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Abstract

:

Polymer nanocomposites containing nanometals became a subject of interest due to their bactericidal properties. Different polysaccharides have been used as matrices for nanosilver and nanogold synthesis. In this study, we present a novel, environmentally friendly method for the preparation of sodium alginate/nanosilver/graphene oxide (GOX) and sodium alginate/nanogold/graphene oxide GOX nanocomposites and their characteristics. The formation of approximately 10–20 nm ball-shaped Ag and Au nanoparticles was confirmed by UV–vis spectroscopy, scanning electron microscopy (SEM) and Fourier transform infrared (FTIR) spectra. The incorporation of GOX sheets within the ALG matrix improved the thermal stability of the nanocomposites film, which was measured using the differential scanning calorimetry (DSC). We also estimated the molecular weights of polysaccharide chains of the matrix with the size exclusion chromatography coupled with multiangle laser light scattering and refractometric detectors (HPSEC-MALLS-RI). The composites were more prone to enzymatic hydrolysis. The strongest bacteriostatic activity was observed for the sample containing nanosilver.
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1. Introduction


Polysaccharides are a cheap, sustainable and renewable group of commonly available organic compounds. They are considered as attractive resources for obtaining several novel biodegradable materials, attractive for medicine, chemical and pharmaceutical industries or food technology. Natural polysaccharides are enjoying a growing interest for their spreading fields of potential applications [1].



For their chemical structure, polysaccharides can be readily modified by involving physical, physicochemical, chemical and enzymatic methods. Numerous studies confirm the bioactivity of polysaccharides, providing their applications in clinical practice, nutrition and dietetics [2]. Depending on their origin, polysaccharides exhibit antioxidative, immunomodulating, anti-inflammatory, antiviral (among others, HIV), antimutagenic, cancerostatic and anticlotting properties [3,4,5].



Sodium alginate is a linear polymer composed of D-mannuronic and L-guluronic acid blocks. It has been approved by the US Food and Drug Administration (FDA) for human use in certain biomedical applications [6]. As a polysaccharide hydrogel, it finds various applications in industry, for example, in biodegradable plastic packaging materials [7], medicine and biotechnology [8]. It is non-toxic, biodegradable, biocompatible and has a far lower cost than many other biopolymers. It is also renewable [9].



Recent studies recognized the applicability of various polysaccharides in the synthesis of inorganic nanoparticles [10,11,12]. Polysaccharides act as reducers and stabilizers—matrices, providing the formation of nanoparticles uniform in size and satisfying, in this manner, requirements for their practical applications [13]. Nanoparticles immobilized within such matrices exhibit all the demanded properties: functionality, barrier properties, transparency and other interesting features. Nanocomposites with such nanoparticles are biodegradable and environmentally benign. Thus, they enjoy numerous potential applications, such as in prophylaxis, therapy and agricultural production [14]. The most suitable polysaccharides in developing nanoparticles are: starch, cellulose, alginates, pectins, xanthan gum, cyclodextrins, chitosan [15], heparin [16], furcellaran [17] and hyaluronic acid [18,19,20].



The mechanical properties of the polysaccharide materials can be improved with some additives such as hydrophobic materials and plasticizers [21,22]. Inorganic compounds are alternative additives [23,24]. Some papers announce the use of graphene oxide for this purpose [25,26,27]. Graphene and its derivatives are monolayer carbon materials. Their unique bidimensional structure offers a large surface, adsorbing nucleic bases and aromatic compounds involving π–π interactions. Epoxy, hydroxyl and carboxylic groups facilitate their conjugation with biomolecules [28]. Erqun Song [29] has presented a novel nanohybrid of hyaluronic acid and graphene oxide for a device sensitive to pH changes of drug carriers. This hybrid successfully liberated cancerostatic doxorubicin. Recent studies have also investigated the antibacterial effect of graphene oxide occurring due to its interactions with bacterial cell membranes [30,31,32].



As with other nanoparticles, graphene exhibits a tendency to aggregation via the van der Waals interaction between graphene layers. This behavior limits graphene applications. The aggregation can be inhibited when metal nanoparticles are deposited on the graphene surface. Metal nanoparticles introduced onto the surface of the graphene prevent the aggregation and provide good photoconductivity and catalytic properties of the graphene/metal nanocomposites [33,34]. The good conductivity, strong ultraviolet–visible absorption ability and catalytic activity of silver nanoparticles are the reason for their popularity in many fields, such as electronic devices, biomarkers and antibacterial agents [35]. Recently, the interest around graphene/metal nanoparticle composites has been growing, especially in the fields of catalysis, supercapacitors, energy storage, biosensors, chemical sensors, solar cells, membrane and hydrogen storage [36]. The importance of complexity in the design of the composites is a result of the requirement of obtaining graphene as individual sheets.



In this study, we prepared foils containing nanogold/graphene (ALG/Au/GOX) and nanosilver/graphene (ALG/Ag/GOX) in a sodium alginate matrix and characterized their morphology, enzymatic susceptibility, physicochemical and microbiological properties.




2. Materials and Methods


2.1. Materials


Research-grade chemical reagents were used to prepare the nanocomposites, i.e., sodium alginate (Sigma-Aldrich, Poznan, Poland), glycerine (Sigma-Aldrich, 99.5%)—as an excipient (plasticizer)—AgNO3 (Sigma-Aldrich, Poznan, Poland, 99.99%), HAuCl4·H2O (Sigma-Aldrich, 99.9%), D-(+)-xylose (Sigma-Aldrich, 99%)—as a reducer—and deionized water.



For microbiological studies, the following media used were: Mannitol Salt Lab-Agar (named Chapman’s medium) (BIOMAXIMA, Lublin, Poland) and TSA (BIOMAXIMA, Lublin, Poland). Standard strains of bacteria from the ATCC collection purchased from LGC Standards (Poland) were used in the study, i.e., Staphylococcus capitis (ATTC 146), Staphylococcus equorum (ATTC 43958), Staphylococcus haemolyticus (ATTC 29970), Staphylococcus lentus (ATTC 29070), Staphylococcus succins (ATTC 7003), Staphylococcus vitulinus (ATTC 51145), Salmonella enteritidis (ATTC 13076), Escherichia coli (ATTC 25922) and three strains of Staphylococcus aureus (ATTC 25923, ATTC 29213, ATTC 33591).



Hydrolysis was performed using alginate lyase EC 4.2.2.3 (Sigma-Aldrich). Alginate lyase catalyzes the degradation of alginate by a β-elimination reaction. It cleaves the (1→4) bond between β-D-mannuronate and either α-L-guluronate or β-D-mannuronate, generating oligosaccharides with 4-deoxy-α-L-erythro-hex-4-enuronosyl groups at their non-reducing ends and β-D-mannuronate at the reducing end. Depending on the composition of the substrate, the enzyme produces oligosaccharides ranging from two to four residues, with preference for shorter products [37].




2.2. Obtaining Graphene Oxide (GOX)


Graphene oxide (GOX) was synthesized by the modified Hummers method [38]. Aqueous suspensions containing 0.1% of GOX in distilled water were prepared and treated with ultrasounds.




2.3. ALG Sample Preparation


A 4% sodium alginate solution was prepared by gelatinizing 4 g of sodium alginate (Sigma-Aldrich, Poznan, Poland) with 96 g of deionized water in a magnetic stirrer (Heidolph MR3002, Schwabach, Germany) with a connected thermostat (50 °C). After completion of the gelatinizing process, 2 g of glycerine (99.5%, Sigma-Aldrich, Poznan, Poland) was added as a plasticizer. Once a homogeneous and clear mixture was obtained, it was transferred quantitatively (35 g) to a Petri dish (two repetitions).



The prepared plates were left in an oven for 24 h at 40 °C. After this time, the dried samples were taken out and stored in a desiccator containing a solution of saturated magnesium nitrate at 20 °C which ensures a relative humidity of 65%, until the physicochemical and microbiological analyses were performed.




2.4. ALG/Au/GOX Sample Preparation


A 4% sodium alginate solution (Alg) was prepared by gelatinizing 4 g of sodium alginate (Sigma-Aldrich, Poznan, Poland) with 96 g of deionized water in a magnetic stirrer (Heidolph MR3002, Schwabach, Germany) with a connected thermostat (50 °C). After completion of the gelatinizing process, 2 g of glycerine (99.5%, Sigma-Aldrich, Poznan, Poland) was added as plasticizer.



An amount of 2.5 mL of 0.1% graphene oxide solution (GOX) was added to 100 mL of 4% Alg and placed in a mechanical stirrer (Heidolph RZR2020, Schwabach, Germany) for stirring. An amount of 0.75 mL of 0.02% HAuCl4 solution and 1.5 mL of 4% D-(+)-xylose were then added to the gel. The prepared mixture was placed in a water bath at 55 °C while stirring with a mechanical stirrer (Heidolph RZR2020, Schwabach, Germany). After this time, it was transferred to an ultrasonic bath (POLSONIC, Warsaw, Poland) for another 10 min. After the whole process was completed, the resulting bionanocomposite (4% ALG/Au/GOX) was transferred quantitatively (35.0 g) to a Petri dish (two repetitions).



The prepared plates were left in an oven for 24 h at 40 °C. After this time, the dried foil samples were taken out and stored in a desiccator containing a solution of saturated magnesium nitrate at 20 °C, which ensures a relative humidity of 65%, until the physicochemical and microbiological analyses were performed.




2.5. ALG/Ag/GOX Sample Preparation


A 4% sodium alginate solution (Alg) was prepared by gelatinizing 4 g of sodium alginate (Sigma-Aldrich, Poznan, Poland) with 96 g of deionized water in a magnetic stirrer (Heidolph MR3002, Schwabach, Germany) with a connected thermostat (50 °C). After completion of the gelatinizing process, 2 g of glycerine (99.5%, Sigma-Aldrich, Poznan, Poland) was added as plasticizer.



An amount of 2.5 mL of 0.1% graphene oxide solution (GOX) was added to 100 mL of 4% Alg and placed in a mechanical stirrer (Heidolph RZR2020, Schwabach, Germany) for stirring. The mixture was then placed in a water bath at 70 °C while stirring with a mechanical stirrer (Heidolph RZR2020, Schwabach, Germany). An amount of 0.3 mL of 0.1 M AgNO3 and 1.5 mL of 4% D-(+)-xylose were successively added to the gel. The temperature was reduced to 55 °C and the mixture was stirred for another 10 min. After this time, the mixture was transferred to an ultrasonic bath (POLSONIC, Warsaw, Poland) for another 10 min. After the whole process was completed, the resulting bionanocomposite (4%ALG/Ag/GOX) was transferred quantitatively (35 g) to a Petri dish (two repetitions).



The prepared plates were left in an oven for 24 h at 40 °C. After this time, the dried film samples were taken out and stored in a desiccator containing a solution of magnesium nitrate, which ensures humidity of 65%, until the physicochemical and microbiological analyses were performed.



The resulting flexible and transparent films are shown in Figure 1.




2.6. Scanning Electron Microscopy


The size and morphology of the as-prepared nanoparticles were recognized with a high resolution JEOL 7550 scanning electron microscope equipped with a Retractable Backscattered-Electron detector (RBEI).




2.7. FTIR-ATR Spectrophotometry


The FTIR–ATR spectra of the composites were recorded in the range of 4000–700 cm−1 using a MATTSON 3000 FT-IR (Madison, WI, USA) spectrophotometer. That instrument was equipped with a 30SPEC 30 Degree Reflectance adapter fitted with the MIRacle ATR accessory from PIKE Technologies Inc., Madison, WI, USA.




2.8. UV–Vis Absorption Spectrophotometry


The UV–vis absorption spectra of the composites were recorded using a Shimadzu 2101 scanning spectrophotometer in the range of 200–700 nm using 10 mL cells. The concentration of solution was 0.001 g/mL.




2.9. Wettability and Free Surface Energy Determination


Wettability on polysaccharide nanocomposites has always been a subject of considerable interest. Wettability experiments typically use the contact angle to characterize aqueous drops’ wetting capacity on a solid surface and judge their suitability for different applications. Wettability affects ink receptivity, coating, absorbency, adhesion, and frictional properties. However, due in part to the rough, porous, and water-swellable nature of bio-polymer materials, poor fits between various theories and contact angle data have been observed. Therefore, the more sophisticated measurement of the surface free energy of solids is necessary for better material characterization.



In our research, we used the Drop Shape Analyzer Kruss DSA100M optical contact angle measuring instrument (Hamburg, Germany, Gmbh). The detailed methodology of the contact angle experiments, as well as the surface free energy analysis, were presented in our previous paper [20]. We used the Owens–Wendt method [39], which is generally accepted as the best for polymer evaluation. An exact and detailed introduction to the Owens–Wendt method was presented by Rudawska and co-workers [40]. All measurements were performed in the special environmental cell at constant temperature conditions (22 ± 0.3 °C) and humidity. For each foil sample, more than three successive tests were carried out.




2.10. Differential Scanning Calorimetry


Differential scanning calorimetry (DSC) experiments were performed in a Mettler-Toledo 821e calorimeter equipped with an intracooler cooling system in 40 μL aluminum crucibles closed by a lid with a microhole under constant flow of argon or air (80 mL/min) within the temperature range of 25–500 °C with a heating rate equal to 10 °C/min.




2.11. Enzymatic Hydrolysis


Enzymatic hydrolysis of the films (0.1 g) was performed in a phosphate buffer with pH 7.0 (100 mL) using alginate lyase and 1.5 mL of enzyme solution (1 un/mL).



The mixtures were stirred (70 rpm) at 37 ± 1 °C for 5 h. During the reaction, at given time intervals, small amounts of the samples were removed, during which the enzyme was inactivated by 3,5-dinitrosalicylic acid (DNS) [41]. The concentration of oligosaccharides were determined according to Southgate (1991) [42] using a 2101PC, Shimadzu spectrophotometer set for k = 480–520 nm. D-Mannuronic acid sodium (Sigma-Aldrich) was the standard. Estimations were run in duplicate.




2.12. High Performance Size Exclusion Chromatography (HPSEC-MALLS-RI)


The samples of ALG and ALG/nanocomposite (100 mg) were dissolved in water (100 mL) and stirred afterwards for 12 h. Then, we used 0.8 mm cellulose acetate filters (Whatman, England) to filter the obtained solutions. The average molecular weight and radii of gyration were determined by a system consisting of a pump (Shimadzu 10AC, Tokyo, Japan), an injection valve (model 7021, Rheodyne, Palo Alto, CA, USA), a guard column TSK PWH (Tosoh Corporation, Tokyo, Japan), and two connected size exclusion columns TSKgel GMPWXL (300 × 7.8 mm, Tosoh Corporation, Tokyo, Japan) and TSKgel 2500 PWXL (300 × 7.8 mm, Tosoh Corporation, Tokyo, Japan). A multiangle laser light scattering detector (MALLS) operating in chromatographic mode using a He–Ne laser light source (630.0 nm) (Dawn-DSP-F, Wyatt Technology, Santa Barbara, CA, USA) and a differential refractive index detector (L-7490, Merck, Darmstadt, Germany) were connected to the columns. The columns were maintained at 30 °C. The 0.2 and 0.1 μm cellulose acetate filters (Whatman, England) were used to filter the mobile phase (0.15 M NaNO3 with 0.02% sodium azide). The flow rate of the mobile phase and the sample injection volume were 0.4 mL/min and 500 μL, respectively. The Astra 4.73.04 software (Wyatt Technology, Santa Barbara, CA, USA) was used to calculate the average molecular weight (Mw) and radius of gyration (Rg) from the output voltage of refractive index (RI) and light scattering (LS) at 18 angles.




2.13. Bacteriostatic Activity Assay


The bacteriostatic properties of the obtained bionanocomposites were verified by microbiological tests using bacterial strains from the ATCC collection.



After isolating the pure cultures of bacteria, they were used to prepare suspensions in 0.85% saline solution (NaCl), whose optical density was 0.5 on the McFarland scale. The density was measured using a densitometer. Then, using a sterile swab stick, bacterial suspensions were inoculated onto previously prepared and solidified plates (Ф = 90 mm) with an equal volume (16 mL) of two Chapman microbiological media and TSA. Bacterial suspensions in the amount of 200 µL were inoculated with turf onto respective media. Four discs with a diameter of 0.5 cm of a given bionanocomposite were applied with tweezers onto the prepared culture. The plates were incubated for 48 h at 40 °C in an oxygen atmosphere. After this time, the plates were removed from the incubator and the zones of growth inhibition were measured.





3. Results and Discussion


In order to confirm the presence of silver and gold nanoparticles, to determine their size and to show the arrangement of graphene inside the bionanocomposite, analysis was performed using a scanning electron microscope. Graphene oxide–sodium alginate nanocomposites containing Ag and Au nanoparticles are shown in Figure 2.



The surfaces of the obtained nanocomposites have a vesicular structure, which may be due to the fact that during nanoparticle generation, the alginate formed as nanocapsules with a size of about 20–50 nm (Figure 2B,F). During the measurement, due to the electron beam passing through the sample, numerous cracks were formed on the surface of the film (Figure 2C,G), allowing for the observation of the internal structure of the film. Figure 3 clearly shows that the internal structure of the film is porous; the resulting nanopores are most likely due to the presence of graphene oxide [43].



Using higher magnification in this method, we observe an alternating arrangement of graphene oxide sheets. By using secondary electron detection (in the COMPO system), the presence of nanogold and nanosilver in the whole structure of the obtained composites was proved (Figure 2D,H). The resulting silver nanostructures are characterized by different sizes; their sizes vary between 5–10 nm and 20–25 nm, while the average size of the obtained gold nanoparticles is about 10–20 nm. The obtained metal nanoparticles are in regular and spherical shapes.



Figure 4 shows the UV–vis absorption spectra of the control ALG sample and the ALG/Au/GOX and ALG/Ag/GOX nanocomposites, which show an absorption band at 540 nm for ALG/Au/GOX and between 380–550 nm for ALG/Ag/GOX. The results indicate the formation of Au and Ag nanoparticles [44]. The width of the peak band indicates that the formed nanoparticles are characterized by different sizes, which has already been confirmed by the scanning electron microscope (SEM) images.



The FTIR absorption spectra of pure GOX and the obtained bionanocomposites are shown in Figure 5. GOX displayed characteristic FTIR peaks corresponding to its oxygen functionalities, including the C=O stretching vibration peak at 1731 cm−1, the C-O (epoxy) stretching vibration peak at 1227 cm−1, the C-O (alkoxy) stretching vibration peak at 1065 cm−1, and the vibration and deformation peaks of O-H groups at 3412 cm−1 and 1627 cm−1, respectively. The characteristic spectrum of the sodium alginate biopolymer is composed of a broad band centered at approximately 3219 cm−1 that arises from the stretching of hydroxyl groups, low intensity bands at about 2934 cm−1 attributed to –CH2 groups, two peaks at 1597 cm−1 and 1404 cm−1 that come from the asymmetric and symmetric stretching modes, respectively, of carboxylate salt groups (-COONa), and a number of vibrations in the range 1100–1000 cm−1 assigned to the glycoside bonds in the polysaccharide (C-O-C stretching) [45]. The absence of significant changes in the shape of the obtained spectra indicates that the synthesis of nanometals did not cause structural changes in the alginate molecule. The decrease in the absorbance at 3219 cm−1, 2934 cm−1, 1597 cm−1 and 1401 cm−1 could be explained by different water content and various intermolecular interactions (e.g., hydrogen bonds) between polysaccharide molecules and GOX and indicate that there should be good miscibility between ALG and GOX [46]. The decrease in the absorbance could be explained by different water content and various intermolecular interactions between polysaccharide molecules and nanoparticles.



Size exclusion chromatography results are presented in Table 1. It shows an increase in the molecular weight in the samples containing nanoparticles. The highest increase was observed after the generation of Au nanoparticles. We could also notice an increase in the radii of gyration in both nanomaterial solutions compared to native ALG. This observation can be explained by interactions between sodium alginate, graphene oxide and nanometals.



The DSC charts presented in Figure 6 and Figure 7 show that as a result of heating, all samples release water which is observed in the first endo peaks. The ALG/Au/GOX and ALG/Ag/GOX samples have peaks shifting towards higher temperatures (maximum above 100 °C) relative to the reference sample (ALG) which indicates a higher water binding enthalpy. These samples bind more water and to a stronger extent than the sample with sodium alginate alone. Water in the nanosilver sample is bound more strongly than water in the nanogold sample. In contrast, the water content of the nanogold sample is slightly higher than that of the nanosilver sample. The strong endo effect at 195–196 °C for the ALG/Ag/GOX sample in air and argon indicates the rapid evaporation of water due to vesicle rupture. This indicates that the texture of this porous material is tight and has closed vesicles. The ALG/Au/GOX sample also shows a similar effect, but it is much smaller, which may indicate that the vesicles are much smaller due to the smaller size of the gold nanoparticles. The sample containing only sodium alginate does not have this endo peak. All samples are stable up to a temperature of about 200 °C.



The exo peak in the range of 205–215 °C comes from sodium alginate. The system obtains stabilization and releases energy which may be related to crosslinking. Above 215 °C, there are thermal effects, characteristic of the caramelization and carbonization of polysaccharides.



The results of the wettability of the samples and the surface free energy are presented in Table 2. As can be seen, the wettability of the samples differs slightly after adding silver or gold nanoparticles. However, the difference between the samples is not that big. Only the ALG/Ag/GOX film shows slightly greater hydrophobic properties than the original reference ALG alginate film. The surface free energy analysis confirms the initial assumptions of the wettability research. In foil containing silver, the dispersion energy is lower than in foil without any additives (or in foil with gold). The obtained results also correlate with the DSC results.



The two-step hydrolysis reaction of materials by alginate lyase is a zero-order reaction, where v = k (curves depicting oligosaccharides vs. reaction time are linear (Figure 8)). The reaction rate constants of each step were determined by a graphical method (linear regression) [47]. The inverse value of the line slope coefficient equals the value of the reaction rate constant (Table 3).



The reaction efficiency (Table 3) of hydrolysis was calculated using Equation (1):


W = (GD/GT)∙100%



(1)




where W denotes the reaction efficiency, GD is the amount of oligosaccharides received in the reaction, and GT is the theoretical amount of oligosaccharides resulting from the reaction equation.



The literature reports on the bactericidal and bacteriostatic effects of graphene [48], so for microbiological tests, another control sample—ALG/GOX—was prepared analogously to the previous ones, but without generating nanoparticles.



The inhibition of the growth of Escherichia coli occurs in all composites tested (Figure 9). In the case of ALG, this is the smallest inhibition at 13 mm. The ALG/GOX composite (14 mm) inhibits E. coli growth at a similar level as the ALG/Au/GOX nanocomposite (16 mm). The highest inhibition of bacterial growth is observed under the influence of ALG/Ag/GOX (27 mm).



For the other bacteria analyzed, no zones of growth inhibition were demonstrated under the influence of ALG, ALG/GOX and ALG/Au/GOX.



It was demonstrated that nanosilver has a much greater antimicrobial effect than ionic silver. One of the pathways of antimicrobial action of nanosilver is its ability to release silver ions, which can interact with bacterial cell walls, their plasma membranes, proteins, ribosomes or bacterial DNA [49,50,51,52,53]. The bacterial cell wall consists of a peptidoglycan, which contains receptors and enzymes responsible for bacterial cell respiration. The binding of thiol proteins with silver causes their abnormal folding and denaturation. This results in the inactivation of key enzyme proteins including respiratory chain proteins. This results in cell death due to oxidative stress [54,55,56]. Another pathway of action of nanosilver is the accumulation of particles in battery sheaths. This leads to the formation of pores with irregular edges, which disrupts the ion transport process, causes membrane de-energization and, consequently, cell death. Nucleic acids of bacterial cells contain phosphorus and sulfur, which has affinity for nanosilver, which is a chemically weak acid. The binding of nanoparticles to DNA results in the inhibition of DNA replication, or its complete destruction. As a result of the reaction of nanosilver with the protein S6 from the 30S ribosomal subunit, the translation process may be disturbed. This results from the inhibition of membrane protein biosynthesis and heat shock, and the cells are deprived of protection against oxidative stress damage [57].



In all samples, a zone of microbial growth inhibition of similar size was observed only for E. coli. This inhibition may be due to the formation of an alkaline environment, for which bacteria in the genus Staphylococcus, in which no zone of growth inhibition is observed, have a higher tolerance. The absence of growth inhibition zones in the case of the alginate–graphene composite may be due to the presence of polymer. The polymer chains surrounding the graphene sheets round off their sharp edges. The mechanism of graphene’s bactericidal action is directly related to the sharp edges of the sheets, which cause the mechanical destruction of cell membranes. Thus, smoothing the edges leads to the deactivation of the antimicrobial action [58]. The zone of growth inhibition for Escherichia coli when exposed to nanogold may also result from the impairment of proteins, lipids and nucleic acids present in bacterial cell membranes [59,60]. The absence of inhibition zones for microbial growth after 48 h of incubation in the case of nanogold is not a result that excludes its antimicrobial activity. The antimicrobial properties of nanometals are influenced by their shape, size or surface-to-volume ratio. It also depends on the diffusion mechanisms in the growth media. One of the described ways of the influence of nanometals on microorganisms is the ion release—the lower activity of nanogold can be caused by the slower ion release compared to nanosilver [61,62,63]. It seems reasonable to continue microbiological studies over longer incubation periods or increased nanogold concentrations [60].




4. Conclusions


The results of our study show that the synthesis of silver and gold nanoparticles can be successfully performed with environmentally friendly methods, using sodium alginate as a stabilizing template. Gold nanocrystals provided in sodium alginate matrices are uniform in size and shape and exhibited the lowest polydispersity. In addition, SEM evidenced a uniform distribution of GOX sheets within ALG matrix. FT-IR and size exclusion chromatography results suggested that GOX sheets, containing abundant functional groups on the surface, form an interaction with the sodium alginate matrix. The incorporation of GOX sheets within the ALG matrix has a beneficial effect on the thermal stability of nanocomposite films. Nanocomposites exhibited an increased enzymatic hydrolysis rate constant—the obtained films underwent the hydrolysis reaction faster and hydrolyzed to a greater extent than the alginate itself. Prepared composite containing silver nanocomposites exhibited slightly greater hydrophobic properties, lower dispersion and surface free energy, and bacteriostatic activity against tested microorganisms. The obtained foils, due to the described properties caused by the presence of nanoparticles, are expected to be successfully used in various branches of industry (for example in food packaging, drug delivery, tissue engineering). The higher susceptibility to hydrolysis suggests that their biodegradation would occur faster, and the foils would cause less harm to the environment.
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Figure 1. Obtained foils put on their printed names. 






Figure 1. Obtained foils put on their printed names.



[image: Applsci 11 03857 g001]







[image: Applsci 11 03857 g002 550] 





Figure 2. (A–D) SEM micrographs of ALG/Ag/GOX foils taken at different magnifications, 25,000×, 200,000×, 200,000×, 100,000×, respectively. (E–H) SEM micrographs of ALG/Au/GOX foils taken at different magnifications, 20,000×, 200,000×, 200,000×, 100,000×, respectively. 
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Figure 3. SEM micrograph taken at 150,000 magnification: ALG/Ag/GOX foil. 
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Figure 4. UV–vis spectra of ALG (black line), ALG/Au/GOX (red line) and ALG/Ag/GOX (blue line). 
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Figure 5. FTIR spectra of ALG (black line), ALG/Au/GOX (red line), ALG/Ag/GOX (blue line) and GOX (green line). 
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Figure 6. DSC chart in argon: ALG (black line), ALG/Ag/GOX (blue line), ALG/Au/GOX (red line). 
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Figure 7. DSC chart in air: ALG (black line), ALG/Ag/GOX (blue line), ALG/Au/GOX (red line). 
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Figure 8. Graph showing the relationship between the reaction time and reducing sugar concentration of: ALG (black line), ALG/Ag/GOX (blue line), ALG/Au/GOX (red line). 
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Figure 9. Growth inhibition zones for bacteria Staphylococcus capitis (S.C), Staphylococcus equorum (S.E), Staphylococcus haemolyticus (S.H), Staphylococcus lentus (S.L), Staphylococcus succins (S.S), Staphylococcus vitulinus (S.V), Staphylococcus aureus 1 (S.A), Staphylococcus aureus 2 (S.A2), Staphylococcus aureus 3 (S.A3), Salmonella enteritidis (S.EN), Escherichia coli (E.C). 
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Table 1. The average molecular weight (Mw) and radius of gyration (Rg) of ALG, ALG/Au/GOX and ALG/Ag/GOX.
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	Sample
	Mw (Da)
	Rg (nm)





	ALG
	1.565 × 105
	43.9



	ALG/Au/GOX
	3.878 × 105
	59.3



	ALG/Ag/GOX
	3.496 × 105
	56.2
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Table 2. The wettability and surface free energy of studied foil samples: ALG, ALG/Au/GOX and ALG/Ag/GOX.
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Sample

	
Contact Angle

	
Surface Free Energy






	

	
Water

	
Diiodomethane

	
Polar

(mJ/m2)

	
Dispersive

(mJ/m2)

	
Total free energy (mJ/m2)




	
ALG

	
36.95

	
52.8

	
22.80

	
36.74

	
59.54




	
ALG/Au/GOX

	
39.8

	
56

	
21.30

	
35.98

	
57.28




	
ALG/Ag/GOX

	
46.95

	
56.15

	
22.34

	
30.10

	
52.44
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Table 3. Values of rate constants (k) and hydrolysis yields (W).
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	Sample
	k1 × 10−2

(mg∙mL−1∙min−1)
	k1 × 10−4

(mg∙mL−1∙min−1)
	W (%)





	ALG
	0.8 ± 0.1
	3.95 ± 0.09
	58.0



	ALG/Ag/GOX
	1.1 ± 0.2
	8.2 ± 0.1
	38.1



	ALG/Au/GOX
	1.6 ± 0.2
	12.4 ± 0.3
	23.0
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