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Abstract

:

Through the execution of scientific innovations, “smart materials” are shaping the future of technology by interacting and responding to changes in our environment. To make this a successful reality, proper component selection, synthesis procedures, and functional active agents must converge in practical and resource-efficient procedures to lay the foundations for a profitable and sustainable industry. Here we show how the reaction time, temperature, and surface stabilizer concentration impact the most promising functional properties in a cotton-based fabric coated with silver nanoparticles (AgNPs@cotton), i.e., the thermal and bactericidal response. The coating quality was characterized and linked to the selected synthesis parameters and correlated by a parallel description of “proof of concept” experiments for the differential heat transfer (conversion and dissipation properties) and the bactericidal response tested against reference bacteria and natural bacterial populations (from a beach, cenote, and swamp of the Yucatan Peninsula). The quantification of functional responses allowed us to establish the relationship between (i) the size and shape of the AgNPs, (ii) the collective response of their agglomerates, and (iii) the thermal barrier role of a surface modifier as PVP. The procedures and evaluations in this work enable a spectrum of synthesis coordinates that facilitate the formulation of application-modulated fabrics, with grounded examples reflected in “smart packaging”, “smart clothing”, and “smart dressing”.
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1. Introduction


In recent years, innovations in biomaterials have made a tremendous impact in all fields of medicine [1,2]. Nanotechnology has served in this regard as an excellent platform for the next generation of materials, giving inert materials the ability to interact with their environment and respond actively [3,4]. Known as “smart biomaterials”, these multifunctional composites can be engineered to respond to biological, chemical, and physical signals, including pH, redox potential, enzyme activity, temperature, humidity, light, sound, and stress [2]. Rising interest in these materials is driven by their increasing value in precision care and their adaptability to individual needs, from monitoring vital signs, thermal management, moisture management, UV protection, and antibacterial activity to self-cleaning/decontamination capabilities [1,2].



Finishing fabrics made from natural and synthetic fibers have been a major focus in textile manufacturing to achieve a desirable feel, surface texture, color, and ultimately special functional properties. Capable of skin heat transfer with minimal energy input [5], rather than relying on central cooling systems, responsive textiles are emerging as an effective and energy-efficient example of achieving human body thermal comfort or protection [6], moving into the age of “smart clothing”. The development of nanofunctional fibers has also been directed, for example, to the manufacture of hygienic fabrics for odorless products, such as socks, stockings, and underwear [7].



Traditional wound dressing products, such as gauze pads, plasters, and bandages, are comprised of woven and nonwoven fibers of cotton, rayon, polypropylene, and polyester, which can also be functionalized to meet the expectations of smart textiles [8]. “Smart wound dressings” that can interact with wounds, sense, and react to the wound condition or environment, have been proposed to facilitate wound healing effectively [9,10,11]. The dynamic and complex mechanism of wound healing includes stages of coagulation and homeostasis, inflammation, proliferation, and maturation; in chronic wounds, this is a deregulated process that involves infections in the damaged area and increased body temperature [12]. Thermosensitive wound dressings with antimicrobial properties offer a solution to these problems, in which cellulose provides an ideal alternative as a substrate.



Cellulose is the most abundant natural fiber on the planet. It has unique biocompatibility characteristics, porous morphology, and abundant reactive hydroxyl functional groups [13,14], making it an ideal platform for functional materials. In composite materials, noble metal nanocrystals such as silver (Ag) are one of the fillers of excellence to improve the polymeric matrix [15], with special optical and electronic properties that can be controlled from the synthesis by parameters that influence the shape and size of the nanoparticles (NPs) [16,17,18]. It is then possible to obtain materials with smart responses using AgNP-coated cellulose matrix prototypes, for which synthetic routes that guarantee the formation and adherence of the NPs are required. In this scenario, the “polyol process”, a term coined by Fiévet, Lagier, and Figlarz [16], is positioned as a powerful, scalable, and reliable wet chemical route to develop metallic NPs defined in size, shape, composition, and crystallinity, using polyalcohols that perform dually as solvents and reducing agents [19]. The process can be supported by surface stabilizing agents such as polyvinylpyrrolidone (PVP) for fine control of colloidal growth, where the molar ratio with silver nitrate (AgNO3) modulates the dimensions and morphologies of the AgNP [20,21,22].



The current scientific literature agglomerates several reports dedicated to cellulosic materials coated with AgNPs. For example, Wu et al. report the development of a superoxide anion monitoring sensor using AgNPs@cellulose as a platform; however, since no correlations between material response and synthesis parameters are established, the chemical and physical interactions that improve    O 2  • −     detection are not resolved [23]. Atta and Abomelka explored multiple response properties of Ag-functionalized cellulose (antibacterial activity, electrical conductivity, superhydrophobicity, catalytic activity, ultraviolet blocking, and staining properties) but overlooked comparative studies that could reveal the phenomena behind each response and how it could be modulated [24]. Nam and co-workers delved into the exceptional heat transfer properties of AgNPs@cellulose composites, but with only two samples analyzed, the possibility of providing information on how the AgNP formation and coating process influences the desired thermal response stages is frustrated [25]. Despite the undeniable interest in smart cellulose textile materials, scientific reports focus on specific results that lack comparative analysis schemes, making it impossible to define a guideline for obtaining pre-designed and pre-targeted smart responses. The large-scale production of smart biomaterials is and will be conditioned by the discovery of reliable, sustainable, and efficient synthesis methodologies.



The expansion of smart materials science will be held back as long as procedures that polish scientifically proven materials are not addressed. In order to correlate the elaboration procedure of smart cellulosic materials with their functional properties, an exploratory and exhaustive synthesis analysis is necessary but currently absent. The present work designs a complete processing methodology for AgNP-coated cotton-based smart fabrics with simultaneous thermal and bactericidal response properties. The procedure involves a multiple-synthesis device and parameter configurations, which aim to find the ideal conditions for the maximum expression of a “smart” response in AgNP@cellulose composites. Combinations of temperature, reaction time, and surface modifier concentration enable the proper synthesis coordinates to drive chemical and physical properties, which regulate the material’s functional properties. Heat transfer experiments with heating and cooling stages descriptions were performed and correlated with the differences in the synthesis conditions of each material. Our work also seeks to answer questions about the role that PVP plays in textile coating processes. At the same time, an antibacterial confrontation test with populations of bacteria obtained from three natural water deposits (beach, cenote, and swamp) of the Yucatan Peninsula was carried out as a proof of concept that goes much further than the classic double kinetic evaluation between fundamental bacterial groups (Gram-positive and Gram-negative, also addressed here).




2. Materials and Methods


2.1. Materials


For the synthesis procedure, silver nitrate (AgNO3, ACS reagent 99%; Sigma-Aldrich, San Luis, MO, USA) and polyvinylpyrrolidone (PVP, Mw~55,000; Sigma-Aldrich, San Luis, MO, USA) were used. Desized, scoured, and bleached bare-woven cotton fabric was obtained from a local trader specializing in textiles and haberdashery (ASSIS, Mérida, Mexico) and was used as substrate. For later use, the fabric was fragmented into equal size pieces (1.5 cm × 1.5 cm) and, to ensure the removal of residual chemicals, was subsequently washed with water and laboratory-grade detergent (Alconox®, Powdered Precision Cleaner; Alconox Inc., White Plains, NY, USA) at 40 °C and 100 rpm, for 24 h. As a last step, continuous washes were carried out with water, isopropanol, and acetone. The fragments were dried in a vacuum oven (Isotemp® Model 280A; Thermo Fisher Scientific Inc., Waltham, MA, USA) at 60 °C for 24 h. The water used in all the experiments was purified using a WaterPro PS Polishing Station (18 megohm/cm, Labconco Corp., Kansas City, MO, USA). Chemical substances were used without further purification.




2.2. Functionalization and Design of “Smart” Cotton Fabrics


The general coating methodology (Figure S1 in supporting information file) involved the design and fabrication of a multiple-synthesis device in order to guarantee simultaneous, controlled, and reliable reactions. For this procedure, a device composed of a resistant glass container (Pyrex®) and a metal lid was designed. The metallic cover was manufactured with six hexagonally distributed holes and a central hole for placing a temperature sensor and vapor outlet. The glass container was used as a silicone bath and heated on a grill at a stable temperature of 100 °C, 130 °C, and 160 °C, respectively. On the metal cover, six vials with caps were placed, each containing 10 mL of ethylene glycol. The vials were kept semi-open under these conditions for 1 h at 150 rpm, to eliminate possible aqueous residues. Subsequently, a segment of previously cut and washed textile material was added to each vial and kept under the same agitation and temperature for an additional 30 min. The experimental approach was designed for three sets of simultaneous synthesis reactions and their respective repetitions.



2.2.1. Immobilization In Situ of AgNPs


For the synthesis process, two solutions were prepared, one containing 0.500 g of PVP and the other 0.508 g of AgNO3; both were dissolved in 25 mL of ethylene glycol. To start the reaction, volumes of 350 µL and 750 µL of PVP solution were added, respectively, into the vials sets one and two, but the third set did not receive this mixture. Immediately, 350 µL of silver nitrate solution was added to all sets of vials, which were hermetically sealed and left to react for 30 or 60 min. This experimental scheme allowed evaluation of the influence of the reaction parameters on the in situ coating of AgNPs on the textile fibers, considering three temperature values, two reaction time values, and the presence or absence of the PVP as a surface modifier agent (PVPx0, PVPx1, and PVPx2). The values of agitation and concentration of silver reagent were kept constant in all experiments. Reactions were stopped by removing the vials from the device and placing them in a container with room-temperature water.



Textile-coated material was subtracted from each vial with a plastic clamp, and reaction residues were removed with continuous washes of water, isopropanol, and acetone. Subsequently, they were dried in a vacuum oven (Isotemp® 280A; Thermo Fisher Scientific Inc., Waltham, MA, USA) at 60 °C for 24 h.




2.2.2. Characterization of AgNP-Coated Cotton Fabrics


Coated cellulose fibers were studied by a field-emission scanning electron microscope (SEM, Model JSM-7600F; JEOL USA Inc., Peabody, MA, USA). The synthesis products were characterized using X-ray diffraction (XRD, D8 ADVANCE with Cu Kα radiation and Ni filter; Bruker Corp., Billerica, MA, USA). The Raman spectra were obtained using a system with excitation and collection from above in a DXR2 model from Thermo Fisher Scientific Inc. (Waltham, MA, USA); the objective lens conditions were 10× with a resolution of 2.7–4.2 cm−1 using an excitation wavelength of 532 nm. UV–vis absorbance spectroscopy was measured from 400 to 900 nm using a spectrometer (AvaSpec-ULS2048CL-EVO, Avantes B.V., Apeldoorn, Netherland) with a tungsten-halogen lamp and an integrating sphere (Ocean Optics Model ISP-50-8-R-GT, spectral range 200–2500 nm; Ocean Insight, Orlando, FL, USA). Thermogravimetric curves were measured in a high-resolution thermobalance equipment (Model Discovery 5500, TA Instruments, New Castle, DE, USA). Color coordinates were determined by color measurement software (AvaSoft 8.0; Avantes B.V., Apeldoorn, Netherland) using the three coordinates (L*, a*, and b*) of the CIELAB color system at D65/10°.




2.2.3. AgNP-Coated Release Kinetics


The detachment of AgNPs from cotton fibers was monitored by placing each sample in a suitable plastic container with 50 mL of deionized water at 37 °C and 150 rpm. The aliquots were taken on days 1, 3, 5, and 10. The AgNPs contained in the samples were extracted using a microwave acid digestion system and quantified using a trace elemental inductively coupled plasma mass spectrometry analyzer (ICP-MS, model iCAP®; Thermo Fisher Scientific Inc., Waltham, MA, USA). An indium solution was used as an internal standard during the analysis to quantify the recovery process and assay performance.





2.3. Temperature Response Measurements


The material’s capacity to dissipate heat was evaluated by following the evolution of the temperature on the surface of the samples using two methodologies. In both cases, the radiation emitted by a flashlight lamp with variable focus and fan-cooled light unit with Task resolved11″ reflector (Model 206, 4800 watts; Speedotron Corp., Bartlett, IL, USA) with an energy of 4.8 kJ per pulse and a duration of 20 ms was used as the heat source. To prevent the emitted infrared radiation on the sample, an infrared filter was placed in front of the lamp. In the first methodology, the analysis was performed remotely using an infrared camera (ImageIR Model 8320, spectral range of 3 to 5 μm; InfraTec GmbH, Dresden, Germany) to obtain a thermogram showing the temporal evolution of the cooling process. A Ge window, transparent to the mid-infrared, allowed the camera lens to be protected from the pulse of light from the flash lamp.



In the second method, a thermistor attached to the back surface of the sample using thermal paste was used as the temperature detector. The evolution of the temperature was followed using a multimeter (Keithley Model 2231A-30-3; Tektronix Inc., Beaverton, OR, USA). The idea of using this method is that even though this is the measurement of only one point of the surface temperature, it is independent of the color and reflectance of the sample, which cannot determine the surface temperature from a thermographic measurement.




2.4. Bactericidal Response Measurements


2.4.1. Assay with Natural Samples


The antibacterial activity of the samples was evaluated by combining two techniques: disc diffusion test and time-kill kinetics. The disc diffusion method was carried out considering bacterial populations obtained from natural marine environments (cenote, swamp, and beach).



Before starting this experimental set, the samples obtained from natural environments were freshly cultured in sterile marine media at 37 °C and 100 rpm (the beach sample medium was prepared with NaCl). From 1 mL aliquots, two changes in the marine medium were made to achieve adequate bacterial growth. The inoculum of the third medium change (R = 3) was adjusted in each case to the 0.5 McFarland turbidity standard (absorbance at 625 nm from 0.08 to 0.1, equivalent to 1.5 × 108 CFU/mL) in medium saline (0.85% NaCl). Petri dishes with suitable sterilized nutrient agar were previously prepared and stored for 24 h at 37 °C. From each inoculum, 100 mL was taken and dispersed with a glass spatula onto the plate medium, immediately after the AgNP@cellulose samples (2 mm × 2 mm) were gently pressed against the agar surface. All plates were incubated at 37 ± 2 °C for 18 to 24 h, and the inhibition zones around the samples were visually examined.




2.4.2. Assay with Reference Samples


For the time-kill kinetics assay, reference bacterial cultures (Escherichia coli ATCC 25923 and Staphylococcus aureus ATCC 25922) adjusted to the 0.5 McFarland turbidity standard (absorbance at 625 nm from 0.08 to 0.1, equivalent to 1.5 × 108 CFU/mL) were used in saline medium (0.85% NaCl). The AgNP@cellulose samples (2 mm × 2 mm) were added to 1 mL bacterial solution, and the reaction was kept under constant stirring at 150 rpm and 37 °C. Aliquots of 100 μL were taken every 1 h to measure the OD600 nm until completing a period of 5 h, and after 24 h the final aliquot was taken. Subsequently, the aliquots were transferred to nutrient agar plates and incubated at 37 °C for 20 h. Viable bacteria were examined through the number of colony-forming units per milliliter (CFU/mL) to monitor their growth. A sample with amoxicillin (1 mg/mL) was used as experiment control (C+), as well as a blank sample without antibacterial material added (C–). The results show the mean values of the three replicates.






3. Results and Discussion


3.1. Functionalization and Design of “Smart” Cotton Fabrics


3.1.1. Surface Morphology of Coated Fibers


Figure 1 shows selected micrographs of eighteen cotton fiber samples impregnated with silver nanoparticles. The notable contrast in electron density between cotton and metallic silver allows easy identification of nanoparticles and agglomerates dispersed along with the fibers.



Careful inspection of several micrographs of each sample allowed us to discern trends in correlation to the synthesis parameters. The increase in the temperature and time raises the surface coverage, also favoring agglomeration (for example, micrographs A01 and A04, or A07 and A10). The presence and increased concentration of PVP help with particle dispersibility on the surface (for example, micrographs A01 and A03, or A16 and A18). Both behaviors are intuitively expected since increasing the temperature speeds up the rate of nucleation, growth, and agglomeration processes. Increasing the time also favors diffusion and agglomeration of particles at the interface, with a pronounced effect at higher temperatures [26]. In the presence of the PVP polymer, the expected protection against the self-aggregation of the NPs [27,28,29] was evidenced in all the reactions in which this polymer acted.



Typical AgNP synthesis by the polyol method proceeds in four typical steps: (i) dissolution of the metal precursor, which can occur partially at room temperature and be completed during the heating step, (ii) formation of an intermediate phase, which acts as a cation reservoir, (iii) nucleation from Ag monomer species, and (iv) growth leading to the formation of the metallic particles [30,31,32]. In this work, ethyleneglycol was strategically selected as a “polyol” medium for the development of the reaction. This compound, with a large number of available reactive OH groups, offers control over the nucleation, growth, and agglomeration of the particles, providing excellent colloidal stabilization. The simultaneous addition of PVP as a capping agent allows for tailoring the shape and size of NPs by influencing the nucleation and growth steps. Both the oxygen and nitrogen atoms of the pyrrolidone unit promote the adsorption of the long PVP chains on the Ag surface [32], forming a shell-like covering around the cluster and modulating its growth [33]. The synthesis parameters of 160 °C of temperature and 60 min of reaction with a double quantity of stabilizing agent (PVPx2) modulated the formation of smaller and homogeneously distributed NPs on the fibers. Under the same temperature and PVP concentration conditions but with half the reaction time (A15), the behavior of the AgNP coating on the fibers is a reflection that the reaction time was the main parameter for achieving improved dispersibility (A18).



The synthesis parameters of a 130 °C temperature and 60 min of reaction in the presence of PVP modulated the formation of NPs with cubic morphology on the fibers. Silver metal exhibits a face-centered cubic (fcc) structure in which there is no intrinsic driving force for the growth of anisotropic forms [33]. However, it has been suggested that the interaction forces between PVP and different crystallographic facets of an Ag lattice are substantially different and could therefore induce anisotropic growth of this metal (a solid with a highly isotropic structure) [34].



For example, it has been verified that under certain conditions, the selective absorption of PVP in the {100} facets will lead to the preferential addition of silver atoms to the {111} facets with the formation of cubic particles [35]. This line of evidence has never before been observed on cellulose fibers. The synthesis conditions (T = 130 °C, t = 60 min, and PVPx1/PVPx2) exhibited that the presence of PVP modulated the cubic growth of AgNPs, in this case interacting directly with the fibers, which confirms the existence of specific parametric conditions that promote growth to non-typical morphologies.




3.1.2. Surface Chemistry of Coated Fibers


The surface characterization of the composites was evaluated with the support of X-ray diffraction patterns and Raman spectra (Figure S2 in the supporting information file). The initial bare textile sample (A00) and six AgNP-coated samples (A01, A02, A03, A16, A17, and A18), were selected within the parameter settings for having opposite synthesis conditions. The X-ray diffraction patterns in Figure S2B reveal the strongest peaks expected for the crystalline cellulose sample (A00). The group of samples synthesized at 160 °C (A16, A17, and A18), shows a pattern with two additional peaks at 38.31° (Ag {111}) and 44.51° (Ag {200}), which correspond to the main reflections expected for metallic silver [36,37,38]. The zoomed range of the inset in Figure S2D reveals the (111) plane reflections. Note that the intensity of the reflections for metallic silver will depend on the degree of coherence, not only on the concentration and particle size, and is also modulated by the volumetric particle distribution and the preferential orientation over the substrate. The low intensity observed for samples at 100 °C seems to be mainly related to lower silver concentration and crystallinity.



The Raman spectra, analyzed in the region from 50 cm−1 to 3500 cm−1, show different behaviors between the untreated sample and the coated samples (Figure S2C). The surface chemistry of A00 reflects a typical spectrum of cellulosic material [37]. In the coated samples, the main Raman signals of cellulose are remarkably enhanced in the “hot spots” that are generated in the nanogaps of plasmonic metal nanoparticles (e.g., Ag) through the amplification of the electromagnetic field caused by localized surface plasmon resonance (LSPR) [38]. The six textile samples coated with AgNPs evaluated by this technique show a similar pattern, with signal amplification observed between approximately 1000 cm−1 and 2000 cm−1. In all cases, two pronounced peaks are observed at the positions of 1250 cm−1 and 1500 cm−1, which correspond to assignments of [HCH (twisting), HCC, HOC, COH (rocking) bending], and [HCH scissoring bending], respectively [37]. This result implies the local interaction of AgNPs with these functional groups within the cellulosic structure. The optical images obtained during the measurement of this technique are shown in Figure S2A, displaying a visible increase in the material’s pigmentation as the synthesis conditions varied. The darkening of the fibers in the group obtained at 160 °C (A16, A17, and A18) could reflect a greater coverage of AgNPs.




3.1.3. Colorimetric Analysis of Coated Fibers


Figure 2 provides colorimetric information for the eighteen textile samples obtained. Figure 2a arranges photos of the samples according to the distribution of parameters, in order to appreciate the color expressed by the textile under environmental conditions. Color space data, including lightness (L*), red-green (a*), and yellow-blue (b*) were identified and plotted in Figure 2b,c. Establishing a relationship between the different synthesis parameters and the color obtained as a consequence of the differential coating of the AgNPs is an important axis in the emerging smart textiles industry.



In noble metallic particles (e.g., Ag), size-dependent properties are observed, such as surface plasmon resonance (SPR). This optical phenomenon arises from the collective oscillation of conduction electrons in AgNPs when the electrons are perturbed from their equilibrium positions. The frequency and amplitude of the resonance are susceptible to the shape and size of the particles, which determine how free electrons are polarized and distributed on the surface [39]. The sensitive response of surface plasmon peaks can be exploited to optically detect and monitor binding events between the surface of AgNPs and the substrate, in this case, cellulose [40]. This effect translates into a color variation when AgNPs and their aggregates are smaller than 100 nm [41,42,43]. The color has two main effects on how textiles are felt by humans, coolness or warmth; the first is related to the actual physicochemical properties of the material and the other to the sensory perception. Today the textile industry is the world’s largest consumer of dyes, and for these pigmentation processes, a significant amount of water is wasted [42]. For these reasons, synthesis schemes that benefit textile materials in color and intelligence can be industrially attractive.



Figure 2a,b report significant changes in the color of the treated fabrics, mostly related to an increase in the reaction temperature. The simplest approach to engineering the plasmonic properties of an Ag nanostructure is to manipulate its dimensions, the sharpness of corners or edges, and its geometry [44]. The manipulation of thermodynamic magnitudes during a synthesis process, such as temperature, allows for modulating the configuration of the resulting AgNPs [45]. The textile samples synthesized at 100 °C (A01–A06) present a yellowish color with a group luminosity reading (L*) between values of 60 and 80, with minor changes in the a* and b* measurements. These samples, as can be related to the imaging results in Figure 1, show fewer Ag-NP aggregates and better spatially distributed particles. By increasing the reaction temperature to 130 °C (A07–A12) and later to 160 °C (A13–A18), progressive darkness of the samples is observed, with L* values that are concentrated between 40 and 60. The darkening of fibers coated with AgNPs is related to the formation of larger discrete particles and the aggregation of small particles. With an increase in particle size, the absorption band shifts to longer wavelengths. On the other hand, when nanoparticles are close enough to each other, collective interactions between neighboring particles arise. Therefore, the optical absorption of a particular size aggregate comprising smaller particles will be similar to a single large nanoparticle comparable in size to the aggregate [40,44]. In our case, and as Figure 1 confirms, the increase in temperature favors the formation of larger AgNPs and aggregates. The consequence of this effect is a broader absorption spectrum and therefore a change from yellow to brown tones. This tendency is observed to be more pronounced in samples obtained at the highest temperature, where the textile darkening could be the colorimetric result of the collective interactions between AgNPs and their aggregates, with the cellulose substrate. A metallic particle on a substrate will experience an anisotropic environment, where one side of the nanoparticle faces the substrate, and the other side does not [44]; hence, a nanoparticle deposited on a substrate will have different properties compared to the same nanoparticle in a solution. The interaction consequently produces unique tones because of the unusual effects on the plasmonic properties of AgNPs on fibers [42,45], which broadens the spectrum of industrial opportunity for this material.




3.1.4. Thermal Analysis of Coated Fibers


To monitor the thermal stability and composition, thermogravimetric analysis was performed using TGA (Figure S3 in supporting information file) from the starting textile sample (A00) and six selected samples coated with AgNPs (A01, A02, A03, A16, A17, and A18). The curves derived from weight loss as a function of temperature were investigated in a range between 25 °C and 850 °C (Figure S3A). This result shows two main weight loss events. The first event is similar in all samples, with a gradual decrease in weight between 25 °C and 100 °C, less than 10%, attributed to the evaporation of H2O molecules adsorbed on the textile fiber surface. Subsequently, the main mass reduction event occurs between 300–450 °C, which is related to the thermal decomposition of the cellulose polymer [46].



In this temperature range, the uncoated sample (A00) shows a more attenuated descent in weight between 350–450 °C, compared to the samples coated with AgNPs. Similarly, between samples A16–A18, a more pronounced effect is observed in this decay compared to samples A01–A03, which could be an indicator of greater coverage of AgNPs on the fibers (see Figure S3A). The presence of metallic particles (e.g., Ag) promotes heat transfer on the substrate surface, thus accentuating the polymeric degradation process in this temperature range. From 500 °C, no weight loss events are observed, maintaining constant values up to 850 °C.



Figure S3B summarizes the weight percent values of all samples at 800 °C. The residues of the cotton fabric (sample A00) at 800 °C are 0.95 wt%; this contribution is eliminated in the AgNP-coated samples, and the values shown represent the exclusive percentage weight of the AgNPs. The samples synthesized at 100 °C (A01, A02, and A03) show lower percentage weight values of AgNPs compared to the samples obtained at 160 °C (A16, A17, and A18). This result agrees with the information collected from SEM (Figure 1), XRD (Figure S2B), and Colorimetry (Figure 2), showing that in samples A16, A17, and A18 a greater presence of AgNPs is detected. Within the group of samples with less coverage (A01, A02, and A03), a tendency to increase AgNPs is observed when the concentration of PVP increases in the synthesis process. It has been shown that PVP stabilizes the incipient Ag cluster, forming a shell modulating the growth of the nanoparticle. The polymer layer formed is proportional to the reagent concentration, and its stability and degree of coverage are related to synthesis parameters such as temperature and reaction time [31]. The presence of this polymer in A02, and to a greater extent in A03, promotes the formation of AgNPs on the fibers with respect to the sample without this capping agent (A01). On the other hand, in the samples synthesized at 160 °C and 60 min of reaction, the trend is reversed in the presence of PVP. As the temperature rises, the entropy of the system increases, so although the formation of NPs could be favored as the reaction time increases, the polymeric shell stabilizes and probably compacts on the Ag cluster, preventing the correct union of the cluster on cellulose fibers and leaving the largest number of AgNPs in solution.




3.1.5. AgNP-Coated Release Kinetics


In Figure 3, the silver release kinetics from the AgNP@cellulose matrix for 10 days of exposure of six coated samples (A01, A02, A03, A16, A17, and A18) and one bare cellulose sample (A00) are represented. In order to imitate in vitro cell culture conditions, the samples were immersed in an aqueous solution and kept under constant agitation and temperature (37 °C). The amount of Ag detected was determined by inductively coupled plasma mass spectrometry. The concentration released in the deionized water was between 0.24–0.52 ppm in the first 24 h, and from day 5 of immersion until the last day of measurement (day 10), stable release values between 0.57–0.95 ppm are observed. Note that these concentrations exceed the solubility of bulk silver by one order, revealing the nanostructured nature of the system [47].



Figure 3b summarizes the amount of Ag released in the designed experiment by columns, where a greater tendency of release is observed in both groups of samples as the presence of PVP increases in the synthesis process. The group of samples obtained at 100 °C (A01, A02, and A03) releases less Ag compared to the group of samples synthesized at 160 °C (A16, A17, and A18). The analysis of this result demonstrates that the intrinsic characteristics of each material derived from the synthesis process, such as the presence of the polymer or the reaction temperature, have a direct influence on the leakage behavior of the AgNPs adhered to the cellulose textile. In the case of samples A01 and A16, a lower released content is observed with respect to their peers, so it can be inferred that the adherence of silver to the surface is more efficient. As observed in pairs A02 and A17 (obtained with PVPx1) and pairs A03 and A18 (obtained with PVPx2), as the polymer concentration increases, the presence of Ag in the solution also increases, so it is deduced that this reagent induces some steric hindrance in the interaction with the textile, and therefore it is more easily separated. For antibacterial long-term protection purposes, this result is outstanding since a prolonged and constant release of Ag cations greater than 0.1 ppb is needed to effectively inhibit bacterial growth [48,49]. The release values are also within the range stated by the European Food Safety Agency (EFSA) to achieve antibacterial effects, in which the migrated ions must be within the legal limit range of 50 mg Ag+/kg of food [50] for food packaging. The release profile behavior of all the samples shows the highest mass fraction release in the first 24 h, which coincides with the generally desired model for drug release. The ability to initially release effective therapeutic concentrations of the active agent and follow a kinetic maintenance behavior are two of the pillars to look for in creating materials with possible medical applications [1], as in the case of smart wound dressings.





3.2. Temperature Response Measurements


Figure 4 shows the evolution of the samples’ heat dissipation behavior, summarized in the form of infrared images taken during the first 22 s after the heating pulse. The thermogram shows fast heating of samples and subsequent systematic cooling. The comparative analysis between samples can be observed in a wide range of thermal responses according to the intrinsic characteristics of each evaluated material. For example, sample A18 experiences strong and pronounced changes in temperature, compared to sample A01 with smaller differences in its thermal response over time. However, although the thermogram in Figure 4 allows the heat dissipation process to be visualized, thermographic images can be strongly influenced by the optical properties of the samples and thus are generally not a direct measurement of surface temperature. To perform a numerical analysis of the temporal evolution of temperature in the composites, a second method based on thermistors was used.



The samples’ real temperature profiles are shown in Figure 5, where, in the first stage, the temperature increases in a few seconds, followed by decay at a much lower rate over tens of seconds. The first stage is dominated by the optical absorption of the sample, while the second depends on the emissivity and thermal properties, as well as the interaction with the surrounding environment.



The temperature decrease during the second stage involves several complex processes, in which their functional dependence could be parameterized as multiple time-dependent exponentials [51,52]. However, in these kinds of composite materials, the time interval in which each functional dependence dominates is not easily determined. Therefore, in order to analyze the evolution of the temperature, a practical approach useful in the analysis of decay processes was used [53]. The used criterium consists in determining the decay or cooling time (τ) at which the temperature falls to a third of its maximum value. The results obtained are shown in Figure 6 and Table 1. It is clearly observed in Figure 6 that the cooling times of the samples are divided into two groups. This behavior is related to the optical properties resulting from the AgNPs different agglomeration forms, which is carefully discussed below. The third column in Table 1 shows the concentration of AgNPs fixed to the textile obtained from the thermogravimetric analysis of the samples (see Figure S3B). The values of the cooling time (τ) vary from 25 s for A17 to 43 s for A02, and the change of temperature (ΔT) varies from 0.9 °C for A18 to 0.23 °C for A01. Given that the starting textile matrix is the same, the observed differences must be related to the concentration, size, form, and agglomeration of the fixed AgNPs, as well as to the amount of PVP added and the interaction of the compounds as a consequence of the synthesis process. To determine properly the cooling time dependence of each heat transfer requires the use of a more complete and sophisticated experiment, which is in development and will be presented in future work.



The research format chosen in this work included a structured synthesis process, from which samples obtained at 100 °C and 160 °C show clear group trends, regardless of other synthesis parameters. The colorimetric results (see Figure 2) show a behavior in the reported values of L*, a*, and b* that can be grouped according to the synthesis temperature. The thermogravimetric analysis of Figure S3B also supports this idea by reporting weight loss behavior as well as percentage Ag concentration values, which are grouped by similarity according to temperature. As previously explained in this section, the absorbance spectra (see Figure 5) also show two types of characteristic profiles between the sample groups at 100 °C and 160 °C. The third of the maximum temperature value (see Figure 6) as well as the integrated absorbance (Table 1) of the samples once again denote a group behavior directed by the same temperature parameter. It is clear through different characterizations that the temperature parameter is key to achieving pronounced changes in material properties. The double plasmon observed in the samples obtained at 160 °C seems to be the consequence of a synthesis process at said temperature value, which is also the leading phenomenon and conditioner of the responses reported by the material.



The results in Figure 5 and the percentage of silver content estimated thermogravimetrically allow an interesting relationship between the analyzed samples. Figure 7 shows the relationship between the thermogravimetrically estimated concentration (wt.%) of AgNPs and the integrated absorbance when the sample undergoes temperature changes after the light pulse [52,53,54]. Opposite trends seem to occur in both groups of samples, apparently related to the AgNP formation process, and the reaction temperature used (100 °C and 160 °C). In the group synthesized at 100 °C greater temperature changes are observed as the silver presence increases, while the 160 °C group experiences higher values of ΔT with a lower AgNP presence. This type of analysis makes it clear that differences in the absorbance of the sample induce differences in the rate of light conversion into heat, but this conversion does not have a strictly linear relationship with the content of silver coating the textile. The trends then seem to respond to a synergy correlation among particle size, concentration, and degree of agglomeration of the AgNPs along the fibers, all affecting the intrinsic optical properties of the material.



By monitoring the samples’ thermal behavior, it is possible to divide the entire process into two stages, where, as mentioned above, the first stage (heating) is closely related to the optical properties of the sample (Figure 5). Samples with high absorbance also show higher values of ΔT, while the ones with low absorbance show smaller values of ΔT. This behavior is related to the absorption effect induced by the LSPR optical phenomenon and provoked by the presence of the silver NPs [55,56]. The coherent oscillations of the electrons in the vicinity of the Ag-dielectric interface strongly depend on the size and form of the particles [57]. On the other hand, numerical and analytical approaches to LSPR behavior in NPs illustrate that when two or more NPs are in proximity, the localized particle plasmons of the individual NPs interact with each other through their near optical fields, creating coupled LSPR modes. The frequency resonances of the coupled NPs therefore depend to a large extent on the distance and configuration between particles [58,59]. The proximity between particles and the degree of agglomeration are determining factors in the plasmonic behavior and therefore direct modifiers of the thermal response of the material. The consequence of the coupling of these oscillations is a spectral shift (in general red-shifts) with respect to the localized particle plasmons of the individual NPs [60,61,62,63]. This in turn is verified through the second band (600–650 nm) observed in the samples of the group synthesized at 160 °C (inset of Figure 5), where it can be inferred that the agglomeration and proximity create plasmonic coupling effects that modulate the differential thermal behavior of the material. The most pronounced effect was observed in sample A18, where the coating of the fibers was visualized with AgNPs that were smaller, closer, and more uniformly scattered than their counterparts that do present agglomerates (A16 and A17) (see Figure 1), stimulating an amplified coupling phenomenon. In this group, the collective interactions of the AgNPs, which also contribute to sample darkening, allow better absorption of light by the material and therefore promote the light-to-heat conversion process. Therefore, the contribution in the conversion of light to heat derived from the LSPR phenomenon in samples A16, A17, and mostly in A18, shows an amplified behavior as a direct consequence of the coupling of the dielectric fields of the NPs and not of the silver content.



During the second stage (cooling), the presence of silver is also decisive. In this case samples A16, A17, and A18 exhibit faster cooling rates (lower than 22 s). The heat dissipation rate into the surrounding air is driven mainly by AgNPs, which have a high thermal effusivity. The thermal effusivity of bulk silver is 35,700 Ws1/2/m2K, while for a polymer/textile it is around 500 Ws1/2/m2K [53], seventy times less. Given that thermal effusivity defines the ability of the body to exchange thermal energy with its environment [53], this can explain why the samples with a higher content of silver cool down faster than the others with a lower silver content. The analysis of the samples that do not contain PVP, A01 and A16, the first belonging to the group obtained at 100 °C and the second to the group at 160 °C, respectively, present shorter τ values compared with their group partners. This indicates that the PVP can act as a thermal barrier preventing the sample from cooling down by hindering the flow of heat from the AgNPs, avoiding its prompt dissipation to the environment. On the other hand, when the number of AgNPs increased, heat dissipation was enhanced in each group.



In the first group, the sample that is expected to have the thicker layer of PVP (A03) cools slightly faster than A02. Analogously, A17 cools quicker than A18, with A17 having a higher number of AgNPs. The cooling in these systems comprises a complex process, involving the coupling of the transport of electrons in silver and phonons in the textile and polymer; at the same time, it is affected by the presence of the previously explained plasmonic effects.




3.3. Bactericidal Response Measurements


3.3.1. Assay with Natural Samples


Figure 8 shows the bactericidal activity of six AgNP@cellulose composite materials confronted with bacterial populations obtained from the three water reservoirs in the Yucatan Peninsula.



The fresh samples were cultivated in a suitable nutrient medium and were confronted through the agar diffusion test. The textile samples were in all cases effective against bacteria after 24 h in contrast to the control treatment. Figure 8a (marine bacterial population) shows a wide zone of inhibition around the AgNP films, even overlapping with each other. In Figure 8b (freshwater bacterial population), the inhibition halos are even more pronounced, controlling/eliminating bacterial growth in the area where the control textile material (A00) is found. On the other hand, in Figure 8c (swamp brackish water bacterial population) almost a complete annihilation of the bacteria can be observed. Aquatic ecosystems are recognized as some environments with the greatest trophic richness in terms of the organisms that compose them (bacteria, phytoplankton, benthos, etc.). Recent estimates suggest that only 0.1% of existing bacteria have been identified, so the analysis made in this work is based on the knowledge described so far of the microbial fauna of each natural environment. The Gulf of Mexico and the Caribbean Sea are two outstanding marine ecosystems that join in the Yucatán channel. This particular geographical situation favors the existence of a high bacterial diversity such as Bacillus, Brucell, Campylobacter, Carnobacterium, Chlamydia, Edwardsiella, Enterobacter, Legionella, Mycobacterium, Pseudomonas, Salmonella, Serratia, Klebsiella, Lactococcus, Neisseria, Proteus, Staphylococcus, Stenotrophomonas, Streptococcus, Treponema, Vibrio, and Yersinia [64]. The presence of potentially pathogenic bacteria in these coastal ecosystems, mostly Gram-negative bacteria, must be recognized to ensure the safety of the public accessing the beaches. Figure 8a shows the accentuated formation of inhibition halos around each coated textile sample, a response that reflects its bactericidal potential for marine populations.



The Yucatán Peninsula is underlain by extremely permeable limestone that has eroded to form a large network of underground aquifers that are connected through cave passages [65]. The natural collapse or dissolution of water-filled cave ceilings opened the aquifer to the atmosphere, generating thousands of cenotes (sinkholes) over this peninsula [66,67]. This typical karst topography shows two different aquifer ecosystems: open and illuminated water reservoirs (open cenotes) and closed water reservoirs in partial or total darkness (closed or semi-closed cenotes). The microbial community of open cenotes, as in the case of the “Chen-Ha” cenote, has been previously explored with a dominant diversity of genera including Sulfurovum, Sulfurimonas, Methylocystis, Acinetobacter, Methylotenera, Exiguobacterium, Lentimicrobiaceae, Cyanobium, and Gracilibacteria among others in less proportion [68]. Except for the genus Exiguobacterium, the rest of the bacterial community found is concentrated within the Gram-negative group, which suggests again the high sensitivity of this bacterial group (Figure 8b) to the textile composite.



Swamps are considered transition zones because both land and water play a role in creating this environment. In the “Yucalpeten” swamp, some pathogenic bacteria such as the genus Salmonella, Shigella, and Vibrio, as well as indicator type bacteria (of the genus Escherichia and Enterobacter), decomposition type (of the genus Pseudomonas and Flavobacterium), and denitrifying type (of the genus Pseudomonas) have been found, and all these species belonging to the Gram-negative group. The result derived from Figure 8c shows the total sensitivity of the bacterial community that inhabits the swamp to AgNPs, confirming the relationship with the structurally characteristic membrane of Gram-negative bacteria.




3.3.2. Assay with Reference Samples


To evaluate the sample’s antibacterial potential, quantitative survival tests (Figure 9) show the growth of the population of both bacteria, contrasting the bare cotton sample (A00) with the AgNP@cellulose composite materials. In the evaluation with E. coli, Gram-negative bacteria, a more pronounced growth decline was found with respect to S. aureus, Gram-positive bacteria. In Figure 9a it is observed that from 5 h samples A16, A17, and A18 showed no growth, even after 24 h of the experiment. In the same figure, the bacterial growth in sample A02 is especially retarded compared to its synthesis partners (A01 and A03). On the other hand, in Figure 9b, a weakened growth is observed during the 24 h of the evaluation, where samples A01 and A02 show the smallest slope.



In the AgNP release result (see Figure 3b), the group synthesized at 100 °C (A01, A02, and A03) released a greater number of particles in the first 24 h compared to the group obtained at 160 °C (A16, A17, and A18). Since A02 is a common bactericidal denominator in both assays, the amount of AgNPs released in combination with the presence of the surface stabilizer used for its synthesis (PVP), seems to be the factor that particularly favors its bactericidal capacity. This result is an example that there are specific synthesis conditions that influence the material interaction response, where in this case A02 behaves as a bacteriostatic material that retards growth.



The antibacterial properties of the AgNPs depend mainly on the size, pH, ionic resistance of the medium, and if present, the capping agent. One of the most validated schemes suggests that silver ions (Ag+) could be continuously released from Ag–NP and be leading to the antibacterial mechanism of action [69,70]. In addition, as described theoretically by the Ostwald–Freundlich equation [71], the size and shape of the AgNPs influence the production of Ag+ ions. According to this, smaller sizes of AgNPs and spherical or quasi-spherical arrangements are more susceptible to the release of Ag+ ions due to their larger surface area [72]. Thus, the aggregation of AgNPs reduces the release of Ag+ ions. This issue could be resolved with the usage of capping agents, improving the effective dissolution activities of the AgNPs [73].



Figure 9a reveals the growth interruption of E. coli in the presence of the group of samples obtained at 160 °C, which also share the property of being the samples with the highest mass of AgNPs covering the fibers (see Figure S2B), so it could be intuited that release and death by contact is happening between bacteria and the AgNP@cellulose composites. The electrostatic attraction amongst the negatively charged microbial cells and positively charged AgNPs has been previously observed [62], and these nanostructured systems are proposed as the most apt bactericidal agents against burn wound pathogens [74,75].



The specific mechanism of antibacterial activities or toxicity by AgNP is still indefinite and has not been completely explained. It has been noted that Ag+ ions interact with nucleic acids through the phosphate groups of the nucleosides that compose them, causing disruptions in the structure and, therefore, alterations in cell propagation processes [76,77,78]. Due to the electrostatic attractions and affinity towards the sulfur proteins, Ag+ ions adhere to the thiol groups of vital enzymes, affecting cellular respiration and transport of ions across membranes, resulting in cell death [79,80,81]. As soon as cells absorb the free Ag+ ions, oxidative stress is generated by the formation of reactive oxygen species (ROS) such as oxygen superoxide (O2−), deactivating respiratory enzymes, and interrupting adenosine triphosphate (ATP) release [76,82].



Apart from the ability to release the Ag+ ions, the AgNPs could themselves eradicate the microbes or bacteria. The negatively charged bacteria have an affinity for positively charged nanoparticles as expected in AgNPs, leading to a strong binding between the nanoparticles and the bacteria surface. The cumulative AgNPs trigger denaturation of the cell membranes and due to nanoscale size, they have the capability to permeate through the cell wall of bacteria and consequently modify the cell membrane arrangements [78,83].



The antibacterial efficacy of AgNPs is also related to the types of pathogenic bacteria, or more specifically to the structures of their outer membranes. Gram-positive bacteria have a thick cell wall composed of multiple layers of peptidoglycans that serve as a barrier for Ag+ ions and AgNPs. However, Gram-negative bacteria, with a single layer of peptidoglycans in their structure, are more likely to permeate and therefore more prone to Ag invasion with the consequent damage previously explained [76]. This statement is supported by the results in Figure 8, where it is observed that populations with higher numbers of species of this group are more sensitive to the presence of AgNP@cellulose compounds. In addition, the result of Figure 9 also confirms this analysis, as the growing rate of E. coli (Gram-negative) compared to S. aureus (Gram-positive) was lower.






4. Conclusions


In the present work, an eighteen-strong set of cellulose fabrics impregnated with AgNPs were systematically characterized and the results evidence how the synthesis parameters influence the quality of the coating in terms of particle density and agglomeration, and their impact on the physicochemical properties. Increasing the temperature and the reaction time increases the coverage of NPs, also favoring their agglomeration, while a greater concentration of PVP promotes the dispersibility of the particles, protecting them from self-aggregation. An increase in coverage and aggregation of NPs leads to an increase in the integral absorptance of the composite, allowing it to modulate the color from light yellow to dark brown tones. The strength of the interaction between the AgNPs and the fibers was tested in an aqueous medium, showing that the adherence between the surface Ag+ ions and the OH– groups, in the absence of polymer participation (PVP), is stronger and therefore release occurs slowly until equilibrium is found.



The comparative analysis of the photo-thermal conversion and dissipation behavior between samples was demonstrated in visual thermograms and direct measurements of the heating and cooling stages. The differential absorbance of the sample induces differences in the rate of conversion of light into heat with a synergy correlation among particle size, concentration, and agglomeration degree of the AgNPs along the fibers, all affecting the intrinsic optical properties of the material. Therefore, the contribution in the conversion of light to heat derived from the LSPR phenomenon in the group of samples of 160 °C shows an amplified behavior as a direct consequence of the coupling of the dielectric fields of the NPs. With the increase in the coverage of AgNPs and the absence of PVP, greater heat dissipation is observed, confirming that when the polymer is present, it acts as a thermal barrier, preventing the flow of heat and slowing down the cooling of the sample.



The antibacterial capacity was measured in two different confrontation scenarios to cover a greater response spectrum. The kinetic evaluation in an aqueous medium was performed with two standardized bacteria (E. coli and S. aureus), while the agar diffusion technique was carried out with bacterial populations from three natural water deposits (a beach, cenote, and swamp of the Yucatan peninsula). As expected, in this type of composite, exceptional bactericidal properties were achieved with a more significant elimination impact on bacteria of the Gram-negative group.



We consider that the crucial data obtained in this work manage to explain the differences observed in the thermal and bactericidal attributes, providing the technical and scientific bases to address real-life applications. From handling septic media in hazardous environments to being a temperature stabilizer, these materials can be envisaged as a functional part of wound dressings, containers for food packaging, or antimicrobial and temperature-responsive fabrics. In addition, AgNP immobilization can color textile fibers through the optical effect explained, avoiding the use of toxic agents to fix the dyes. With an impact in the coming years on the medical, food, and textile industries, this multifunctional textile may be part of the solution to problems such as (i) the growing number of multi-resistant bacteria strains, (ii) the increase in the average temperature of the planet without relying on cooling systems, and (iii) the pursuit of sustainable materials to increase shelf life and reduce food waste.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/nano13030463/s1, Figure S1: Descriptive three-steps diagram of the general methodology for the coating of AgNPs on textile fibers; Figure S2. Digital microscope images, XRD, and Raman (C) spectra of samples; Figure S3. TGA curves and percentage weight values at 800 °C.





Author Contributions


L.P.D. carried out the planning and experimental research for the elaboration, characterization, and application of the composites, the integration, and interpretation of results, and the writing and editing of the manuscript. A.P.F.-B. and F.C.-A. contributed to the planning and experimental execution of the light-to-heat response section, as well as to the interpretation and writing of the results derived from this analysis. J.J.A.-G. supervised the research activity related to the light-to-heat response section, from conceptualization to funding acquisition and interpreting results. M.L.A.-M. supervised the research activity related to the antibacterial test of natural bacterial populations section, from conceptualization to funding acquisition and interpreting results. E.O.-V. and J.M.R.-S. supervised the research activity related to the assessment of the antibacterial properties section with two standardized bacterial species. V.R. participated in the execution and interpretation of more than 400 SEM micrographs of the synthesized composites, which was a fundamental axis for the improvement and successful performance of the methodology established in this work. G.R.-G. supervised all aspects of the research activities, contributing to the mentorship, conceptualization, funding acquisition, integration and interpretation of the results, and writing of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Conacyt projects SRE-2016-1-278320, CB-A1-S-21018, and INFRAESTRUCTURA-2019-300046.




Data Availability Statement


Not applicable.




Acknowledgments


The authors wish to express their gratitude to Daniel Aguilar for XRD measurements. Wilian Cauich for XPS measurements, and Beatriz Heredia and Georgina Espinoza Gurriz for their technical support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ma, Z.; Yang, Z.; Gao, Q.; Bao, G.; Valiei, A.; Yang, F.; Huo, R.; Wang, C.; Song, G.; Ma, D.; et al. Bioinspired tough gel sheath for robust and versatile surface functionalization. Sci. Adv. 2021, 7, 2. [Google Scholar] [CrossRef] [PubMed]

	



Kowalski, P.S.; Bhattacharya, C.; Afewerki, S.; Langer, R.S. Smart Biomaterials: Recent Advances and Future Directions. ACS Biomater. Sci. Eng. 2018, 4, 3809–3817. [Google Scholar] [CrossRef] [PubMed]

	



Amukarimi, S.; Ramakrishna, S.; Mozafari, M. Smart biomaterials—A proposed definition and overview of the field. Curr. Opin. Biomed. Eng. 2021, 19, 100311. [Google Scholar] [CrossRef]

	



Coyle, S.; Wu, Y.; Lau, K.-T.; De Rossi, D.; Wallace, G.; Diamond, D. Smart Nanotextiles: A Review of Materials and Applications. MRS Bull. 2007, 32, 434–442. [Google Scholar] [CrossRef]

	



Madan, C. Fabric wearable allows for adaptive personal heat management. MRS Bull. 2022, 47, 213. [Google Scholar] [CrossRef]

	



Sharma, J.; Lizu, M.; Stewart, M.; Zygula, K.; Lu, Y.; Chauhan, R.; Yan, X.; Guo, Z.; Wujcik, E.K.; Wei, S. Multifunctional Nanofibers towards Active Biomedical Therapeutics. Polymers 2015, 7, 186–219. [Google Scholar] [CrossRef]

	



Sarvalkar, P.D.; Barawkar, S.D.; Karvekar, O.S.; Patil, P.D.; Prasad, S.R.; Sharma, K.K.; Prasad, N.R.; Vhatkar, R.S. A review on multifunctional nanotechnological aspects in modern textile. J. Text. Inst. 2022, 8, 1–18. [Google Scholar] [CrossRef]

	



Dhivya, S.; Padma, V.V.; Santhini, E. Wound dressings—A review. BioMedicine 2015, 5, 22. [Google Scholar] [CrossRef]

	



Chandika, P.; Khan, F.; Heo, S.-Y.; Kim, Y.-M.; Yi, M.; Jung, W.-K. Enhanced wound-healing capability with inherent antimicrobial activities of usnic acid incorporated poly(ε-caprolactone)/decellularized extracellular matrix nanofibrous scaffold. Biomater. Adv. 2022, 140, 213046. [Google Scholar] [CrossRef]

	



Chen, Q.; Li, S.; Zhao, W.; Zhao, C. A rapid-triggered approach towards antibacterial hydrogel wound dressing with synergic photothermal and sterilization profiles. Biomater. Adv. 2022, 138, 212873. [Google Scholar] [CrossRef]

	



Atiyeh, B.S.; Costagliola, M.; Hayek, S.N.; Dibo, S.A. Effect of silver on burn wound infection control and healing: Review of the literature. Burns 2007, 33, 139–148. [Google Scholar] [CrossRef] [PubMed]

	



Velnar, T.; Bailey, T.; Smrkolj, V. The Wound Healing Process: An Overview of the Cellular and Molecular Mechanisms. J. Int. Med. Res. 2009, 37, 1528–1542. [Google Scholar] [CrossRef] [PubMed]

	



Brinchi, L.; Cotana, F.; Fortunati, E.; Kenny, J. Production of nanocrystalline cellulose from lignocellulosic biomass: Technology and applications. Carbohydr. Polym. 2013, 94, 154–169. [Google Scholar] [CrossRef] [PubMed]

	



Rojas, O.J. (Ed.) Cellulose Chemistry and Properties: Fibers, Nanocelluloses and Advanced Materials; Springer International Publishing: Berlin/Heidelberg, Germany, 2016. [Google Scholar] [CrossRef]

	



Yang, X.; Liang, C.; Ma, T.; Guo, Y.; Kong, J.; Gu, J.; Chen, M.; Zhu, J. A review on thermally conductive polymeric composites: Classification, measurement, model and equations, mechanism and fabrication methods. Adv. Compos. Hybrid Mater. 2018, 1, 207–230. [Google Scholar] [CrossRef]

	



Fievet, F.; Lagier, J.; Figlarz, M. Preparing Monodisperse Metal Powders in Micrometer and Submicrometer Sizes by the Polyol Process. MRS Bull. 1989, 14, 29–34. [Google Scholar] [CrossRef]

	



Fievet, F.; Lagier, J.; Blin, B.; Beaudoin, B.; Figlarz, M. Homogeneous and heterogeneous nucleations in the polyol process for the preparation of micron and submicron size metal particles. Solid State Ion. 1989, 32-33, 198–205. [Google Scholar] [CrossRef]

	



Ammar, S.; Fiévet, F. Polyol Synthesis: A Versatile Wet-Chemistry Route for the Design and Production of Functional Inorganic Nanoparticles. Nanomaterials 2020, 10, 1217. [Google Scholar] [CrossRef]

	



Ducamp-Sanguesa, C.; Herrera-Urbina, R.; Figlarz, M. Synthesis and characterization of fine and monodisperse silver particles of uniform shape. J. Solid State Chem. 1992, 100, 272–280. [Google Scholar] [CrossRef]

	



Zeng, X.; Zhou, B.; Gao, Y.; Wang, C.; Li, S.; Yeung, C.Y.; Wen, W. Structural dependence of silver nanowires on polyvinyl pyrrolidone (PVP) chain length. Nanotechnology 2014, 25, 495601. [Google Scholar] [CrossRef]

	



Jiang, X.C.; Chen, W.M.; Chen, C.Y.; Xiong, S.X.; Yu, A. Role of Temperature in the Growth of Silver Nanoparticles Through a Synergetic Reduction Approach. Nanoscale Res. Lett. 2010, 6, 32–39. [Google Scholar] [CrossRef]

	



Gartner, I.T.E.; Jayaraman, A. Modeling and Simulations of Polymers: A Roadmap. Macromolecules 2019, 52, 755–786. [Google Scholar] [CrossRef]

	



Wu, T.; Li, L.; Jiang, X.; Liu, F.; Liu, Q.; Liu, X. Construction of silver-cotton carbon fiber sensing interface and study on the protective effect of antioxidants on hypoxia-induced cell damage. Microchem. J. 2020, 159, 105345. [Google Scholar] [CrossRef]

	



Atta, A.M.; Abomelka, H.M. Multifunctional finishing of cotton fibers using silver nanoparticles via microwave-assisted reduction of silver alkylcarbamate. Mater. Chem. Phys. 2020, 260, 124137. [Google Scholar] [CrossRef]

	



Nam, S.; Baek, I.-S.; Hillyer, M.B.; He, Z.; Barnaby, J.Y.; Condon, B.D.; Kim, M.S. Thermosensitive textiles made from silver nanoparticle-filled brown cotton fibers. Nanoscale Adv. 2022, 4, 3725–3736. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.; Balankura, T.; Fichthorn, K.A.; Rioux, R.M. Revisiting the Polyol Synthesis of Silver Nanostructures: Role of Chloride in Nanocube Formation. ACS Nano 2019, 13, 1849–1860. [Google Scholar] [CrossRef] [PubMed]

	



Yu, K.; Hodges, C.; Biggs, S.R.; Cayre, O.J.; Harbottle, D. Polymer Molecular Weight Dependence on Lubricating Particle–Particle Interactions. Ind. Eng. Chem. Res. 2018, 57, 2131–2138. [Google Scholar] [CrossRef]

	



Skrabalak, E.S.; Au, L.; Li, X.; Xia, Y. Facile synthesis of Ag nanocubes and Au nanocages. Nat. Protoc. 2007, 2, 2182–2190. [Google Scholar] [CrossRef]

	



Fiévet, F.; Ammar-Merah, S.; Brayner, R.; Chau, F.; Giraud, M.; Mammeri, F.; Peron, J.; Piquemal, J.-Y.; Sicard, L.; Viau, G. The polyol process: A unique method for easy access to metal nanoparticles with tailored sizes, shapes and compositions. Chem. Soc. Rev. 2018, 47, 5187–5233. [Google Scholar] [CrossRef]

	



Bonet, F.; Tekaia-Elhsissen, K.; Sarathy, K.V. Study of interaction of ethylene glycol/PVP phase on noble metal powders prepared by polyol process. Bull. Mater. Sci. 2000, 23, 165–168. [Google Scholar] [CrossRef]

	



Kyrychenko, A.; Korsun, O.M.; Gubin, I.I.; Kovalenko, S.M.; Kalugin, O.N. Atomistic Simulations of Coating of Silver Nanoparticles with Poly(vinylpyrrolidone) Oligomers: Effect of Oligomer Chain Length. J. Phys. Chem. C 2015, 119, 7888–7899. [Google Scholar] [CrossRef]

	



Wiley, B.; Sun, Y.; Mayers, B.; Xia, Y. Shape-Controlled Synthesis of Metal Nanostructures: The Case of Silver. Chem.-A Eur. J. 2005, 11, 454–463. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Y.; Xia, Y. Shape-Controlled Synthesis of Gold and Silver Nanoparticles. Science 2002, 298, 2176–2179. [Google Scholar] [CrossRef] [PubMed]

	



Fatemeh, K.; Javad, M.M.; Samaneh, K. The effect of silver nanoparticles on composite shear bond strength to dentin with different adhesion protocols. J. Appl. Oral Sci. 2017, 25, 367–373. [Google Scholar] [CrossRef]

	



Kim, D.; Jeong, S.; Moon, J. Synthesis of silver nanoparticles using the polyol process and the influence of precursor injection. Nanotechnology 2006, 17, 4019–4024. [Google Scholar] [CrossRef]

	



Shameli, K.; Bin Ahmad, M.; Zamanian, A.; Sangpour, P.; Shabanzadeh, P.; Abdollahi, Y.; Zargar, M. Green biosynthesis of silver nanoparticles using Curcuma longa tuber powder. Int. J. Nanomed. 2012, 7, 5603–5610. [Google Scholar] [CrossRef] [PubMed]

	



Wiley, J.H.; Atalla, R.H. Band assignments in the raman spectra of celluloses. Carbohydr. Res. 1987, 160, 113–129. [Google Scholar] [CrossRef]

	



Ko, H.; Singamaneni, S.; Tsukruk, V.V. Nanostructured Surfaces and Assemblies as SERS Media. Small 2008, 4, 1576–1599. [Google Scholar] [CrossRef]

	



Lu, X.; Rycenga, M.; Skrabalak, S.E.; Wiley, B.; Xia, Y. Chemical Synthesis of Novel Plasmonic Nanoparticles. Annu. Rev. Phys. Chem. 2009, 60, 167–192. [Google Scholar] [CrossRef]

	



Xia, Y.; Halas, N.J. Shape-Controlled Synthesis and Surface Plasmonic Properties of Metallic Nanostructures. MRS Bull. 2005, 30, 338–348. [Google Scholar] [CrossRef]

	



Dubas, S.T.; Kumlangdudsana, P.; Potiyaraj, P. Layer-by-layer deposition of antimicrobial silver nanoparticles on textile fibers. Colloids Surf. A Physicochem. Eng. Asp. 2006, 289, 105–109. [Google Scholar] [CrossRef]

	



Božič, M.; Kokol, V. Ecological alternatives to the reduction and oxidation processes in dyeing with vat and sulphur dyes. Dyes Pigments 2008, 76, 299–309. [Google Scholar] [CrossRef]

	



Rycenga, M.; Cobley, C.M.; Zeng, J.; Li, W.; Moran, C.H.; Zhang, Q.; Qin, D.; Xia, Y. Controlling the Synthesis and Assembly of Silver Nanostructures for Plasmonic Applications. Chem. Rev. 2011, 111, 3669–3712. [Google Scholar] [CrossRef]

	



Luo, W.; Hu, W.; Xiao, S. Size Effect on the Thermodynamic Properties of Silver Nanoparticles. J. Phys. Chem. C 2008, 112, 2359–2369. [Google Scholar] [CrossRef]

	



Montazer, M.; Nia, Z.K. Conductive nylon fabric through in situ synthesis of nano-silver: Preparation and characterization. Mater. Sci. Eng. C 2015, 56, 341–347. [Google Scholar] [CrossRef] [PubMed]

	



Dahiya, J.; Rana, S. Thermal degradation and morphological studies on cotton cellulose modified with various arylphosphorodichloridites. Polym. Int. 2004, 53, 995–1002. [Google Scholar] [CrossRef]

	



Ma, R.; Levard, C.; Marinakos, S.M.; Cheng, Y.; Liu, J.; Michel, F.M.; Brown, J.G.E.; Lowry, G.V. Size-Controlled Dissolution of Organic-Coated Silver Nanoparticles. Environ. Sci. Technol. 2011, 46, 752–759. [Google Scholar] [CrossRef] [PubMed]

	



Wuhrmann, K.; Zobrist, F. Untersuchungen über die bakterizide Wirkung von Silber in Wasser. Aquat. Sci. 1958, 20, 218–254. [Google Scholar] [CrossRef]

	



Joyce-Wöhrmann, R.M.; Hentschel, T.; Münstedt, H. Thermoplastic Silver-Filled Polyurethanes for Antimicrobial Catheters. Adv. Eng. Mater. 2000, 2, 380–386. [Google Scholar] [CrossRef]

	



Fernández, A.; Soriano, E.; Hernández-Muñoz, P.; Gavara, R. Migration of Antimicrobial Silver from Composites of Polylactide with Silver Zeolites. J. Food Sci. 2010, 75, E186–E193. [Google Scholar] [CrossRef]

	



Gutierrez-Juarez, G.; Acosta-Avalos, D.; Medina, R.; Vargas-Luna, M.; Alvarado-Gil, J.J. Metrological aspects of thermal relaxation technique by radiation loss for volumetric heat capacity measurements. Eur. Phys. J. Spéc. Top. 2008, 153, 171–173. [Google Scholar] [CrossRef]

	



Pech-May, N.W.; Cifuentes, Á.; Mendioroz, A.; Oleaga, A.; Salazar, A. Simultaneous measurement of thermal diffusivity and effusivity of solids using the flash technique in the front-face configuration. Meas. Sci. Technol. 2015, 26, 085017. [Google Scholar] [CrossRef]

	



Almond, D.; Patel, P. Photothermal Science and Techniques, 1st ed.; Chapman & Hall: London, UK, 1996; ISBN-10: 0412578808. [Google Scholar]

	



Michael Hollas, J. Modern Spectroscopy, 4th ed.; Wiley (John Wiley & Sons, Ltd.): West Sussex, UK, 2004; ISBN 978-0-470-84416-8. [Google Scholar]

	



Mayerhöfer, T.G.; Pipa, A.V.; Popp, J. Beer’s Law-Why Integrated Absorbance Depends Linearly on Concentration. ChemPhysChem 2019, 20, 2748–2753. [Google Scholar] [CrossRef] [PubMed]

	



Schnepp, O. Theory for the Infrared Absorption Intensities of the Lattice Vibrations of Molecular Solids. J. Chem. Phys. 1967, 46, 3983–3990. [Google Scholar] [CrossRef]

	



Hussein, A.E.; Zagho, M.M.; Nasrallah, G.K.; Elzatahry, A.A. Recent advances in functional nanostructures as cancer photothermal therapy. Int. J. Nanomed. 2018, 13, 2897–2906. [Google Scholar] [CrossRef] [PubMed]

	



Sönnichsen, C.; Reinhard, B.M.; Liphardt, J.; Alivisatos, P. A molecular ruler based on plasmon coupling of single gold and silver nanoparticles. Nat. Biotechnol. 2005, 23, 741–745. [Google Scholar] [CrossRef]

	



Coronado, E.A.; Encina, E.R.; Stefani, F.D. Optical properties of metallic nanoparticles: Manipulating light, heat and forces at the nanoscale. Nanoscale 2011, 3, 4042–4059. [Google Scholar] [CrossRef] [PubMed]

	



Prodan, E.; Radloff, C.; Halas, N.J.; Nordlander, P. A Hybridization Model for the Plasmon Response of Complex Nanostructures. Science 2003, 302, 419–422. [Google Scholar] [CrossRef] [PubMed]

	



Encina, E.R.; Coronado, E.A. Plasmon Coupling in Silver Nanosphere Pairs. J. Phys. Chem. C 2010, 114, 3918–3923. [Google Scholar] [CrossRef]

	



Cha, H.; Lee, D.; Yoon, J.H.; Yoon, S. Plasmon coupling between silver nanoparticles: Transition from the classical to the quantum regime. J. Colloid Interface Sci. 2016, 464, 18–24. [Google Scholar] [CrossRef]

	



Salazar, A. On thermal diffusivity. Eur. J. Phys. 2003, 24, 351–358. [Google Scholar] [CrossRef]

	



Escobedo-Hinojosa, W.; Pardo-López, L. Analysis of bacterial metagenomes from the Southwestern Gulf of Mexico for pathogens detection. Pathog. Dis. 2017, 75, ftx058. [Google Scholar] [CrossRef] [PubMed]

	



Smart, P.L.; Beddows, P.A.; Coke, J.; Doerr, S.; Smith, S.; Whitaker, F.F. Cave development on the Caribbean coast of the Yucatan Peninsula, Quintana Roo, Mexico. Spec. Pap. Geol. Soc. Am. 2006, 404, 105–128. [Google Scholar] [CrossRef]

	



Bauer-Gottwein, P.; Gondwe, B.R.N.; Charvet, G.; Marín, L.E.; Rebolledo-Vieyra, M.; Merediz-Alonso, G. Review: The Yucatán Peninsula karst aquifer, Mexico. Hydrogeol. J. 2011, 19, 507–524. [Google Scholar] [CrossRef]

	



González-Herrera, R.; Sánchez-Y.-Pinto, I.; Gamboa-Vargas, J. Groundwater-flow modeling in the Yucatan karstic aquifer, Mexico. Hydrogeol. J. 2002, 10, 539–552. [Google Scholar] [CrossRef]

	



Huang, L.; Bae, H.; Young, C.; Pain, A.J.; Martin, J.B.; Ogram, A. Campylobacterota dominate the microbial communities in a tropical karst subterranean estuary, with implications for cycling and export of nitrogen to coastal waters. Environ. Microbiol. 2021, 23, 6749–6763. [Google Scholar] [CrossRef]

	



Bapat, R.A.; Chaubal, T.V.; Joshi, C.P.; Bapat, P.R.; Choudhury, H.; Pandey, M.; Gorain, B.; Kesharwani, P. An overview of application of silver nanoparticles for biomaterials in dentistry. Mater. Sci. Eng. C 2018, 91, 881–898. [Google Scholar] [CrossRef]

	



Ahmad, S.A.; Das, S.S.; Khatoon, A.; Ansari, M.T.; Afzal, M.; Hasnain, S.; Nayak, A.K. Bactericidal activity of silver nanoparticles: A mechanistic review. Mater. Sci. Energy Technol. 2020, 3, 756–769. [Google Scholar] [CrossRef]

	



Shchekin, A.K.; Rusanov, A.I. Generalization of the Gibbs–Kelvin–Köhler and Ostwald–Freundlich equations for a liquid film on a soluble nanoparticle. J. Chem. Phys. 2008, 129, 154116. [Google Scholar] [CrossRef]

	



Shanmuganathan, R.; MubarakAli, D.; Prabakar, D.; Muthukumar, H.; Thajuddin, N.; Kumar, S.S.; Pugazhendhi, A. An enhancement of antimicrobial efficacy of biogenic and ceftriaxone-conjugated silver nanoparticles: Green approach. Environ. Sci. Pollut. Res. 2017, 25, 10362–10370. [Google Scholar] [CrossRef]

	



Khorrami, S.; Najafabadi, F.J.; Zarepour, A.; Zarrabi, A. Is Astragalus gossypinus Honey a Natural Antibacterial and Cytotoxic Agent? An Investigation on A. gossypinus Honey Biological Activity and Its Green Synthesized Silver Nanoparticles. Bionanoscience 2019, 9, 603–610. [Google Scholar] [CrossRef]

	



Eby, D.M.; Schaeublin, N.M.; Farrington, K.E.; Hussain, S.M.; Johnson, G.R. Lysozyme Catalyzes the Formation of Antimicrobial Silver Nanoparticles. ACS Nano 2009, 3, 984–994. [Google Scholar] [CrossRef] [PubMed]

	



Wright, J.; Lam, K.; Hansen, D.; Burrell, R. Efficacy of topical silver against fungal burn wound pathogens. Am. J. Infect. Control. 1999, 27, 344–350. [Google Scholar] [CrossRef] [PubMed]

	



Yakabe, Y.; Sano, T.; Ushio, H.; Yasunaga, T. Kinetic studies of the interaction between silver ion and deoxyribonucleic acid. Chem. Lett. 1980, 9, 373–376. [Google Scholar] [CrossRef]

	



Chouhan, S.; Guleria, S. Green synthesis of AgNPs using Cannabis sativa leaf extract: Characterization, antibacterial, anti-yeast and α-amylase inhibitory activity. Mater. Sci. Energy Technol. 2020, 3, 536–544. [Google Scholar] [CrossRef]

	



Liao, C.; Li, Y.; Tjong, S.C. Bactericidal and Cytotoxic Properties of Silver Nanoparticles. Int. J. Mol. Sci. 2019, 20, 449. [Google Scholar] [CrossRef]

	



Khorrami, S.; Zarrabi, A.; Khaleghi, M.; Danaei, M.; Mozafari, M.R. Selective cytotoxicity of green synthesized silver nanoparticles against the MCF-7 tumor cell line and their enhanced antioxidant and antimicrobial properties. Int. J. Nanomed. 2018, 13, 8013–8024. [Google Scholar] [CrossRef]

	



Ratte, H.T. Bioaccumulation and toxicity of silver compounds: A review. Environ. Toxicol. Chem. 1999, 18, 89–108. [Google Scholar] [CrossRef]

	



Bottero, J.-Y.; Auffan, M.; Rose, J.; Mouneyrac, C.; Botta, C.; Labille, J.; Masion, A.; Thill, A.; Chaneac, C. Manufactured metal and metal-oxide nanoparticles: Properties and perturbing mechanisms of their biological activity in ecosystems. C. R. Geosci. 2011, 343, 168–176. [Google Scholar] [CrossRef]

	



Das, S.S.; Alkahtani, S.; Bharadwaj, P.; Ansari, M.T.; Alkahtani, M.D.; Pang, Z.; Hasnain, S.; Nayak, A.K.; Aminabhavi, T.M. Molecular insights and novel approaches for targeting tumor metastasis. Int. J. Pharm. 2020, 585, 119556. [Google Scholar] [CrossRef]

	



Levard, C.; Hotze, E.M.; Lowry, G.V.; Brown, J.G.E. Environmental Transformations of Silver Nanoparticles: Impact on Stability and Toxicity. Environ. Sci. Technol. 2012, 46, 6900–6914. [Google Scholar] [CrossRef]








[image: Nanomaterials 13 00463 g001 550] 





Figure 1. Selected micrographs obtained from SEM studies of textile samples coated with AgNPs and their agglomerates at the cotton surface. The inserts within each image correspond to selected areas zoomed out to visualize the coating on multiple fibers. A set of eighteen textile samples (from A01-A18) coated with AgNPs (a) and a bare cotton sample compared to coated sample (AgNP@cellulose) (b) are presented. The inset of the comparison between coated and uncoated sample, reveals the real appearance of the textile sample. Samples are classified in the left bar into three temperature parameters (100, 130, and 160 °C) and two reaction time parameters (30 and 60 min). In the upper bar, three PVP concentration parameters are represented (PVPx0 or absent, PVPx1, and PVPx2). For better visual contrast, the color in the images is simulated (false color). 
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Figure 2. Correlation between real appearance (a) and color is represented by a chromaticity diagram (b,c) of the eighteen textile samples coated with AgNPs. 
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Figure 3. Silver-releasing behavior as a function of the immersion time (a) and cumulative silver release (b) of bare cotton (A00) and six selected AgNP@cellulose samples: A01 (T = 100 °C, t = 30 min, PVPx0), A02 (T = 100 °C, t = 30 min, PVPx1), A03 (T = 100 °C, t = 30 min, PVPx2), A16 (T = 160 °C, t = 60 min, PVPx0), A17 (T = 160 °C, t = 60 min, PVPx1) and A18 (T = 160 °C, t = 60 min, PVPx2). The cumulative release of Ag in mg/L was obtained from the chemical analysis by inductively coupled plasma (ICP-MS) technique. 
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Figure 4. Time dependence of the infrared thermogram of six selected AgNP@cellulose samples: A01 (T = 100 °C, t = 30 min, PVPx0), A02 (T = 100 °C, t = 30 min, PVPx1), A03 (T = 100 °C, t = 30 min, PVPx2), A16 (T = 160 °C, t = 60 min, PVPx0), A17 (T = 160 °C, t = 60 min, PVPx1) and A18 (T = 160 °C, t = 60 min, PVPx2), depicting the first 22 s of cooling process. 
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Figure 5. Temperature profile of six selected AgNP@cellulose samples: A01 (T = 100 °C, t = 30 min, PVPx0), A02 (T = 100 °C, t = 30 min, PVPx1), A03 (T = 100 °C, t = 30 min, PVPx2), A16 (T = 160 °C, t = 60 min, PVPx0), A17 (T = 160 °C, t = 60 min, PVPx1) and A18 (T = 160 °C, t = 60 min, PVPx2) heated by the flash lamp measured during 100 s using a thermistor-based technique. In the inset, the corresponding absorbance spectra for the same samples are presented. 
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Figure 6. Temperature decay time (τ) to a third of its maximum value of the six selected AgNP@cellulose samples, determined from their temperature profiles shown in Figure 5. 
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Figure 7. Correlation between the integrated absorbance and the percentage of silver content estimated thermogravimetrically. The relationship is established considering the temperature variations that each sample undergoes after a light pulse. The analysis was performed for the same set of six selected samples of AgNP@cellulose previously analyzed (A01, A02, A03, A16, A17, and A18). 
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Figure 8. Evaluation of the antimicrobial activity of bare cotton (A00) and six selected samples of AgNP@cellulose (A01, A02, A03, A16, A17, and A18). The samples coated with AgNPs are arranged radially, and in the center is the unprocessed control sample. The confrontation was carried out through the agar diffusion test with bacterial populations obtained from three natural water deposits: Beach (a), Cenote (b), and Swamp (c). 
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Figure 9. Kinetic evaluation of the antibacterial activity of bare cotton (A00) and six selected samples of AgNP@cellulose (A01, A02, A03, A16, A17, and A18) against E. coli (a) and S. aureus (b). The E. coli inset represents the bacterial presence after 24 h for samples A00, A02, A16, A17, and A18. 
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Table 1. Parameters extracted from the data analysis: cooling time (τ), percentage of fixed AgNPs obtained from thermogravimetric analysis, and numerical values of the integrated absorbance of the samples are presented.
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	Sample
	  τ   (s)
	AgNPs Fixed (%)
	Integrated

Absorbance (320–1000 nm)





	A01
	38
	0.40
	15.2



	A02
	43
	0.61
	19.5



	A03
	41
	1.28
	22.5



	A16
	21
	4.91
	44.1



	A17
	25
	4.03
	46.4



	A18
	24
	1.43
	49.4
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