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Abstract

:

The progress achieved in recent years in the biomedical field justifies the objective evaluation of new techniques and materials obtained by using silver in different forms as metallic silver, silver salts, and nanoparticles. Thus, the antibacterial, antiviral, antifungal, antioxidant, and anti-inflammatory activity of silver nanoparticles (AgNPs) confers to newly obtained materials characteristics that make them ideal candidates in a wide spectrum of applications. In the present study, the use of hydroxypropyl methyl cellulose (HPMC) in the new formulation, by embedding AgNPs with antibacterial activity, using poly(N-vinylpyrrolidone) (PVP) as a stabilizing agent was investigated. AgNPs were incorporated in HPMC solutions, by thermal reduction of silver ions to silver nanoparticles, using PVP as a stabilizer; a technique that ensures the efficiency and selectivity of the obtained materials. The rheological properties, morphology, in vitro antimicrobial activity, and stability/catching of Ag nanoparticles in resulting HPMC/PVP-AgNPs materials were evaluated. The obtained rheological parameters highlight the multifunctional roles of PVP, focusing on the stabilizing effect of new formulations but also the optimization of some properties of the studied materials. The silver amount was quantified using the spectroscopy techniques (energy-dispersive X-ray fluorescence (XRF), energy-dispersive X-ray spectroscopy (EDX)), while formation of the AgNPs was confirmed using Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), transmission electron microscopy (TEM), and dynamic light scattering (DLS). Also, the morphological examination (Atomic Force Microscopy (AFM) and Scanning electron microscopy (SEM)) by means of the texture roughness parameters has evidenced favorable characteristics for targeted applications. Antibacterial activity was tested against Escherichia coli and Staphylococcus aureus and was found to be substantially improved was silver was added in the studied systems.
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1. Introduction


The medical field is faced with various infectious diseases triggered by germs (bacteria, viruses, fungi and protozoa), associated with microbial resistance. This is the main reason for the current intense research into antibacterial agents. In addition, microorganisms which contaminate the surfaces of medical devices in hospitals have led to development of antimicrobial surfaces based on polymers as a necessary tool to combat microbial infections and prevent the spread of microbial cells [1]. In this context, polymeric materials, due to their intrinsic properties, e.g., their hydrophilicity or molecular weight, have gained an increasing interest from both academic and industrial perspectives [2,3,4,5,6,7,8,9]. This is because they can determine the final antimicrobial activity in terms of the biocide release rate, as a result of their synergistic activities [4,10,11]. Additionally, the polymers can act as a matrix for the materials holding antimicrobial agents, thus leading to the development of new materials, which are both bactericidal and biocompatible. Moreover, antimicrobial polymers usually have a longer-term activity [12,13,14,15,16]. Thus, systems based on the combination of polymer and inorganic/organic antimicrobial agents present a special interest. In this regard, the improvement of the antimicrobial activity and the reduction in the toxicity will be ensured by the incorporation of the antimicrobial agent. Based on the various studies presented in the literature [8,17,18,19,20], a small amount of active component, less than 5 wt.%, has been identified as conferring an efficiency to the whole system. In addition, the investigation of inexpensive systems through different approaches aimed at combating infections caused by microorganisms, will be pursued.



Cellulose-based materials are important for this purpose due to the properties they possess, such as biocompatibility, barrier properties, non-polluting, lack of toxicity, and low-cost [21]. However, the cellulose derivatives, as result of the chemical modifications, tend to improve the cellulose backbone in terms of solubility, viscosity, and film-forming performance [22,23,24]. Notably, hydroxypropyl methyl cellulose, HPMC, is an attractive polymer that can be used for wider applications in the biomedical field because it is a readily available non-ionic plant derivative that forms transparent, flexible, water-soluble films with efficiency in oxygen and carbon dioxide transport [25,26,27,28]. All these characteristics justify its good applicability for medical purposes; the progress focusing on selectivity and increasing its durability.



The development of new antimicrobial polymeric materials containing metal ions with a therapeutic or diagnostic impact is undeniable. In these conditions, the newly obtained compounds act through a different mechanism than the known ones for which many pathogens are more resistant, which includes compliance with the principles of infection control using the new strategy to be addressed. In conclusion, expanding the application of polymeric materials in several fields involves the use of metal and/or metal oxide nanoparticles, thus improving their antimicrobial activity [29,30,31]. Thus, to improve their antimicrobial activity, the cellulose matrix requires the interaction with metals. Cellulose by itself is insoluble and therefore cannot easily be used for the generation of nanoparticles. Comparatively, HPMC is a soluble cellulose derivative which has been tested as a reducing and stabilizing agent [32,33,34]. Nevertheless, even under these conditions, there are various suitable additives that lead to the improvement of HPMC properties in terms of functional performance and/or enhanced properties [35].



Due to its bactericidal effect, silver has been intensively studied in comparison with other antimicrobial agents to prevent and control infections. Currently, the impact of silver nanoparticles, as a result of their multifunctional properties [36], is being evaluated as a component of bioactive materials by combining its antibacterial property with the particular performance of the used biomaterial [37,38]. Furthermore, various studies have confirmed the oligodynamic quality of Silver and its therapeutic effect against a wide range of microorganisms (over 650 species) [12,13,39,40].



To obtain a better dispersion and fixation/catching of AgNPs in the HPMC matrix, the poly(N-vinylpyrrolidone) (PVP) has attracted considerable attention because it acts not only as a stabilizing agent but also has an impact on the control of the reduction rate of the silver ions and the aggregation process of silver atoms [41,42]. It is known to have excellent chemical and physical properties that make it a good material as additive or coating to other materials, including HPMC [43,44,45,46]. Thus, the utilization of PVP as a stabilizer facilitates the binding of the metal, leading to the improvement of the biomedical properties. As result of PVP usage, cellulose materials interact with metals at the target site or disturb the balance of metal–ion uptake and distribution in cells and tissue. The understanding of these interactions leads to a rational design of metal-polymer systems and the implementation of new co-therapies [47,48,49]. Therefore, the antimicrobial functions of the novel materials based on HPMC can be considered as a potential tool in reducing disease transmission, assuming that they could reduce the microorganism’s population.



Based on the above, the urgent need to control infectious diseases has led to the formulation of a strategy with the aim of obtaining new cellulosic biomaterials based on inorganic active agents with bactericidal effect. Therefore, the main purpose of this paper is to study the functionality and efficiency of new materials based on HPMC and AgNPs and to analyze the possibility of their use as antibacterial materials; and biomaterials. Thus, the use of HPMC/PVP-AgNPs materials avoids some shortcomings and combines the properties of the used polymers, and through the applied technique ensures the efficiency and selectivity of the obtained materials.




2. Materials and Methods


Hydroxypropyl methyl cellulose (HPMC), poly(N-vinylpyrrolidone) (PVP)—as stabilizing agent (Mw = 10,000 g/mol) and silver nitrate (AgNO3)—as the metal precursor (Mw = 169.88 g/mol) were purchased from Sigma-Aldrich Company (Darmstadt, Germany) and used as received, without further purification. All the experimental study was performed in double distilled water. Antibacterial testing was carried out on Gram-positive Staphylococcus aureus (ATCC 25923) and Gram-negative Escherichia coli (ATCC 25922) bacteria.



The homogeneous solution of HPMC, with a concentration of 10 g/dL, was prepared by dissolution in double-distilled water and kept for one week to swell until complete dissolution was achieved, under gentle heating in a water bath at 50–55 °C and 600 rpm. The solution was cooled gently to room temperature and then kept until use. Afterwards, a solution of PVP having the same concentration of 10 g/dL in double-distilled water was made ready by stirring (600 rpm) in a water bath (50 °C) until the PVP had completely dissolved. Both solutions were mixed at different amounts, preparing HPMC/PVP blends with varied compositions (i.e., 95/5, 90/10, 85/15, 80/20, 75/25, 70/30 (wt.%/wt.%)). To prevent the formation of voids inside the membrane, the samples were allowed to degas for 24 h at ambient conditions. Subsequently, the solutions were cast on a Teflon substrate and after casting were solidified, initially by slow drying in saturated atmosphere of the used solvent. Thus, we obtained polymer films that were considered definitive when easily removed from the Teflon support.



According to the protocols presented in the literature [50,51,52], the incorporation of silver nanoparticles in the aqueous solutions containing HPMC by thermal reduction of silver ions to silver nanoparticles (using PVP as a stabilizer) was performed. Therefore, different concentrations of AgNO3 were added to aqueous solutions containing HPMC, PVP, and 70/30 wt.%/wt.% composition of HPMC/PVP blend, finally keeping only the concentration of 0.05 mg/mL for the study. The solutions were maintained under continuous stirring for 4 h at 70–80 °C at a speed of 650 rpm, to attain homogeneous solutions. Subsequently, the contents were cooled and centrifuged for 30 min. During agitation, the silver ions were stabilized in the solution; the metal ions being connected to the functional groups of the HPMC and PVP networks. At the end, a change in color from transparent—reddish to brown was observed, demonstrating the formation of silver nanoparticles (AgNPs). The solutions were stable for 1 month [50]. The prepared solutions were cast on a Teflon substrate, as mentioned in the protocol for obtaining silver-free films.



The rheological behavior of HPMC, PVP and their blends in double-distilled water was performed using a Bohlin CS50 rheometer (Malvern Instruments, Worcestershire, UK) with cone-plate geometry (cone angle of 4° and 40 mm diameter). Dynamic viscosities were recorded over the range of shear rates varying between 0.1–100 s−1 and 25 °C temperature with an accuracy of ± 5%. NTEGRA Scanning Probe Microscope from NT-MDT Spectrum Instruments with an NSG03 cantilever (both from NT-MDT Spectrum Instruments, Zelenograd, Moscow, Russia) was used to investigate the morphological modifications induced on the surface of the samples HPMC, PVP and HPMC/PVP by the incorporation of the Ag nanoparticles. The atomic force microscopy technique (AFM) was applied in semicontact mode, in atmospheric conditions, at room temperature. The resonance frequency of the cantilever was 93 kHz. The scanning frequency was 0.6 Hz. The AFM images were registered and analyzed using the Nova 1.0.26.1443 and Image Analysis 3.5.0.19892 software (NT-MDT Spectrum Instruments, Zelenograd, Russia).



Surface morphology and elemental composition for the obtained samples containing pure polymers (HPMC, PVP) and their blends with AgNO3 were performed using a Verios G4 UC Scanning electron microscope (Thermo Scientific, Prague, Czech Republic) equipped with Energy Dispersive X-ray spectroscopy analyzer (Octane Elect Super SDD detector, FEI Company, Hillsboro, OR, USA). Scanning Electron Microscopy (SEM) analyses were performed using a backscatter electron detector (Angular Backscattered Detector, ABS, Delong Instruments, Quebec, QC, Canada) with 5 kV accelerating voltage, in order to obtain compositional contrast images.



To evaluate the specific surface area of obtained materials, the sorption and desorption isotherms were registered using a Dynamic Vapor Sorption (DVS) Analyzer (IGAsorp, Hiden Analytical, Warrington, UK). Detailed procedure of the experiment has been presented in a previous study [7]. The energy-dispersive X-ray fluorescence (XRF) system (EX-2600 X-Calibur SDD, Malver Panaalytical Ltd., Grovewood, UK) was used to confirm the presence of metal (Ag) in the structure of the materials. Fourier transform infrared (FTIR) spectra were recorded on a Bruker Vertex 70 spectrometer (Bruker Optics, Ettling, Germania) in the 4000–600 cm−1 region to detect the functional groups involved in the formation of silver nanoparticles by the reduction of silver nitrate. In addition, the X-ray diffraction (XRD) studies on phase composition for materials obtained based on HPMC with embedded silver were performed on a Rigaku Miniflex 600 diffractometer (Riga, Latvia) using CuKα-emission in the angular range 3°–90° (2θ) with a scanning step of 0.01° and a recording rate of 2°/min at room temperature.



Transmission electron microscopy (TEM) and dynamic light scattering (DLS) were applied to evaluate the distribution and size AgNPs, as well as their polydispersity index (PDI). The TEM analysis of the samples was carried out using a Hitachi HT7700 (Tokyo, Japan) instrument, operating in contrast mode at 100 kV. DLS analyses were performed on a Malvern Nano-ZS device (Malvern Instruments, Worcestershire, UK) at 25 °C. For each sample the average of at least three measurements was used. Data analysis was realized with the Zetasizer software provided by Malvern (Grovewood, UK) and the graphs with Origin 2018 SR. The in vitro antimicrobial activity was performed by the disc diffusion method (Kirby-Bauer) according to the Clinical and Laboratory Standards Institute (CLSI). The culture medium (Mueller-Hinton agar) was distributed in Petri dishes (20 mL). The bacterial strains tested (Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli)) were cultivated in a Mueller-Hinton Broth medium at 70 °C, 24 h, the bacterial inoculum was obtained and adjusted to a density corresponding to the 0.5 McFarland standard (1.5 × 108 CFU). The bacterial suspension was uniformly distributed over the entire surface of the culture medium. The analyzed films (HPMC, HPMC-AgNPs, 70/30 wt.%/wt.% composition of HPMC/PVP, namely HPMC/PVP, and HPMC/PVP-AgNPs) were cut in the shape of a disc (10 mm in diameter) and applied to the culture medium surface. After incubation at 37 °C for 24 h, the zone size of inhibition was measured using a graduated ruler.




3. Results and Discussion


3.1. Conformational Characteristics in the HPMC/PVP/Water System: Rheological Parameters


The achievement of polymer materials with resistance to the mutations of microbial organisms—antimicrobial polymeric systems—involves a first stage where the control of the properties in solution, dictated by the configuration and conformation of the polymeric chains, which influence their final arrangement/organization in the solid state and implicitly, are assigned the properties of the final material desired for the application. Thus, the formation process of the antimicrobial polymeric systems that could be used in requires taking into account both the properties that determine the orientation of the polymer chains established by the different composition of the bulk components, as well as the biological ones. The previous viscometric study performed on HPMC/PVP dilute solutions [53] showed, based on the obtained results from the evaluation of the solubility parameters and the intrinsic viscosity, a good relationship between the solubility properties and structural-conformational characteristics of the two components in the system. For this reason, and as a result of the optimal molecular aspects of this polymer mixture, previously obtained, the present study aimed to establish the specific characteristics that recommend this polymer mixture for practical applications. Considering the composition of the system, as well as the proposed methodology, we expected this study to reveal some additional information that was not previously known.



In this context, the knowledge of rheological parameters was important because they have an influence on the polymer solutions processing and, implicitly, on the final product properties. Thus, the rheological behavior of HPMC, PVP and their mixtures in different mixing ratios, in double-distilled water, is a complex one and can be evaluated from the variation of the dynamic viscosity based on the shear rate (Figure 1).



As can be observed, the Newtonian regime appears for pure HPMC and 95/5 wt.%/wt.% composition of the HPMC/PVP blend for whole studied shear rate domain. Instead, as the content of HPMC decreases (i.e., 90/10, 85/15 and 80/20 wt.%/wt.% compositions of the HPMC/PVP blends) a non-Newtonian behavior, thinning behavior, begins to be visible at low shear rates (Region I), followed by a large Newtonian region (Region II), as shear rate increases. On the other hand, it is observed that, as the PVP content increases, exceeding 20 wt.% (i.e., 75/25 and 70/30 wt.%/wt.% composition of the HPMC/PVP blends), there is a change in flow behavior, the thinning behavior is predominantly even for low shear rates, and the Newtonian plateau decreases.



The non-Newtonian behavior can be explained [54,55] as a result of the tendency of polymer chains to elongate in the shear direction. As the shear force increases, becoming predominant, the polymer chains orient in the flow direction. Thus, as a consequence of the changes in the material structure, resulting from the interactions between the polymer chains and dispersion medium, a thinning behavior appears. In addition, as result of the hydrophilic nature, PVP has the ability to form hydrogen bonds with the solvent (water) [56], so that in aqueous solution it can exist in an entangled form without forming a compact gel network. In these conditions, the shear flow favors the intra-chain associations, leading to a decrease in viscosity [54]. Hence, the addition of PVP in the system will lead to an intensification of the physical and chemical interactions, thereby having impact on the rheological characteristics of the systems. As the PVP ratio in the blend increased from 5 to 30 wt.%, the blends exhibited an enhancement of the rheological properties, revealing the role of PVP as a polymeric stabilizer, due to the strong polarity and hydrophilic properties [57,58]. Consequently, the different and complex rheological behavior can be explained by taking into account the synergism between the structural characteristics of both HPMC and PVP, which in turn depends on the packing efficiency and specific interactions.



On the other hand, the rheological behavior illustrated in Figure 1 is described by the values of the flow behavior (n) and consistency (k) indices, evaluated according to the Ostwald-de Waele model (Equation (1)).


  σ = k ×   γ ̇   n    



(1)







According to the data represented in Figure 2, the exponents of the power law vary function on PVP content from the studied blends (see Table 1).



Thus, the flow behavior indices were close to the unit for HPMC and blends that dis not exceed 15 wt.% (e.g., 95/5, 90/10, and 85/15 wt.%/wt.% compositions), highlighting the Newtonian behavior, in accordance with the rheological profiles illustrated in Figure 1. Instead, the flow curve for pure PVP exhibited two distinguished regions, characterized by different slopes (Figure 2, small graph), where the power law index, n, takes values lower than unity (Table 1), revealing a shear thinning (pseudoplastic) behavior.



Conforming to literature data [59], when n ≅ 1, the fluid has a Newtonian behavior, while n < 1 or n > 1 the fluid presents a thinning or thickening behavior, respectively. In agreement with this statement, the obtained data presented in Table 1 confirm the thinning behavior as a result of PVP being added into the blend; this aspect was indicated by the sub-unitary values of flow indices. Any increase in PVP content was manifested by the slight decrease in the values of the flow behavior index. On the other hand, as PVP was added into the system, the values of consistency indices gradually decreased for all compositions of the HPMC/PVP blend.



Consequently, through the obtained rheological profiles/parameters the multifunctional roles of PVP were highlighted, focusing on the effect of PVP in terms of physical stabilization of various formulations in solid state but also the optimization of several properties of the studied blends. Based on all mentioned aspects, the PVP was added to HPMC solution to ensure an optimal composition (70/30 wt.%/wt.% composition of HPMC/PVP blend) that favored a good stabilization of silver nanoparticles (AgNPs), thus assuring specific properties, e.g., a high antimicrobial activity suitable for biomedical applications.




3.2. New Formulations by Silver Introduction in HPMC/PVP System


Metal complexes have the advantage of developing new materials with an antibacterial activity. They are easily adaptable to the synthesis conditions and, as a consequence, can result in a wide structural variety. Metallic centers have the ability to organize surrounding atoms in different geometries which are difficult to obtain through other ways. Moreover, the specific effects of metals can be adapted by recruiting cellular processes involving metal-macromolecules interactions [60]. For silver to be used as a bactericidal agent, according to studies in the field [61], the oxidation to the Ag+ ion is necessary. The process is slow and the effective silver concentration is low. The synthesis process involves the reduction of soluble silver salts with different reducing agents both in water and in organic solvents [62]. In order to avoid obtaining large silver nanoparticlesor aggregates, stabilizing compounds can be used. The initially formed silver metallic nuclei can have different sizes and shapes because of variation in the synthesis conditions (concentration, reduction agent, temperature, presence of additives) [62,63]. According to studies in the field [64], the poly(N-vinylpyrrolidone) (PVP) and substituted phosphane ligands can be successfully used as stabilizers. Generally, relying of its special physico-chemical and biological properties, poly(N-vinylpyrrolidone) is suitable and promising for obtaining different materials for medical applications [50,65,66]. On the other hand, the addition of natural and synthetic polymers as stabilizers, through different methods, aims to obtain AgNPs with well-controlled sizes and shapes, and at the same time prevent agglomeration and nanoparticle coalescence [67,68].



Based on the above statements, the preparation of antimicrobial systems based on HPMC with high inhibiting effect on the microbial growth were obtained using the thermal reduction method using PVP which helps to control the size and distribution of silver nanoparticles and prevent their precipitation. In particular, the nondestructive analysis method, the energy-dispersive X-ray fluorescence (XRF), was employed to detect the Ag presence in the newly obtained formulations (Figure 3). The induced changes in the achieved materials as result of the nanoparticle formation were evaluated by the intensity of silver characteristic peaks. Thus, it was possible to demonstrate how the AgNPs were distributed in the polymeric matrix, depending on the used solvent and how they were stabilized in the films structure.



Similar to the XRF data, the enrichment of the polymeric matrix with silver was observed by analysis of the chemical structure and of all the elements identified in the EDX spectra (Figure 4). In accordance with the listed results in Figure 4, the values of silver content in the polymeric matrix represent an indication that PVP has an impact on silver nanoparticles distribution, preventing their agglomeration and/or precipitation. Moreover, the stabilization tendency of AgNPs during the preparation process observed from the values obtained for the peak’s intensity (Figure 3) was also confirmed by the values of the silver content (Figure 4).



It is known that the stabilization of nanoparticles can be achieved either with steric (by polymer doping) or electrostatic forces (which involve surface modifiers) [69]. Accordingly, in the HPMC-AgNPs complex, the nanoparticles were stabilized only sterically, this could be expected because there was no covalent bond between the HPMC and Ag [70]. Instead, the AgNPs stabilization in PVP-AgNPs and HPMC/PVP-AgNPs complexes was determined by the catching agent due to the local polar moment’s effects influencing the nanoparticles surface [70,71]. The catching mechanism can be explained by taking into account the hydrophilic nature of the amide groups and the hydrophobic nature of the vinyl groups of the PVP. As result of the strong affinity between N and O atoms for transition metals, AgNPs will bind to the amide groups of PVP. In addition, due to the hydrophobic characteristic, the vinyl backbone that will surround the AgNPs will prevent their aggregations [72,73]. This behavior demonstrates that by adding PVP, the peak intensity and silver content from the polymeric blend increased. These results confirmed a better stabilization of AgNPs in a polymeric matrix.



Additionally, in order to confirm the hypothesis for the formation of silver nanoparticles in the studied materials by the reduction of silver nitrate as a result of the functionality of HPMC and PVP molecules, FTIR spectroscopy was carried out. In this sense, FTIR spectra of the pure and embedded AgNP samples were compared (Figure 5).



According to the literature [74,75], FTIR spectra should exhibit several bands that are typical of HPMC and PVP structures, namely: the broad transmission band at 3100–3600 cm−1 attributed to the stretching vibrations of the –OH groups; the absorption peaks between 2850 cm−1 and 2960 cm−1 due to the asymmetric and symmetric CH2 stretching and the peaks in the range 1240–1500 cm−1 which assigned to the C–H bending vibration; the stretching vibrations of C–O–C asymmetric and the C–O groups observed at 1060 cm−1 and 1100 cm−1. Additionally, the characteristic band of the amide carbonyl stretch from PVP is positioned around 1650 cm−1 and also, the vibration peak of propyl stretching, from HPMC, which should reach a maximum at approximatively 1650 cm−1.



Comparing the FTIR spectra of the studied samples (Figure 5a,b), changes occur associated with the displacement of the bands from about 3400 cm−1 and 1640 cm−1, respectively. This result indicates functionality reactive groups of the studied polymeric materials in the process of reducing silver nitrate, confirming their ability to form nanoparticles. On the other hand, according to the literature [75], the band at approximately 1380 cm−1 indicates the presence of silver nitrate. According to the data recorded in the FTIR spectra, the appearance of a weak peak or its absence represented another indicator that highlighted the functionality of the groups as a result of the reduction of silver nitrate.



The structural features related to the phase composition for the materials based on HPMC with embedded silver were performed using XRD measurements. The identified distinct diffraction peaks according to Figure 6 revealed the crystalline nature of the synthesized particles. Moreover, the obtained experimental results were found to be inconsistent with those reported for the diffraction pattern of AgNP [76]. Additionally, the peaks near to 27.8°, 32.7°, 46.1°, 55.1°, 57.2° may have been due to the presence of a polymeric phase on the surface of particles. Based on the obtained results, the ability of PVP to stabilize the silver nanoparticles more strongly than the cellulosic derivative was confirmed, in accordance with the XRD pattern of ICSD standard No. 98-018-0878.



The distribution and size of the AgNPs in the studied polymeric material matrix (HPMC, PVP, and their blend) were evaluated by TEM micrograph (Figure 7). TEM images showed that the AgNPs were well-dispersed without large agglomeration in the case of the PVP and HPMC/PVP matrices, having predominantly spherical or globoid shape with various diameters (Figure 7b,c). Instead, in the case of the HPMC matrix, the morphological structure of AgNPs indicated different sizes and shapes, some being in aggregated form, loosely distributed in the polymer matrix (Figure 7a).



The average particle size distribution of AgNPs was measured with DLS (Z-average) as shown in Figure 7. The obtained results were compared to those obtained from TEM and are listed in Table 2. The observed differences between the obtained parameters can be attributed to the applied methods, namely DLS depends on the hydrodynamic size, while TEM depends on the physical size. Furthermore, the sizes observed by DLS were larger than the results of the TEM images, which was due to the screening of small particles by large ones [76,77]; an aspect which also confirms the polydispersity of AgNPs.



According to the obtained data, the size of the silver nanoparticles in the HPMC matrix was larger and they tended to agglomerate; in addition, the size distribution was wider compared to that of the silver nanoparticles in the PVP matrix, indications that confirm the maintenance of better stability. Therefore, the choice of the stabilizing agent was very important from the perspective of the possibility of providing a long-term anti-infection effect [12]. So, the obtained outcomes have demonstrated that the achieved materials potentiate their functionality, sustainability, and performance, minimizing the bacterial cells adhesion and proliferation.




3.3. Surface Morphology Analysis


The morphological changes determined on the surface of the HPMC, PVP and HPMC/PVP samples by the incorporation of the Ag nanoparticles are presented in the topographical AFM images on large (20 × 20 µm2) and small (5 × 5 µm2) scanning areas from Figure 8 and Figure 9. Root mean square roughness (Sq), surface bearing index (Sbi) and the surface core fluid retention index (Sci) were the parameters used to quantify these modifications.



A first finding would be the fact that, for the pristine samples (Figure 8), Sq decreases with the decrease in the investigated scanning area (Table 3), due to the fact that the contribution of the morphological formations observable on the large surface was minimal during the investigations on small surfaces. On the other hand, after embedding the AgNPs in the polymers (Figure 9a–b′) and the mixture of polymers (Figure 9c,c′), very close values of Sq were found for each individual sample, both for the scanning area of 20 × 20 µm2 and for the 5 × 5 µm2, indicating the preservation of the surface uniformity at different scales. Moreover, according to the data from Table 3, the inclusion of nanoparticles leads to much smoother films, Sq decreases considerably for HPMC-AgNPs and HPMC/PVP-AgNPs and less significantly for PVP-AgNPs (given the fact that the initial roughness for PVP was more less than 1 nm).



Moreover, depending on the structure of the polymer in which the Ag nanoparticles was embedded, the morphological surface appearance of the samples was different. In the case of HPMC-AgNPs (Figure 9a,a′), the nanoparticles on the surface showed a slight tendency to overcrowd, the average diameter of the agglomerations ranging between 350 and 470 nm. For the PVP-AgNPs, the nanoparticles that apparently from AFM are individual, visible on the surface, partially embedded, from TEM, it was demonstrated that they showed a slight tendency to agglomerate, with the average diameter of the agglomerations being 130–160 nm (Figure 9b,b′). This tendency was probably induced by the presence of PVP, also in the case of the HPMC/PVP/Ag mixture. From Figure 9c,c′ it can be seen that the vast majority of nanoparticles were embedded in the material, leaving behind a rather porous material on the surface, with very few individual particles; the average diameter of the agglomerations being around 250 nm.



Following the analysis of the morphological aspect of the films, it seems that HPMC/PVP allows for the most successful incorporation of the particles, as they are also dispersed (determined by PVP) and well incorporated into the bulk. The fact that the nanoparticles are well incorporated and are not on the surface (in which case they can be easily detach from the place of fixation), can be a positive aspect. In this way, their antimicrobial activity is obviously improved and at the same time the migration of AgNps is avoided. Regarding the evaluation of the texture by means of the non-dimensional functional parameters (Table 3), it was found that the lower surface bearing (Sbi) and core fluid retention (Sci) indices calculated after adding silver denote their lower load-bearing capacity and low fluid retention ability in the core region of the relief. These characteristics are favorable for the purposed applications of the improved films, discouraging the growth of bacteria and obstructing the development of microbial colonies.



Additionally, the impact of PVP as a stabilizing agent, reflected by a good dispersion and capture/catching of AgNPs in the HPMC matrix, was also confirmed with the SEM images, recorded with 10,000× magnification (Figure 10). Thus, similar to the AFM data, it was visible from the SEM images that the aggregation between the particles was missing, and the particles were uniformly dispersed in the case of PVP-AgNPs (Figure 10b). In contrast, the SEM images for the HPMC-AgNPs film (Figure 10a) showed a surface with layered particles, developed on the surface of the film.



This changing tendency in the film structure as a result of the distribution of AgNPs in polymeric matrix can be evidenced through parameters obtained from the sorption-desorption curves (Figure 11). The most important surface parameters for the studied films were obtained using the Brunauer-Emmett Teller kinetic model, BET [78], described in detail in another study [7] by modeling the sorption isotherms registered under dynamic conditions (Figure 11, Table 4).



Investigations of the studied surfaces, based on water vapor sorption data, demonstrated that after the incorporation of AgNPs into polymers matrix and their blend, the sorption capacity values were very close. Furthermore, analyzing the results listed in the Table 4, it can be highlighted that the values of the specific area for both pure samples and those with incorporated silver did not change significantly. On the other hand, the difference observed between the specific surface area values for the pure samples compared to those loaded with silver can be attributed to the surface chemistry and morphological characteristics. This is a straightforward consequence of the structural characteristics of the studied materials, corroborating the results with the higher affinity to moisture of films based PVP, leading to a higher capacity of interaction with water molecules and, therefore, providing films with increased hydrophilicity.



In accordance with [77], the phenomenon of nanoparticle agglomeration occurs when they are of small sizes. This can be explained by the fact that their dispersion in the matrix is limited as result of their small dimensions, which means that the specific surface and surface energy will be higher and intermolecular forces stronger [77]. Based on the above, our findings have shown that the specific surface area values for the samples loaded with silver were lower and thus the nanoparticles were well incorporated and were not on the surface; an aspect also confirmed using the above data, regarding the morphology and distribution of the nanoparticles. Therefore, according to our results, we can conclude that the structural and surface properties of the films dictate their functionality and biological capacity.




3.4. Antimicrobial Activity Testing


To investigate the impact of the bactericidal properties and distinctive mode of action of AgNps on bioactivity of new formulation/materials based on HPMC, the microbial test was performed. Thus, the studied polymeric materials were examined for their capability of inhibiting the growth of various pathogens using the agar diffusion method. By measuring the diameter of the inhibition zones established after incubating the samples at 37 °C and 24 h, the susceptibility of the tested materials against two bacterial strains Escherichia coli and Staphylococcus aureus was specified (Figure 12).



At a first analysis it can be seen that no zone of growth inhibition was visualized for the S. aureus, around the HPMC film, as expected (Figure 12b). This result was in accordance with the literature, to not show any antimicrobial activity against different bacterial strains (e.g., Listeria, Staphylococcus, Bacillus, and Enterococcus) [79]. Instead, it was found that samples containing AgNPs, i.e., HPMC and the blend using PVP for stabilizing AgNPs, exhibited increased sensitivity to the tested bacteria (Figure 12). Thus, AgNPs embedded using PVP as a stabilizing agent in the HPMC matrix, i.e., the HPMC/PVP-AgNPs sample, showed a higher antibacterial activity compared to the HPMC-AgNPs. The high difference observed for antimicrobial effectiveness can be explained with the mechanism of the bactericidal effect of AgNPs against tested strains. Although the exact mechanism of action of AgNPs was not elucidated, the literature [80] mentions that the conversion of AgNPs to Ag+ and the generation of active oxygen and Ag0 could be the most likely way in which AgNPs exert their inhibitory effect on the growth of microorganisms. Thus, due to the capacity of active oxygen to diffuse into the environment, a direct interaction between the antimicrobial agent and the bacteria is not necessary. Silver ions can cause disruption of the protein structure, ultimately leading to apoptosis, as a result of their binding to nucleophilic amino acid residues in the protein structure [81,82,83]. Mechanistically, bacterial cells protect themselves by binding silver to suitable molecules like metallothioneins [84]. Thus, we can state that this dependence can be a result of a cumulative effect represented on the one hand by the ability of the particles to attach and penetrate the cell membrane, and on the other hand by the higher surface-to-volume ratio of the nanoparticles.



On the other hand, it is well documented that Gram-positive and Gram-negative bacteria differ from each other in terms of the structure of their cell membrane, namely by the thickness of the peptidoglycan layer, but also by using the presence/absence of teichoic acid [85]. Since the peptidoglycan layer is a specific characteristic of bacteria cells, then the antimicrobial activity of Ag nanoparticles must be correlated with this layer. In addition, it is also known that Gram-positive bacteria are less sensitive to the action of AgNPs than Gram-negative bacteria, probably due to the cell wall characteristics [86]. In agreement with the above, the effectiveness of Ag nanoparticles against E. coli was observed, which allows us to conclude that Gram-negative bacteria were more sensitive to the studied materials than Gram-positive bacteria. However, the diameter of the inhibition zones does not reflect the maximum antibacterial potential of the studied materials, because there is a small probability that all the AgNPs embedded in the polymeric films were able to interact directly with the microorganisms on the plate. These results showed the strong antimicrobial activity of the investigated materials, highlighted by the absence of microorganism growth even at the lowest silver concentration of 0.05 mg/mL for all tested bacterial strains. Therefore, the combination of the studied polymer materials (HPMC, HPMC/PVP)—silver proved to be essential in antimicrobial treatment, due to the increase in the spectrum of antimicrobial activity by using the compounds with synergistic or additive action.





4. Conclusions


This work represents an innovative route for the development of new polymeric materials based on inorganic active agents, HPMC/PVP-AgNPs, with a good potential for bio-applications. In this context, the formulation/design of antimicrobial materials based on HPMC with various modes of action on microorganisms through the introduction of inorganic antimicrobial agents was highlighted. This brings new benefits compared with those already presented in the literature through the effects induced by the solution parameters, structural-compositional and morphological characteristics which dictate their functionality and biological ability. Thus, the use of HPMC/PVP-AgNPs materials combines the properties of the polymers, and through the applied technique ensures the efficiency and selectivity of the obtained materials. At the same time, it was observed that the multifunctional role played by PVP to ensure an optimal composition (70/30 wt.%/wt.% composition of HPMC/PVP blend) that favors a good stabilization of silver nanoparticles (AgNPs) and thus an antimicrobial activity suitable for biomedical applications. According to the obtained results, we can conclude that the structural and surface properties of the materials dictate their functionality and biological activity. Additionally, the impact of the bactericidal properties and distinctive action mode of AgNPs on bioactivity of new HPMC-based formulations, was highlighted by the absence of microorganism growth even at low silver concentrations.



Consequently, based on the results obtained in the current study, we can state that the cellulose-bioactive materials with AgNPs present have appropriate properties for potential applications in various fields, from biomedicine to the environment.
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Figure 1. Rheological profile illustrated by double-logarithmic plots of dynamic viscosity (η) vs. shear rate (  γ ̇  ) for pure HPMC, PVP (small plot) and HPMC/PVP studied systems at various mixing ratios and 25 °C. 
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Figure 2. Double-logarithmic plots of shear stress (σ) vs. shear rate (  γ ̇  ) for pure samples HPMC, PVP (small plot), and HPMC/PVP studied systems in different mixing ratios at 25 °C. 
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Figure 3. XRF spectra of the samples: HPMC-AgNPs (a), PVP-AgNPs (b), 70 HPMC/30 PVP-AgNPs (c). 
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Figure 4. EDX spectra for: HPMC-AgNPs (a), PVP-AgNPs (b), 70 HPMC/30 PVP-AgNPs (c). 
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Figure 5. FTIR spectra of free (a) and embedded with AgNPs (b) HPMC (black), PVP (red), 70 HPMC/30 PVP (blue) samples. 
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Figure 6. XRD spectrum of studied materials: (a) PVP-AgNPs, (b) HPMC-AgNPs, (c) 70 HPMC/30 PVP-AgNPs. Inserted graph represents the XRD pattern of AgNPs according to the standard ICSD No. 98-018-0878. 
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Figure 7. TEM micrographs and DLS particle size distribution graph of the studied materials: (a) HPMC-AgNPs, (b) PVP-AgNPs, (c) 70 HPMC/30 PVP-AgNPs. 
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Figure 8. AFM topographical images collected on 20 × 20 µm2 and 5 × 5 µm2 for pristine HPMC (a,a′), PVP (b,b′) and HPMC/PVP (c,c′) samples. 
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Figure 9. AFM topographical images collected on 20 × 20 µm2 and 5 × 5 µm2 for HPMC-AgNPs (a,a′), PVP-AgNPs (b,b′) and HPMC/PVP-AgNPs (c,c′) samples after incorporating Ag nanoparticles. 
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Figure 10. SEM images of the studied samples after incorporating Ag nanoparticles: HPMC-AgNPs (a), PVP-AgNPs (b) and HPMC/PVP-AgNPs (c) recorded with a magnification of 10,000×. 
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Figure 11. Sorption–desorption isotherms for studied materials: (a) HPMC and HPMC-AgNPs, (b) PVP and PVP-AgNPs, (c) HPMC/PVP and HPMC/PVP-AgNPs. 
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Figure 12. Antimicrobial activity expressed by the diameter of the inhibition zone, (d, mm) for studied materials against Escherichia coli (a) and Staphylococcus aureus (b) microorganisms. Pictures included represent the antimicrobial screening tests for evaluated materials. In each figure, the inhibition area on the right side was recorded for samples with embedded AgNPs. 
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Table 1. Flow behavior index, n, the consistency index, k, and the corresponding regression coefficients (r2), for HPMC/PVP systems at different mixing ratio (wt.%/wt.%).
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Systems

	
n

	
k

	
r2






	
100/0

	
1.001

	
1.746

	
0.999




	
95/5

	
0.991

	
0.847

	
0.999




	
90/10

	
0.988

	
0.637

	
0.999




	
85/15

	
0.965

	
0.577

	
0.999




	
80/20

	
0.960

	
0.545

	
0.999




	
75/25

	
0.959

	
0.455

	
0.997




	
70/30

	
0.926

	
0.343

	
0.998




	
0/100

	
0.295

	
0.039

	
0.993




	
0.663

	
0.014

	
0.993
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Table 2. Parameters obtained using the TEM and DLS methods on the silver nanoparticles from the studied polymer matrices: the mean particle size (nm) and the polydispersity index (PDI).
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Parameters

	
Sample




	
HPMC-AgNPs

	
PVP-AgNPs

	
70 HPMC/30 PVP-AgNPs






	
Particle size

	
TEM method




	
51.2 ± 1.8

	
20.4 ± 1.3

	
33.2 ± 1.6




	

	
DLS method




	
Z-average

	
53.09 ± 0.6

	
21.01 ± 0.3

	
36.60 ± 0.4




	
PDI

	
0.382

	
0.225

	
0.179
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Table 3. Texture roughness parameters: root mean square roughness, (Sq), surface bearing index (Sbi), surface core fluid retention index (Sci) collected on 20 × 20 µm2 and 5 × 5 µm2 AFM images for HPMC, PVP and HPMC/PVP samples before and after incorporating AgNPs.
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	Sample/Scanning Area
	Sq (nm)
	Sbi
	Sci





	HPMC
	
	
	



	20 × 20 µm2

5 × 5 µm2
	79.4

38.8
	0.304

0.257
	1.689

1.714



	PVP
	
	
	



	20 × 20 µm2

5 × 5 µm2
	0.8

0.4
	0.116

0.367
	1.441

1.500



	HPMC/PVP
	
	
	



	20 × 20 µm2

5 × 5 µm2
	82.1

23.3
	0.212

0.373
	1.673

1.736



	HPMC-AgNPs
	
	
	



	20 × 20 µm2

5 × 5 µm2
	6.3

6.0
	0.050

0.175
	1.231

1.381



	PVP-AgNPs
	
	
	



	20 × 20 µm2

5 × 5 µm2
	0.6

0.6
	0.086

0.151
	1.501

1.629



	HPMC/PVP-AgNPs
	
	
	



	20 × 20 µm2

5 × 5 µm2
	7.6

7.4
	0.148

0.578
	1.160

1.216
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Table 4. Surface parameters of the studied materials evaluated based on the sorption/desorption isotherms, water vapor sorption capacity, W, and specific surface area, A, evaluated using the BET method.






Table 4. Surface parameters of the studied materials evaluated based on the sorption/desorption isotherms, water vapor sorption capacity, W, and specific surface area, A, evaluated using the BET method.





	
Surface

	
W (%)

	
A (m2/g)




	
Silver Free

	
Silver Embedded

	
Silver Free

	
Silver Embedded






	
HPMC

	
20.78

	
24.40

	
363.02

	
272.54




	
PVP

	
31.14

	
31.74

	
453.74

	
295.65




	
70/30 HPMC/PVP

	
23.63

	
25.40

	
457.50

	
289.78
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