtained via the synthesis process. Energy–mass balance analysis has been performed by considering raw materials and energy inputs to the system and inventorying associated system emissions to the environment. The impact assessment was conducted by applying the CML 2001 impact assessment method. The source of secondary data employed is the ecoinvent 3.7 database.
Parallel to the LCA, the life cycle costing (LCC) analysis has been done to assess the economic implications of the addressed synthesis options investigated. Reagents, energy, operators, equipment, and infrastructure use represent the main cost drivers implied in the synthesis process and are considered in the analysis.
2.7 Identification of the multioptimal options for safe and sustainable AgHEC synthesis
The goal of designing a safe and sustainable synthesis process to produce AgHEC was pursued by implementing a multioptimization algorithm based on multi-criteria decision analysis (MCDA), which allows for identifying the candidate design cases, which simultaneously maximizes multiple performance indicators. The requirement for running the multioptimization algorithm is the availability of a harmonized dataset derived by experimentation (physicochemical characterizations and antibacterial performance measurement) and modeling and computation (LCA and LCC data), which implies obtaining attribute performance and levels associated to the point of the DoE matrix. MultiOptimal360™ is the IT platform employed to run the multioptimization algorithm. The MultiOptimal360™ workflow starts from the input of the case study-specific data: a) the key decision factors (KDFs), set of data for the reference design cases in the DoE matrix; b) the associated key performance indicators (KPIs), data obtained by experimental assessment and modeling; and c) physicochemical characterization data related to the synthesized NPs, representing the reference synthesis design cases. The implementation of the MCDA algorithm allows the selection of the multioptimal design cases that simultaneously meet the design criteria. For the specific AgHEC safe and sustainable synthesis design case study, these criteria include minimizing (1) the climate change environmental impact parameter (GWP), (2) the human toxicity potential (HTTP), and maximizing (3) the compound functional cost performance indicator, aiming at achieving minimum cost and maximum antimicrobial functionality for the specific bacterial strains.
The multioptimization computation resolution was varied from n.20 points to n.50 points per unit KDF variability range in the design space. MultiOptimal360™ through the MCDA algorithm selected the points in the design space (representing specific combinations of KDF values), which are associated with the KPI values that comply with the set design criteria. This allowed restricting all possible design case options (all design space points) to a subset of candidate cases that are safe and sustainable by design cases (represented by the design space and points lying only on the multi-optimal curve). The final selection criteria were based on choosing the least environmental impact and safest (least toxic) synthesis process, compliant with an acceptable compound functionality performance level. Points in design space outside the multioptimal curve fail to simultaneously minimize environmental and cost impacts, human toxicity, and to maximize antimicrobial functionality.
2.8 Antibacterial characterization of nonwoven cellulose fabrics
The antimicrobial activity was evaluated on coated substrates, approximately 0.5 g, according to ASTM E 2149-01, “Standard test method for determining the antimicrobial activity of immobilized antimicrobial agents under dynamic contact conditions.” The method is designed to evaluate the resistance of non-leaching antimicrobial-treated specimens to the growth of microbes under dynamic contact conditions. The applied bacteria are Escherichia coli ATCC 11229 (Gram-negative) and S. aureus ATCC 6538 (Gram-positive). The incubated test culture was diluted to give a concentration of 1.5–3.0 × 105 CFU/mL (working dilution). Each sample was transferred to a flask containing 25.0 mL of the working dilution. All flasks were shaken for 1 h at 190 rpm. After a series of dilutions, 1.0 mL of the solution was plated in nutrient agar. The inoculated plates were incubated at 37°C for 24 h, and surviving cells were counted. The antimicrobial activity was expressed in % reduction of the organisms after contact with the test specimen compared to the number of bacterial cells surviving after contact with the control. Each result represents the average of three independent measurements.
3 RESULTS AND DISCUSSION
3.1 Hypothesis of reaction
The hydroxyethyl cellulose-based compound acts both as a chelating and reducing agent toward the silver ions, forming a colorless, high-viscosity gel after the addition of NaOH into the reaction path. When the alkaline solution is added, the suspension immediately turns into a gel, initially assuming a dark brown color due to the formation of the first Ag nuclei, and after approximately 24 h, the color changes to brown-yellow, indicating the complete formation of Ag nanoparticles. Typically, wet synthesis of noble metals must ensure the optimal concentration of fundamental reactants: a reducing agent promoting the transformation of metal ions into their zero valent forms, a chelating agent preventing the excessive particle growth, and a catalyst triggering the reduction, particularly in the presence of weak reducing agents. As reported by our previous publications (Blosi et al., 2014; Blosi et al., 2016) dealing with the preparation of noble metal NPs through glucose, used as a weak reducing agent, the reduction power of glucose is drastically enhanced in alkaline conditions (Watanabe et al., 2005). The alkaline environment created by adding sodium hydroxide promotes α-proton dehydrogenation, causing the glucose ring to open and form an aldehyde group that can reduce the metal ions and finally oxidize to gluconic acid. Similarly, for AgHEC, we can hypothesize that sodium hydroxide promotes the generation of new reducing aldehydic end groups in HEC macromolecules (El-Sheikh et al., 2013), enabling the reduction of Ag ions that are nucleated and grown in the form of nanoparticles embedded in the polymer matrix, which also acts as a chelating agent. Therefore, an optimal balance among reduction, nucleation, and growth phenomena is fundamental to ensuring total Ag+ conversion, particle growth control and size homogeneity, and colloidal stability over time. AgHEC-01 corresponds to the standard procedure, optimized based on colloidal stability over time, and synthesized by applying the following molar ratios: HEC/Ag = 5.5; NaOH/Ag = 2.8 and successfully tested against SARS-CoV-2 (Costa et al., 2022). The so-prepared Ag nanoparticles embedded in the hydrogel, as observed by TEM analysis, appeared as spheroidal particles. With a confidence interval of 99%, an average dimension of 16 ± 1 nm was assumed (Figure 1). DLS measurements indicated a hydrodynamic diameter in the 250–260 nm range due to the steric hindrance induced by the cellulosic matrix chelating the nanophases. A summary of the collected physicochemical data is provided in Table 1.
[image: Figure 1]FIGURE 1 | TEM image and corresponding particle size distribution measured on more than 400 NPs for AgHEC-01.
TABLE 1 | Effect of HEC/Ag and NaOH/Ag molar ratios on the main physicochemical properties of AgHEC samples at t = 24 h.
[image: Table 1]The positive value of Z-potential was consistent with the presence on the nanoparticles’ surface of the cationic hydroxyethyl cellulose. The surface plasmonic resonance (SPR) band evidenced an absorption wavelength of 415 nm, consistent with the typical wavelength range (380–460 nm) of spherical AgNPs (Kumbhar et al., 2005; Wilcoxon and Abrams, 2006; Alzoubi et al., 2023). To monitor the nanoparticles’ nucleation and growth evolution, we sampled the reaction environment at increasing reaction times and analyzed the suspension by FE-SEM, UV–VIS, and XRD (Supplementary Figures S2–S4). Because of the smaller resolution capacity of FE-SEM than TEM, we derived slightly larger mean diameters. Nonetheless, the data allowed us to capture the evolution of particle size over the course of the reaction. The study was carried out on AgHEC-01, prepared in agreement with the standard procedure. FE-SEM images reported in the Electronic Supplementary Material (Supplementary Figure S2) showed, at the beginning of the reaction, time 0 (t = 0), a low particle density, with the first nuclei identified as spheroidal particles surrounded by cellulose agglomerates (the biggest whitish domains) and a mean diameter of 12 ± 5 nm (Supplementary Figure S2A). For this sample, we detected an SPR band at 407 nm (Supplementary Figure S3), consistent with the formation of nanosized Ag particles. The weak band intensity was probably due to the low density of nanoparticles and the large number of newly formed nuclei with a diameter less than 5 nm, which were not detectable by FE-SEM. An almost unchanged situation was highlighted by the UV–VIS spectrum of sample AgHEC-T1 registered after 1 h (Supplementary Figure S2B), as confirmed by a mean diameter placed at 13 ± 5 nm and a weak SPR band at 407 nm (Supplementary Figure S3).
An increased SPR band intensity was observed after 5 and 8 h, along with a peak redshift (411 nm), indicating the progress of the reaction and the growth of the formed nuclei (Supplementary Figure S3). After 5 h, the particle size measured for AgHEC-T5 evidenced a slight increase, reaching 15 ± 5 nm; this change resulted in a denser population and a size distribution that shifted toward larger dimensions (Supplementary Figure S2C). For sample AgHEC-T12, sampled at 12 h, we observed a further increase in the density of population and a mean diameter of 17 ± 6 nm (Supplementary Figure S2). The white zones in the image correspond to the cellulosic agglomerates spread all around the sample. After 24 h, the SPR signal was noticeably increased in intensity, showing the maximum peak at a wavelength of 415 nm (Supplementary Figure S3). At this time, the reaction appeared almost complete, with a mean particle diameter of 19 ± 6 nm as measured by the FE-SEM image (Supplementary Figure S2E, F).
The progress of the reduction process promoting the formation of AgNPs was further followed through XRD measurements at 2 and 24 h of the reaction (Figure 2). After 2 h of the reaction, the data show well-recognizable peaks, confirming the formation of silver chloride (AgCl cubic phase, JCPDS No. 31-1238) as an intermediate product obtained after the addition of AgNO3 to the HEC solution, containing chloride counterions. After 24 h, the progress of the reduction reaction allowed us to obtain the metal phase, as pointed out by the peaks imputable to Ag (red curve, JCPDS No. 04-0783). The broad signals, typical of the Ag nanophase, revealed a mean crystal dimension of 15 nm, calculated by the Debye–Scherrer equation, and consistent with the mean particle size observed by TEM images.
[image: Figure 2]FIGURE 2 | XRD spectra collected on sample AgHEC-01 after 2 and 24 h of reaction.
3.2 Investigation of the design space synthesis options for multi-optimization
Different synthesis options depending on a selected set of independent synthesis variables offer design alternatives to maximize the functionality of the AgNPs. Indeed, the design space exploration has multiple objectives: (a) to investigate the implication of the synthesis parameters on the resulting AgHEC physicochemical features, (b) to assess the performance of AgHEC products associated with different synthesis options, and (c) to assess the toxicology and environmental impacts associated with the synthesis options, aiming for a safer and more sustainable synthesis process, while maximizing the antibacterial functional performance of the nano-silver product.
For this purpose, as the first step of the multi-optimization problem, we defined the synthesis design space by selecting two synthesis variables considered the main relevant factors in driving the reduction, nucleation, and growth mechanisms of nanoparticles. The selected variables were the molar ratios between the key reagents, HEC/Ag and NaOH/Ag, which were also believed to have major effects on the functional performance of the obtained nano-silver products.
For the second step of the multi-optimization process, we defined the range of variability for each molar ratio. This included variations in the HEC/Ag ratio between 1.4 and 6.4 and NaOH/Ag ratio between 1.4 and 3.7. We expanded the design space by exploring the conditions near AgHEC-01 corresponding to the standard procedure (HEC/Ag = 5.5; NaOH/Ag = 2.8). Within the two-dimensional decision space, a specific domain to be explored has been defined in order to control the nanoparticles’ size and identify a stability zone of the prepared colloidal nanodispersion.
Instead of full factorial DoE, a fractional factorial DoE model was devised to comply with the requirement for a minimum yet sufficient number of samples needed to quantify the addressed KPIs related to the functional, safety, and sustainability dimensions. The choice of the partial DoE, which implied generating n.6 different samples instead of n.9 samples, complies with the limitations imposed on the experimental burden, which required a proportional number of experimental assessments associated with the samples for all the addressed KPIs. In the third step, a set of synthesis variants was prepared to explore the design alternatives within the design space. This was achieved by independently changing the molar ratios between the key reagents, HEC/Ag and NaOH/Ag, within the defined variability range, and a design of experiment (DoE) matrix was generated.
The fourth step implied in the multi-optimization process is the generation of experimental and modeling data.
Figure 3A highlights the points identified in the design space that correspond to the prepared samples (design alternatives). The resulting samples were overall characterized to evaluate how the synthesis parameters influence the physicochemical features (Table 1), and four zones of the design space sharing similar behavior in terms of colloidal stability, viscosity (discussed in Section 3.3), reaction yield, and particle size distribution have been identified (Figure 3B).
[image: Figure 3]FIGURE 3 | Design space defined for AgHEC combining two independent synthesis parameters (HEC/Ag and NaOH/Ag molar ratios): (A) DoE matrix and experimental points (red circles correspond to the standard procedure, and black-dotted circles correspond to the explored design alternatives); (B) identified design space zones sharing similar behavior.
Sample AgHEC-02, prepared by halving the stabilizing polymer content of AgHEC-01, showed a decreased hydrodynamic diameter (174 vs. 286 nm) due to a lower cellulose amount associated with a reduced steric hindrance of the polymer. For this sample, Z-potential pointed out a less positive value, consistent with a lowering of the positive surface charge provided by the HEC matrix. On the other hand, the reduced amount of HEC, acting as a chelating agent and able to control the growth step, produced particles slightly larger than AgHEC-01, as detailed by TEM images and size distributions (Figure 4A).
[image: Figure 4]FIGURE 4 | TEM images and corresponding particle size distribution measured on more than 400 NPs for the prepared AgHEC alternatives: (A) AgHEC-02; (B) AgHEC-04; (C) AgHEC-05; and (D) AgHEC-06.
By further decreasing the cellulose loading for sample AgHEC_03, we observed an abrupt decrease in the colloidal stability, probably because at such HEC concentrations, the reducing/stabilizing action was insufficient to control the growth of the nanoparticles. For AgHEC-03, we assessed a hydrodynamic diameter of an order of magnitude higher than AgHEC-01 (3,280 nm), a Z potential value close to 0 (3.9 mV), a very high PDI (0.8), and a redshifted absorption peak (424 nm) confirmed by the UV–VIS spectrum (Supplementary Figure S4). Such features are consistent with the precipitation of large particles, observed by the naked eye as dark gray powder. Such a low HEC/Ag ratio involves a weak reducing power, driving the formation of a limited number of nuclei and promoting the growth stage over nucleation. As a result, we observed a poor overall reaction yield, which is aligned with the limited reducing power.
The formation of Ag nanoparticles is catalyzed in alkaline conditions. AgHEC-04 contains a halved amount of both HEC and NaOH, and the characterization results showed values of particle size (Figure 4B), hydrodynamic diameter, and Z-potential close to the data collected for the same HEC/Ag ratio (2.8), confirming that HEC affects both particle size and surface charge. However, AgHEC-04 evidenced a non-complete reaction yield (82%) consistent with the lower intensity of the SPR assessed by UV–VIS (Supplementary Figure S4). Such data emphasized the role of NaOH acting as a catalyst and being able to trigger the reduction reaction. Without adding NaOH, the reaction kinetic slows down significantly with a scarce conversion of ions to NPs (Chou et al., 2005; Watanabe et al., 2005; Blosi et al., 2014). The presence of NaOH also confers an alkaline pH to all the Ag-based suspensions (Table 1).
In sample AgHEC-05, prepared by maintaining the ratio HEC/Ag at 2.8, we increased the amount of the catalyst until an NaOH/Ag ratio of 3.7 was reached. At this condition, we reached a complete reaction yield. As expected, real particle size (Figure 4C), hydrodynamic diameter, and Z-potential are the physicochemical features mainly affected by the HEC component, showing values close to the samples prepared at the same HEC/Ag ratio (AgHEC-02 and AgHEC-04).
Increasing the polymer component until an HEC/Ag ratio of 6.4 is reached and keeping at 1.4 the NaOH/Ag ratio (AgHEC-06), we obtained nanoparticles with larger hydrodynamic diameter, due to the increased steric hindrance, and a more positive Z-potential. In this case, the higher amount of HEC, also acting as a reducing agent, balances the low NaOH content and enables it to reach a total reaction yield. The particle size measured by TEM revealed a mean diameter of 13 ± 1 nm, lower than that of the baseline sample (AgHEC-01). This value is consistent with a higher number of smaller nanoparticles with dimensions below 10 nm (Figure 4D), and it is probably driven by the chelating agent added in large excess and enabling an improved control of the growth step.
3.3 Viscosity study at different synthesis parameters
HEC treated in an alkaline environment abruptly increases the viscosity of the nanosol until reaching the hydrogel form, which progressively turns into a less viscous suspension. Monitoring the viscosity over time allowed us to gather information on the reaction mechanism. Through tailored viscosity measurements, we evaluated the hydrogel consistency evolution, also visible to the naked eye, and related to the different arrangements of the HEC macromolecules in response to the evolution of synthesis stages. After adding the alkaline solution, we observed that HEC reacts by forming a viscous hydrogel that reduces the ionic diffusion. Nevertheless, the addition of the alkaline solution triggers the oxidation of the aldehydic groups, acting as a reducing agent for the Ag+ ions and promoting the formation of AgNPs. This results in a progressive de-structuring of the HEC hydrogel, observed within the first 24 h, as demonstrated by experimental measurements. Upon the addition of the NaOH solution, a high value of viscosity was found (approximately 1,000 Pa s), due to the formation of a cellulosic network, and then a decrease of viscosity over time (8 h), up to 200 Pa s, was observed (red curve in Figure 5). It is reasonable to assume that such a viscosity decrease is due to the hydrolysis of HEC combined with its oxidation to nucleate AgNPs (Figure 5). The control sample, prepared under alkaline conditions without silver precursors, showed a constant viscosity as a function of time (gray curve in Figure 5), and only very slow polymer hydrolysis was detected (Wolfenden et al., 1998).
[image: Figure 5]FIGURE 5 | Viscosity measurements of AgHEC with different NaOH/Ag ratios (HEC/Ag molar ratio = 5.5 and silver concentration = 0.5 % wt). Viscosity of HEC without adding AgNO3 (gray curve).
To further investigate the synthesis mechanism, a set of viscosity measurements was carried out on samples prepared by adding different amounts of NaOH. Particularly, the NaOH/Ag ratio was explored in the range between 1.4 and 4.2. Since NaOH acts as a catalyst for reduction, for an increased NaOH/Ag ratio, the reaction process takes place faster, also involving a faster viscosity decrease over time (Figure 5). Such behavior appears consistent with the pH-dependent hydrolysis of HEC that controls the kinetics of AgNP formation and the structure of the resulting hydrogel. The possibility of modulating the viscosity and, as a consequence, the kinetic of AgNP nucleation, based on the quantity of NaOH, paves the way for expanding the application field of AgHEC, allowing its long-term delivery, making this technology particularly appealing for applications such as antimicrobial additives or as coating of different supports (fabrics, ceramic tiles, steel, plastic materials, wound dressings, and biomedical devices). The possibility of releasing the antimicrobial agents in a sustained manner is indeed fundamental to treating infections effectively and preventing biofilm formation, with very interesting future perspectives (Ng et al., 2014). Furthermore, the amount of the HEC polymer contributes to modification of the viscosity of the hydrogel. As expected, AgHEC-06, prepared by increasing the HEC/Ag ratio to 6.4, has a higher viscosity value in comparison with AgHEC-01 (Figure 6A). The measurements repeated after long periods of time (till 2 months for AgHEC-06 and 22 months for AgHEC-01) show a strong reduction in viscosity for both the samples, well below the viscosity of HEC (approximately 80 Pa s), indicating a continuous degradation of the polymer interacting as a reducing and chelating agent with AgNPs (Figure 6B).
[image: Figure 6]FIGURE 6 | Viscosity measurements of AgHEC-01 and AgHEC-06 at (A) short (less than 8 h) and (B) long (till 22 months) times.
3.4 Antibacterial activity in suspension
We evaluated the antibacterial activity of the prepared AgHEC variants to identify how the different synthesis parameters affect the antimicrobial response of the prepared nanoparticles. Based on the results reported in Table 2, 10 ppm was identified as the minimum active concentration that can promote a bacterial reduction higher than 1 log and correspond to a percentage depletion higher than 90%.
TABLE 2 | Antibacterial activity results collected on AgHEC-based samples. Each sample is reported together with the corresponding blank solution. Tested concentrations are referred to the Ag dose, and blank solutions are diluted accordingly.
[image: Table 2]No relevant differences were detected among the samples from AgHEC-01 to AgHEC-05, indicating that the different synthesis parameters poorly affect the final antibacterial activity. Furthermore, for these samples evaluated by using this testing method, the presence of AgNPs did not modify the activity with respect to the corresponding blank, resulting in the final performance very close to that of the HEC alone. As expected, blank solutions based on HEC only provided antimicrobial activity, with an efficacy aligned with that of AgHEC compounds if tested against E. coli and slightly reduced if tested against S. aureus. The positive charge associated with the polymer could be responsible for its improved activity against Gram-negative bacteria characterized by a higher negatively charged cell wall (Alfei and Schito, 2020).
It is worth highlighting the excellent activity measured for AgHEC-06, which pointed out a log reduction ranging from 3 to 4 (99.9%–99.99%) against both the tested bacteria at a concentration of 10 ppm and from 4 to 5.5 (99.99%–99.999%) when tested at 50 ppm (Table 2).
In this case, the blank activity showed values close to that of the other tested blanks and no effect against S. aureus, evidencing the key role of the inorganic phase and likely resulting in a synergistic effect promoted at this synthesis condition. We can hypothesize that the increased antimicrobial activity shown by AgHEC-06 could stem from the presence of a smaller particle fraction (Agnihotri et al., 2014; Dong et al., 2019; Korshed et al., 2019) in line with TEM images (Figure 4) that reveal an increased population in the range below 10 nm. Literature reports that the antibacterial efficacy of AgNPs is significantly correlated with the size, and generally the smaller the particle size, the higher the antibacterial activity. Several papers show that the antimicrobial activity of AgNPs gradually increases with the particle size decreasing from 100 to 5 nm and promoting an overall enhanced reactivity (Choi and Hu, 2008; Lu et al., 2013; Agnihotri et al., 2014). Despite the exact antibacterial mechanism of action not yet fully understood and still under debate, the presence of smaller nanoparticles implies an increased reactivity for all the varieties of hypotheses of action, such as the release of silver ions, the production of reactive oxygen species (ROS), and the mechanical damage due to the nanosized particle accumulation into the bacteria cell wall (Hayashi et al., 2013; Wang and Vermerris, 2016; Perinelli et al., 2018; Kukushkina et al., 2021).
3.5 Safety and sustainability profile of the synthesis process
The LCA and LCC analyses were carried out for the reference cases of the DoE matrix, allowing us to explore the design space and assess environmental sustainability and cost performance for the synthesis variants. The impact selected CML2001 impact method in LCA analysis provided a full environmental profile of all reference design cases addressed in the DoE matrix for all addressed LCA impact categories. Among the impact categories, two have been selected: climate change (GWP100) and the HTTP. These indicators are midpoint impact indicators: the first accounts for the environmental burden associated with the greenhouse effect and the second for the potential toxicity effects on human health. The metrics are expressed in kg-equivalents of carbon dioxide for the first impact category and in kg-equivalents of dichlorobenzene for the second one. Table 3 reports the computed values for the six AgHEC synthesis methods referred to in the DoE matrix, where sample AgHEC-03 (associated with the values HEC/Ag = 1.4 and NaOH/Ag = 2.8), has been replaced with sample AgHEC-03B (associated with the values HEC/Ag = 6.4 and NaOH/Ag = 3.7). The results from the costing analysis are also reported. The impact category selection allowed dealing with one KPI for environmental sustainability (GWP), one KPI for human safety (HTTP), and one economic KPI for cost-effectiveness.
TABLE 3 | Harmonized dataset obtained from LCA and LCC reporting: environmental impact on climate change, impacts on human toxicity, and costs of each synthesis process related to the reference design cases of the DoE matrix.
[image: Table 3]By combining the results of the antibacterial functionality tests, process yields, and results from the costing assessment, it was possible to create a compound key performance indicator intrinsically accounting for the expressed antibacterial functionality against both E. coli and S. aureus bacteria strains, referred to as the cost per functional unit produced in the synthesis process. This was done through the definition of a compound antibacterial activity (cAA) performance indicator by averaging the AA level for the two bacteria strains obtained for 10 mg/L concentrations of Ag-based suspensions. The resulting performance indicator values for the sample reference cases are reported in Table 4.
TABLE 4 | Functionality compound performance indicators obtained by averaging the antibacterial level of each reference sample associated with the DoE matrix against E.coli and S. aureus bacterial strains. The compound antibacterial functionality is obtained by averaging the AA levels obtained at 10 mg/L silver dose concentrations. The compound functional quality factor is obtained by combining the compound antibacterial functionality indicator with the functional unit cost.
[image: Table 4]3.6 Multi-optimization for the safe and sustainable by the design synthesis process
Each point represented in the diagrams of Figure 8 belongs to the set of multi-optimal AgHEC synthesis design cases that simultaneously minimize specific environmental impacts and specific toxicity effects on human health, while providing the highest possible functional–economic performance by maximizing compound antibacterial activity against the two targeted bacterial strains while minimizing the production costs. Each point of the performance space is associated with one point in the design space specifying the synthesis variables and the physicochemical attributes of the nano-silver products. Based on the results provided by the MultiOptimal360™ platform, the safest and most sustainable by design synthesis process complying with addressed product functionality is the one corresponding to the sample AgHEC-06 and consistent with the circled point in the design space (HEC/Ag = 6.4 and NaOH/Ag = 1.4).
The choice of these synthesis factor expression of the sample AgHEC-06 provides a HTTP/FU = 0.084 kgDBeq/FU corresponding to 71% between the maximum and minimum value attainable for human toxicity, GWP = 0.093 kgCO2 eq/FU corresponding to 31% level between the maximum and minimum value attainable for climate change impacts, and cAA/cost = 11.98. cAA/€ corresponding to the maximum attainable compound functionality/cost level and the highest AA level attainable for E. coli (AA = 4.08) and S. aureus (AA = 3.53), respectively. The values of the synthesis factors are associated with the lowest value of TEM diameter (ϕ = 13 nm), the highest Z-potential (Z-pot = 20.1 mV), and a value of pH = 9.58, corresponding to a 29% level between the minimum and maximum values attainable.
The values for the chosen synthesis factors (circled points of Figure 7) are the best ones for the associated functionality level and still comply with low toxicity and environmental impacts. The selection of different synthesis alternatives within the multi-optimal design cases would have unbalanced the performance of at least one of the addressed KPIs. Indeed, for instance, requiring the absolute lowest toxicity level would turn into an inconvenient choice as this is associated with a maximum environmental impact on climate change and the lowest functionality level (that would not comply with the minimum acceptable antibacterial activity level for both bacteria strains). Conversely, requiring the lowest environmental impact implies accepting the highest toxicity level and exceedingly low antibacterial functionality level.
[image: Figure 7]FIGURE 7 | Multioptimal design cases represented in the design space, performance space, and physicochemical attribute space. Each point in the diagrams belongs to the set of multioptimal AgHEC synthesis design cases that simultaneously minimize environmental impacts, toxicity effects, and costs while maximizing functional–economic performance.
3.7 Antibacterial activity of coated fabrics
Protection and preservation of fabrics from microorganisms have long played a crucial role and remain fundamental in many textile applications today, particularly in the hospital or medical environments suffering from the high concentration of pathogenic microorganisms strictly correlated with the incidence of nosocomial infections (Hiwar et al., 2021). Cellulose-based matrices, like HEC macromolecules, represent a suitable coating for natural and synthetic fibers (Kale et al., 2016a; Souza et al., 2022), favoring the grafting of nanoparticles on several types of substrates (Kale et al., 2016b; Fernandes et al., 2022). To verify whether AgHEC can vehiculate the antibacterial functionality to the nano-enabled products, we evaluated the antibacterial activity of nonwoven cellulose substrates coated by AgHEC-01 (C-01) and AgHEC-06 (C-06). The antibacterial activity of prepared samples pointed out an improved performance for C-06, which ensured a complete bacterial depletion for both tested bacteria, E. coli and S. aureus. Despite nanosuspensions being applied with the same metal content (0.01% wt), ICP-OES measurements showed an increased Ag loading for sample C-06, probably due to the higher amount of hydroxyethyl cellulose matrix included in AgHEC-06, which could trigger an improved transferring of NPs onto the fabric surface. Such improved metal transferring (11.0 μg/g for C-01 versus 14.6 μg/g for C-06) could be responsible for the higher antimicrobial performance detected for sample C-06 (Table 5). However, the marked difference in activity against S. aureus between the samples, 0% for C-01 and 100% for C-06, appeared consistent with the highest antibacterial response measured in suspension for AgHEC-06 and likely linked to its lower particle dimensions, as assessed by TEM images.
TABLE 5 | Results of the antibacterial activity measured on nonwoven cellulose fabrics coated by AgHEC-01 and AgHEC-06.
[image: Table 5]FE-SEM images of the uncoated substrate highlighted a fibrous microstructure typical of nonwoven fabrics (Figures 8A, B). EDX signals collected on the uncoated surface revealed the presence of gold, added to ensure the sample conductivity, and titanium, consistent with the TiO2 rutile white pigment embedded into the fibers (Figure 8C). The sample coated by AgHEC-01 at a batch concentration of 0.01% wt pointed out the presence of plaques on the fibers (Figure 8D), probably produced by the HEC agglomeration on some surface points and due to the rapid water evaporation that occurred during the heating treatment. The images collected at higher magnifications on the fibers showed the presence of a nanostructure, consistent in size with AgNPs (Figure 8E). EDX spectra collected on different areas confirmed the presence of Ag as an element homogenously distributed on the fibers (Figure 8F).
[image: Figure 8]FIGURE 8 | FE-SEM-EDX analysis of the fabrics: (A) uncoated sample at a low magnification; (B) uncoated sample at a high magnification; (C) EDX spectra collected on the uncoated sample; (D) AgHEC-01-coated sample at a low magnification; (E) AgHEC-01-coated sample at a high magnification; (F) EDX spectra collected on the AgHEC-01-coated sample.
4 CONCLUSION
We successfully developed a novel eco-friendly one-pot synthesis that allowed us to obtain Ag-based hydrogels at room temperature by a quick and easily scalable method. The process offers the chance to modulate the viscosity of the final AgHEC suspension and the kinetics of AgNP nucleation, paving the way for different engineering strategies for antimicrobial applications (additive, coating, and scaffolds). We exploited as a key benign reagent a quaternary ammonium salt of HEC with intrinsic antimicrobial activity acting as a chelating and reducing agent and emphasizing the antimicrobial effect in synergy with the inorganic counterpart (AgNPs).
The formation of AgNPs has been step-by-step monitored by an extensive physicochemical characterization, pointing out the formation of AgNPs reaching the completion after 24 h in the form of a stable and highly concentrated hydrogel with a potential tunable viscosity. A hypothesis of reaction has been advanced, and we explored a wider design space by changing two main independent variables (HEC/Ag and NaOH/Ag molar ratios) driving nucleation and growth steps.
The results confirmed that HEC mainly affects particle size, hydrodynamic diameter, and Z-potential, showing similar values for all the samples prepared at the same HEC/Ag ratio. A minimum amount of HEC is also fundamental to ensure an optimal reduction potential and achieve a total reaction yield. NaOH acts as a catalyst for reduction, triggering the reaction kinetics and involving a faster viscosity decrease promoted by contemporary HEC hydrolysis and oxidation.
The antibacterial activity evaluated in suspension highlighted an outstanding performance for AgHEC-06, the sample prepared with an excess of HEC and associated with an increased bacterial depletion compared to the blank and the other design alternatives. We hypothesized that the activity detected for AgHEC-06 stems from the presence of smaller particles, with a more populated fraction in the range below 10 nm and generated by the synthesis procedure with an excess of HEC. We also verified that AgHEC-06 ensured a total bacterial depletion even once immobilized on the substrate, confirming improved activity, if compared to the AgHEC standard formulation and increasing the Ag deposition on the fibers, probably favored by the high HEC amount.
The application of the multi-optimization process employing MultiOptimal360™ allowed the identification of the safest and most sustainable alternative within the identified decision space and confirmed AgHEC-06 (corresponding to the molar ratios of HEC/Ag = 6.4 and NaOH/Ag = 1.4) as the best design alternative.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
MB: conceptualization, funding acquisition, and writing–original draft. AB: data curation, investigation, and writing–original draft. SO: investigation and writing–review and editing. IZ: data curation and writing–review and editing. DG: investigation and writing–review and editing. CV: data curation and writing–review and editing. AV: data curation and writing–review and editing. BB: data curation, validation, and writing–review and editing. MP: data curation and writing–review and editing. AL: conceptualization, funding acquisition, and writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was financially supported by the European Union’s Horizon 2020 research and innovation program under the grant agreement No 862444 (ASINA). This work was also supported by the program Progetti di Ricerca@CNR, funding the research project Sanosil. The funders had no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.
ACKNOWLEDGMENTS
The authors gratefully acknowledge Dr. Andrea Migliori, Researcher at the National Research Council, Institute of Microelectronics and Microsystems (CNR-IMM) of Bologna (IT), for the TEM analyses.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2024.1432546/full#supplementary-material
REFERENCES
 Agnihotri, S., Mukherji, S., and Mukherji, S. (2014). Size-controlled silver nanoparticles synthesized over the range 5-100 nm using the same protocol and their antibacterial efficacy. RSC Adv. 4, 3974–3983. doi:10.1039/c3ra44507k
 Alfei, S., and Schito, A. M. (2020). Positively charged polymers as promising devices against multidrug resistant gram-negative bacteria: a Review. Polym. (Basel) 12, 1195. doi:10.3390/POLYM12051195
 Alzoubi, F. Y., Ahmad, A. A., Aljarrah, I. A., Migdadi, A. B., and Al-Bataineh, Q. M. (2023). Localize surface plasmon resonance of silver nanoparticles using Mie theory. J. Mat. Sci. Mat. Electron. 34, 2128. doi:10.1007/s10854-023-11304-x
 Ameh, T., Zarzosa, K., Dickinson, J., Braswell, W. E., and Sayes, C. M. (2023). Nanoparticle surface stabilizing agents influence antibacterial action. Front. Microbiol. 14, 1119550. doi:10.3389/fmicb.2023.1119550
 Ardakani, L. S., Surendar, A., Thangavelu, L., and Mandal, T. (2021). Silver nanoparticles (Ag NPs) as catalyst in chemical reactions. Synth. Commun. 51, 1516–1536. doi:10.1080/00397911.2021.1894450
 Atay, H. Y. (2017). Improving mechanical properties and antibacterial behaviors of ceramic tile junctions with glass spheres and nano-Ag particles. Inorg. Nano-Metal Chem. 47, 1304–1311. doi:10.1080/24701556.2017.1284082
 Ballarin, B., Galli, S., Mogavero, F., and Morigi, M. (2011). Effect of cationic charge and hydrophobic index of cellulose-based polymers on the semipermanent dyestuff process for hair. Int. J. Cosmet. Sci. 33, 228–233. doi:10.1111/j.1468-2494.2010.00612.x
 Bhardwaj, B., Singh, P., Kumar, A., Kumar, S., and Budhwar, V. (2020). Eco-friendly greener synthesis of nanoparticles. Adv. Pharm. Bull. 10, 566–576. doi:10.34172/apb.2020.067
 Blosi, M., Albonetti, S., Ortelli, S., Costa, A. L., Ortolani, L., and Dondi, M. (2014). Green and easily scalable microwave synthesis of noble metal nanosols (Au, Ag, Cu, Pd) usable as catalysts. New J. Chem. 38, 1401–1409. doi:10.1039/c3nj00894k
 Blosi, M., Ortelli, S., Costa, A. L., Dondi, M., Lolli, A., Andreoli, S., et al. (2016). Bimetallic nanoparticles as efficient catalysts: facile and green microwave synthesis. Mater. (Basel) 9, 550. doi:10.3390/MA9070550
 Brennan, S. A., Fhoghlú, C. N., DeVitt, B. M., O’Mahony, F. J., Brabazon, D., and Walsh, A. (2015). Instructional review: general orthopaedics silver nanoparticles and their orthopaedic applications. Bone Jt. J. 97-B, 582–589. doi:10.1302/0301-620X.97B5.33336
 Cazzagon, V., Giubilato, E., Bonetto, A., Blosi, M., Zanoni, I., Costa, A. L., et al. (2022). Identification of the safe(r) by design alternatives for nanosilver-enabled wound dressings. Front. Bioeng. Biotechnol. 10, 987650. doi:10.3389/fbioe.2022.987650
 Chen, L., Zheng, L., Lv, Y., Liu, H., Wang, G., Ren, N., et al. (2010). Chemical assembly of silver nanoparticles on stainless steel for antimicrobial applications. Surf. Coatings Technol. 204, 3871–3875. doi:10.1016/j.surfcoat.2010.05.003
 Choi, O., and Hu, Z. (2008). Size dependent and reactive oxygen species related nanosilver toxicity to nitrifying bacteria. Environ. Sci. Technol. 42, 4583–4588. doi:10.1021/es703238h
 Chou, K. S., Lu, Y. C., and Lee, H. H. (2005). Effect of alkaline ion on the mechanism and kinetics of chemical reduction of silver. Mat. Chem. Phys. 94, 429–433. doi:10.1016/j.matchemphys.2005.05.029
 Corrêa, J. M., Mori, M., Sanches, H. L., Cruz, A. D. D., Poiate, E., and Poiate, I. A. V. P. (2015). Silver nanoparticles in dental biomaterials. Int. J. Biomater. 2015, 1–9. doi:10.1155/2015/485275
 Costa, A. L., and Blosi, M. (2016). Process for the preparation of nanoparticles of noble metals in hydrogel and nanoparticles thus obtained. WO2016125070A1. 
 Costa, A. L., Blosi, M., Brigliadori, A., Zanoni, I., Ortelli, S., Simeone, F. C., et al. (2022). Eco design for Ag-based solutions against SARS-CoV-2 and E. coli. Environ. Sci. Nano 9, 4295–4304. doi:10.1039/D2EN00178K
 Dakal, T. C., Kumar, A., Majumdar, R. S., and Yadav, V. (2016). Mechanistic basis of antimicrobial actions of silver nanoparticles. Front. Microbiol. 7, 1831. doi:10.3389/fmicb.2016.01831
 Deshmukh, A. R., Gupta, A., and Kim, B. S. (2019). Ultrasound assisted green synthesis of silver and iron oxide nanoparticles using fenugreek seed extract and their enhanced antibacterial and antioxidant activities. Biomed. Res. Int. 2019, 1–14. doi:10.1155/2019/1714358
 Dong, X. Y., Gao, Z. W., Yang, K. F., Zhang, W. Q., and Xu, L. W. (2015). Nanosilver as a new generation of silver catalysts in organic transformations for efficient synthesis of fine chemicals. Catal. Sci. Technol. 5, 2554–2574. doi:10.1039/c5cy00285k
 Dong, Y., Zhu, H., Shen, Y., Zhang, W., and Zhang, L. (2019). Antibacterial activity of silver nanoparticles of different particle size against Vibrio Natriegens. PLoS One 14, e0222322. doi:10.1371/journal.pone.0222322
 El-Sheikh, M. A., El-Rafie, S. M., Abdel-Halim, E. S., and El-Rafie, M. H. (2013). Green synthesis of hydroxyethyl cellulose-stabilized silver nanoparticles. J. Polym. 2013, 1–11. doi:10.1155/2013/650837
 Fernandes, M., Padrão, J., Ribeiro, A. I., Fernandes, R. D. V., Melro, L., Nicolau, T., et al. (2022). Polysaccharides and metal nanoparticles for functional textiles: a review. Nanomaterials 12, 1006. doi:10.3390/nano12061006
 Furxhi, I., Faccani, L., Zanoni, I., Brigliadori, A., Vespignani, M., and Costa, A. L. (2024). Design rules applied to silver nanoparticles synthesis: a practical example of machine learning application. Comput. Struct. Biotechnol. J. 25, 20–33. doi:10.1016/j.csbj.2024.02.010
 Gao, B., Duan, W., Silva, A. D., Walhof, A. C., Dai, W., and Toor, F. (2019). Light management on silicon utilizing localized surface plasmon resonance of electroless plated silver nanoparticles. Opt. Mat. Express 9, 3753. doi:10.1364/ome.9.003753
 Gardini, D., Blosi, M., Ortelli, S., Delpivo, C., Bussolati, O., Bianchi, M. G., et al. (2018). Nanosilver: an innovative paradigm to promote its safe and active use. NanoImpact 11, 128–135. doi:10.1016/j.impact.2018.06.003
 Gupta, G., Hamawandi, B., Sheward, D. J., Murrell, B., Hanke, L., McInerney, G., et al. (2022). Silver nanoparticles with excellent biocompatibility block pseudotyped SARS-CoV-2 in the presence of lung surfactant. Front. Bioeng. Biotechnol. 10, 1083232. doi:10.3389/fbioe.2022.1083232
 Haider, A., and Kang, I. K. (2015). Preparation of silver nanoparticles and their industrial and biomedical applications: a comprehensive review. Adv. Mat. Sci. Eng. 2015, 1–16. doi:10.1155/2015/165257
 Haktaniyan, M., and Bradley, M. (2022). Polymers showing intrinsic antimicrobial activity. Chem. Soc. Rev. 51, 8584–8611. doi:10.1039/D2CS00558A
 Hayashi, M. A., Bizerra, F. C., and Da Silva, P. I. (2013). Antimicrobial compounds from natural sources. Front. Microbiol. 4, 195. doi:10.3389/fmicb.2013.00195
 Hiwar, W., King, M. F., Shuweihdi, F., Fletcher, L. A., Dancer, S. J., and Noakes, C. J. (2021). What is the relationship between indoor air quality parameters and airborne microorganisms in hospital environments? A systematic review and meta-analysis. Indoor Air 31, 1308–1322. doi:10.1111/ina.12846
 Hou, X., Zhang, X., Chen, S., Fang, Y., Li, N., Zhai, X., et al. (2011). Size-controlled synthesis of Au nanoparticles and nanowires and their application as SERS substrates. Colloids Surfaces A Physicochem. Eng. Asp. 384, 345–351. doi:10.1016/j.colsurfa.2011.04.014
 Ibrahim, N. A. (2015). “Chapter 12 - nanomaterials for antibacterial textiles,” in Nanotechnology in diagnosis, treatment and prophylaxis of infectious diseases ed . Editors M. Rai, and K. Kon (Boston: Academic Press), 191–216. doi:10.1016/B978-0-12-801317-5.00012-8
 Ibrahim, N. A., Eid, B. M., and Abdellatif, F. H. H. (2018). “Advanced materials and technologies for antimicrobial finishing of cellulosic textiles,” in Handbook of renewable materials for coloration and finishing ( John Wiley and Sons, Ltd), 301–356. doi:10.1002/9781119407850.ch13
 Ibrahim, N. A., Eid, B. M., and Fouda, M. M. G. (2021). “Chapter 29 - the potential use of nanotechnology for antimicrobial functionalization of cellulose-containing fabrics,” in Green Chemistry for sustainable textiles the textile Institute book series ed . Editors N. Ibrahim, and C. M. Hussain (Duxford, United Kingdom: Woodhead Publishing), 429–451. doi:10.1016/B978-0-323-85204-3.00032-4
 Ibrahim, N. A., Eid, B. M., and Sharaf, S. M. (2019). “Functional finishes for cotton-based textiles: current situation and future trends,” in Textiles and clothing ( John Wiley and Sons, Ltd), 131–190. doi:10.1002/9781119526599.ch7
 Kale, B. M., Wiener, J., Militky, J., and Maqsood, H. S. (2016a). Effect of cellulose coating on properties of cotton fabric. Mat. Sci. Forum 860, 81–84. doi:10.4028/www.scientific.net/MSF.860.81
 Kale, B. M., Wiener, J., Militky, J., Rwawiire, S., Mishra, R., Jacob, K. I., et al. (2016b). Coating of cellulose-TiO2 nanoparticles on cotton fabric for durable photocatalytic self-cleaning and stiffness. Carbohydr. Polym. 150, 107–113. doi:10.1016/j.carbpol.2016.05.006
 Khan, F. U., Chen, Y., Khan, N. U., Khan, Z. U. H., Khan, A. U., Ahmad, A., et al. (2016). Antioxidant and catalytic applications of silver nanoparticles using Dimocarpus longan seed extract as a reducing and stabilizing agent. J. Photochem. Photobiol. B Biol. 164, 344–351. doi:10.1016/j.jphotobiol.2016.09.042
 Korshed, P., Li, L., Liu, Z., Mironov, A., and Wang, T. (2019). Size-dependent antibacterial activity for laser-generated silver nanoparticles. J. Interdiscip. Nanomedicine 4, 24–33. doi:10.1002/jin2.54
 Kukushkina, E. A., Hossain, S. I., Sportelli, M. C., Ditaranto, N., Picca, R. A., and Cioffi, N. (2021). Ag-based synergistic antimicrobial composites. A critical review. Nanomaterials 11, 1687. doi:10.3390/nano11071687
 Kumbhar, A. S., Kinnan, M. K., and Chumanov, G. (2005). Multipole plasmon resonances of submicron silver particles. J. Am. Chem. Soc. 127, 12444–12445. doi:10.1021/ja053242d
 Lu, Z., Rong, K., Li, J., Yang, H., and Chen, R. (2013). Size-dependent antibacterial activities of silver nanoparticles against oral anaerobic pathogenic bacteria. J. Mat. Sci. Mat. Med. 24, 1465–1471. doi:10.1007/s10856-013-4894-5
 Mahltig, B., Reibold, M., Gutmann, E., Textor, T., Gutmann, J., Haufe, H., et al. (2011). Preparation of silver nanoparticles suitable for textile finishing processes to produce textiles with strong antibacterial properties against different bacteria types. Z. für Naturforsch. B 66, 905–916. doi:10.1515/znb-2011-0907
 Marassi, V., Di Cristo, L., Smith, S. G. J., Ortelli, S., Blosi, M., Costa, A. L., et al. (2018). Silver nanoparticles as a medical device in healthcare settings: a five-step approach for candidate screening of coating agents. R. Soc. Open Sci. 5, 171113. doi:10.1098/rsos.171113
 Marini, M., De Niederhausern, S., Iseppi, R., Bondi, M., Sabia, C., Toselli, M., et al. (2007). Antibacterial activity of plastics coated with silver-doped organic-inorganic hybrid coatings prepared by sol-gel processes. Biomacromolecules 8, 1246–1254. doi:10.1021/bm060721b
 Morones, J. R., Elechiguerra, J. L., Camacho, A., Holt, K., Kouri, J. B., Ramírez, J. T., et al. (2005). The bactericidal effect of silver nanoparticles. Nanotechnology 16, 2346–2353. doi:10.1088/0957-4484/16/10/059
 Moustafa, M. T. (2017). Removal of pathogenic bacteria from wastewater using silver nanoparticles synthesized by two fungal species. Water Sci. 31, 164–176. doi:10.1016/j.wsj.2017.11.001
 Ng, V. W. L., Chan, J. M. W., Sardon, H., Ono, R. J., García, J. M., Yang, Y. Y., et al. (2014). Antimicrobial hydrogels: a new weapon in the arsenal against multidrug-resistant infections. Adv. Drug Deliv. Rev. 78, 46–62. doi:10.1016/j.addr.2014.10.028
 Perinelli, D. R., Fagioli, L., Campana, R., Lam, J. K. W., Baffone, W., Palmieri, G. F., et al. (2018). Chitosan-based nanosystems and their exploited antimicrobial activity. Eur. J. Pharm. Sci. 117, 8–20. doi:10.1016/j.ejps.2018.01.046
 Pfau, A., Hossel, P., Vogt, S., Sander, R., and Schrepp, W. (1997). The interaction of cationic polymers with human hair. Macromol. Symp. 126, 241–252. doi:10.1002/masy.19981260120
 Quang, D. V., Sarawade, P. B., Jeon, S. J., Kim, S. H., Kim, J. K., Chai, Y. G., et al. (2013). Effective water disinfection using silver nanoparticle containing silica beads. Appl. Surf. Sci. 266, 280–287. doi:10.1016/j.apsusc.2012.11.168
 Rasmagin, S. I., and Apresyan, L. A. (2020). Analysis of the optical properties of silver nanoparticles. Opt. Spectrosc. 128, 327–330. doi:10.1134/S0030400X20030169
 Shen, W., Zhang, X., Huang, Q., Xu, Q., and Song, W. (2014). Preparation of solid silver nanoparticles for inkjet printed flexible electronics with high conductivity. Nanoscale 6, 1622–1628. doi:10.1039/c3nr05479a
 Souza, D. C. S., Amorim, S. M., Cadamuro, R. D., Fongaro, G., Peralta, R. A., Peralta, R. M., et al. (2022). Hydrophobic cellulose-based and non-woven fabrics coated with mesoporous TiO2 and their virucidal properties under indoor light. Carbohydr. Polym. Technol. Appl. 3, 100182. doi:10.1016/j.carpta.2021.100182
 Srivastava, C., Nikles, D. E., Harrell, J. W., and Thompson, G. B. (2010). Composition distributions in FePt(Au) nanoparticles. J. Nanoparticle Res. 12, 2051–2056. doi:10.1007/s11051-009-9763-2
 Tai, C. Y., Wang, Y.-H., and Liu, H.-S. (2008). A green process for preparing silver nanoparticles using spinning disk reactor. AIChE J. 54, 445–452. doi:10.1002/aic.11396
 Tarannum, N., Divya, , and Gautam, Y. K. (2019). Facile green synthesis and applications of silver nanoparticles: a state-of-the-art review. RSC Adv. 9, 34926–34948. doi:10.1039/c9ra04164h
 Wang, J., and Vermerris, W. (2016). Antimicrobial nanomaterials derived from natural products-A review. Mater. (Basel) 9, 255. doi:10.3390/ma9040255
 Watanabe, M., Aizawa, Y., Iida, T., Aida, T. M., Levy, C., Sue, K., et al. (2005). Glucose reactions with acid and base catalysts in hot compressed water at 473 K. Carbohydr. Res. 340, 1925–1930. doi:10.1016/j.carres.2005.06.017
 Wilcoxon, J. P., and Abrams, B. L. (2006). Synthesis, structure and properties of metal nanoclusters. Chem. Soc. Rev. 35, 1162–1194. doi:10.1039/b517312b
 Wolfenden, R., Lu, X., and Young, G. (1998). Spontaneous hydrolysis of glycosides. J. Am. Chem. Soc. 120, 6814–6815. doi:10.1021/ja9813055
 Yaqoob, A. A., Umar, K., and Ibrahim, M. N. M. (2020). Silver nanoparticles: various methods of synthesis, size affecting factors and their potential applications–a review. Appl. Nanosci. 10, 1369–1378. doi:10.1007/s13204-020-01318-w
 Ye, Y., Loh, J. Y. Y., Flood, A., Fang, C. Y., Chang, J., Zhao, R., et al. (2019). Plasmonics of diffused silver nanoparticles in silver/nitride optical thin films. Sci. Rep. 9, 20227. doi:10.1038/s41598-019-56719-x
 Zhang, F., Wu, X., Chen, Y., and Lin, H. (2009). Application of silver nanoparticles to cotton fabric as an antibacterial textile finish. Fibers Polym. 10, 496–501. doi:10.1007/s12221-009-0496-8
 Zubris, D. L., Minbiole, K. P. C., and Wuest, W. M. (2017). Polymeric quaternary ammonium compounds: versatile antimicrobial materials. Curr. Top. Med. Chem. 17, 305–318. doi:10.2174/1568026616666160829155805
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Blosi, Brigliadori, Ortelli, Zanoni, Gardini, Vineis, Varesano, Ballarin, Perucca and Costa. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-12-1432546-t005.jpg
Applied Bacterial Ag
sol depletion % loading
(0.01% wt) (ug/g)

E. coli 55
aureus

Uncoated - 0 0 -
col AgHEC-01 47 0 110£10

CBlank-01 HEC-01 32 0 -
c06 AgHEC-06 100 100 146 £ 06

CBlank-06 HEC-06 9 [ 19 -






OPS/xhtml/nav.xhtml
Contents

		Cover

		Re-designing nano-silver technology exploiting one-pot hydroxyethyl cellulose-driven green synthesis		1 Introduction

		2 Experimental procedure		2.1 Chemicals

		2.2 Synthesis procedure

		2.3 Application of AgHEC on nonwoven cellulose fabrics

		2.4 Analytical characterization

		2.5 Antibacterial characterization of AgHEC-based suspensions

		2.6 Synthesis process safety and sustainability assessment

		2.7 Identification of the multioptimal options for safe and sustainable AgHEC synthesis

		2.8 Antibacterial characterization of nonwoven cellulose fabrics





		3 Results and discussion		3.1 Hypothesis of reaction

		3.2 Investigation of the design space synthesis options for multi-optimization

		3.3 Viscosity study at different synthesis parameters

		3.4 Antibacterial activity in suspension

		3.5 Safety and sustainability profile of the synthesis process

		3.6 Multi-optimization for the safe and sustainable by the design synthesis process

		3.7 Antibacterial activity of coated fabrics





		4 Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/fchem-12-1432546-t004.jpg
Compound Compound Process

antibacterial functional yield

functionality quality

factor

(wt/wt) (cAA) (cAA/€)
AgHEC-01 55 28 091 300 99.99
| AgHEC-02 28 28 113 441 10000
| AgHEC-03B | 64 37 098 300 99.97
AGHEC-04 | 28 14 [ 140 450 8200
AgHEC-05 | 28 37 i 167 653 99.97
AgHEC-06 64 14 381 1198 10000






OPS/images/fchem-12-1432546-t003.jpg
Climate Human Cost/FU

change toxicity

GWP100 HTTP

(wt/wt) (kg COzeq) (kg DB
eq)

AgHEC-01 55 28 00922 0.7400 0.30
AgHEC-02 28 28 00894 07383 025
AgHEC-03B 64 37 00932 0.7406 032
AgHEC-04 28 14 00893 0.7382 031
AgHEC-05 28 37 00895 0.7384 025
AgHEC-06 64 14 00930 0.7405 032






OPS/images/fchem-12-1432546-t002.jpg
Sample Log Log
code reduction reduction*
E. coli S. aureus

Concentration

(mg/L)
AGHEC-01 119 <03 <030 0.62 <030 <030
HEC-01 143 090 a0 <030 <030 <0.30
AGHEC-02 182 047 <030 043 <030 <030
HEC-02 s 061 [ <030 <030 <030
AgHEC- 04 115 <030 <030 165 <030 <030
HEC-04 139 wm < <030 <030 <0.30
AgHEC-05 s w3 <030 148 <030 <030
HEC-05 s 111 [ 080 108 | 041 |
AgHEC-06 L ssas am 048 [ 464 353 056 <030
HEC-06 s | 098 069 <030 w% | <










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Chemistry





OPS/images/fchem-12-1432546-g005.gif
S vy eiseen






OPS/images/fchem-12-1432546-g006.gif
-

.y





OPS/images/fchem-12-1432546-g003.gif





OPS/images/fchem-12-1432546-g004.gif
A e=ch clomen

o o
B (s






OPS/images/fchem-12-1432546-t001.jpg
Sample [HEC/ [NaOH/ Z-potential pH Do Ag

Ag] Ag] (mV) (nm) yield*

(%wt)
AgHEC-01 55 28 16+1 286+ 4 0.3 +0.04 16.5 £ 0.3 10.3 415+ 4 100
AgHEC-02 28 28 18+1 174 £ 1 0.3 +0.01 115 £ 04 [ 10.5 408 + 4 100
AgHEC-03 14 28 n.a 3,280 + 370 [ 0.8 +0.14 39+02 114 424+ 4 62
AgHEC-04 28 14 17£1 2191 0.3 +0.04 152 £ 0.1 9.3 409 + 4 82
7 AgHEC-05 28 37 18+1 2042 0.2 +0.01 113 +03 10.8 408 + 4 100
AgHEC-06 | 64 14 13£1 3439 0.3 +0.01 20.1 £ 04 [ 9.6 406 + 4 100

All ssiisiios Tive Dot sviklicenad sty Ag o < 000% 0 (039 v, * raliulitnd 45 the A" Tis riio,






OPS/images/fchem-12-1432546-g007.gif





OPS/images/fchem-12-1432546-g008.gif





OPS/images/cover.jpg
& frontiers | Frontiersin Chemistry

Re-designing nano-silver
technology exploiting one-pot
hydroxyethyl cellulose-driven
green synthesis





OPS/images/fchem-12-1432546-g001.gif
[wcascy g






OPS/images/fchem-12-1432546-g002.gif
\ .






