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Abstract:



Silver nanoparticles (Ag NP) have been attracted much attention in recent years in biomedical applications due to their antimicrobial activity, but their drawbacks include toxicity and instability to aqueous hydrochloric acid solutions. Ag NPs have now been successfully prepared by a simple and “green” synthesis method by reducing Ag+ ions in the presence of modified poly(vinyl alcohol) thiol (PVA-SH) in aqueous acidic solution. In this respect, Ag NPs were stabilized by coating different types of citrate-reduced Ag NPs with different weight ratios (1–3 Wt. %) of PVSH derivatives. The as-prepared Ag NPs were characterized using UV-Visible, high resolution transmission electron microscopy/ energy dispersive X-ray spectroscopy (TEM/EDS), dynamic light scattering (DLS) and X-ray powder diffraction (XRD) combined with Rietveld analysis. The changes in size, shape, and hydrodynamic diameter of Ag NPs after different duration exposure to synthetic stomach fluid (SSF) and1 M HCl were determined using TEM, XRD and UV-Visible analyses. The data indicated that these Ag NPs possessed high stability to SSF for more than 90 days, which was not previously reported in the literature.
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1. Introduction


Production of advanced materials from nanomaterials is the main goal of nanotechnology. Silver nanoparticles (Ag NPs) have attracted tremendous interest due to their applications in bio-sensing [1], their antimicrobial activity [2] and use in biomedical treatments [3]. Ag NPs are typically prepared by reducing silver ions using toxic reducing agents, organic solvents, or non-biodegradable stabilizing agents, which makes them therefore potentially dangerous to the environment and biological systems [4]. The absorption of ingested colloidal silver has been examined in humans [5,6], but neither the absorbed form of silver (e.g., Ag NP, Ag+) nor the physical and chemical characteristics of the silver colloid during transit through the gastrointestinal tract were estimated [7]. Some data on the fate and effects of ingested Ag NPs have been discussed in other species. Intravenous administration or ingestion of very high doses of colloidal silver in rats results in organ failure and animal death [8,9]. Although such studies are useful, they may not fully account for the physiological differences between humans and rodents such as the fact that the pH of gastric fluid differs markedly between humans (pH 1.5) and mice (pH 3) [10,11]. This approach may be especially germane since both the synthetic methods and the mode of surface stabilization affect the dependence of surface charge and aggregation behavior of Ag NPs on pH and the ionic environment [12].



A literature survey indicated the advantages and limitations of the different methods of preparation of nanocomposite materials. In this respect, the green synthesis of metal nanocomposites has attracted great attention to develop new environmentally friendly technologies for materials science. The biosynthesis of nanoparticles has been proposed as a cost effective environmental friendly alternative to chemical and physical methods. There have been several attempts to prepare Ag NPs using plants [13], aqueous sorghum bran extracts [14] and microorganisms [15] as reducing agent. Well-dispersed and ultrafine metal nanoparticles, based on transition metals, have attracted great attention because of their superior thermodynamic and physicochemical properties. Pillai and Kamat [16] investigated the factors that controlled the size and shape of Ag NPs produced by the citrate reduction method but they did not solve the environmental stability problems. Cheng et al. [17] examined the effect of sunlight on the stability and toxicity of 6 and 25 nm Ag NPs coated with gum Arabic and PVP. They reported that, under sunlight irradiation, all of these nanoparticles irreversibly aggregated into clumps of different degrees depending on the surface coating. A widely used approach has been to attach ligands (either small molecules or polymers) to the nanoparticle surface. Moreover, a vast number of nanoparticle-ligand systems has been reported to prepare environmental stabilized Ag NPs, based on various groups that are capable of binding to metal surfaces: phosphonic acid [18], aminocellulose as a combined reducing and capping reagent [19], a bespoke multidentate polymer with multiple surface-seeking groups and hydroxyl functionalities decorating their side-chains [20], chitosan [21], cysteine [22], amine-terminated generation poly(amidoamine) dendrimers [23] and PAA [24]. Useful coatings for biomedical application and delivery of Ag NPs, [25,26,27,28,29] based on glutathione, thiols, disulfides, thioethers, thioesters, thiocarbonates, and thiocarbamates are used in the preparation of metal nanoparticles. Because the bioavailability of ingested Ag NPs will likely depend on the aggregation state and chemical properties of the particles after modification in the acidic environment of the stomach, the primary objective of this preliminary study was to prepare in good yield highly stabilized, monodispersed, Ag NPs capped with modified PVA. A promising alternative method to prepare highly dispersed silver nanomaterials is the production of nanocomposites from highly dispersed self-assembled silver nanoparticles. In this respect, the OH groups of PVA were converted to SH groups to enhance the reduction efficiency of the citrate reducing agent used and to increase the yield of the Ag NPs. A study of the stability of the prepared Ag NPs in aqueous HCl solution and synthetic stomach fluid was another goal of the present work.




2. Results and Discussion


The goal of the present work was to develop a new sustainable synthetic method that combines many of the desired features for silver composite nanoparticles to overcome the limitations of the reported methods to prepare silver nanomaterials such as the use of hazardous materials in their synthesis and purification. In any green synthesis of nanoparticles, there are three green chemistry principles that should be investigated: (i) use of a green solvent such as water; (ii) choice of an eco-friendly and benign reducing agent; and (iii) choice of a nontoxic material such as PVP or PVA as a stabilizer. To date, most of the published methods to prepare nanomaterials are based on using organic materials due to the hydrophobicity of the stabilizing agents used, such as natural polymers.



The stability of the Ag NPs to the environment, polydispersity and low yield are the major disadvantages of these methods [30,31]. Novel electrochemical and chemical methods developed to prepare nontoxic Ag NPs capped either with surfactants, poly (vinyl alcohol) (PVA), poly (acrylic acid) (PAA) and poly (vinyl pyrrolidone) (PVP) as capping agents have been reported [32,33,34]. Using a polymer as a matrix for preparing metallic nanoparticles, the repeat unit of the polymer should have polar functional group to chelate with the metallic nanomaterials. The advantages of these methods are the preparation of Ag NPs with high purity and the possibility of a precise particle size control achieved by adjusting the current density or applied potential. However, the instability of the prepared capped Ag NPs to environmental conditions such as sunlight, chemical reagents, pH and the increased toxicity due to slow dissolution releasing silver ions during storage are still unsolved problems [35]. The present work applied a new method to prepare a polymer thiol self-assembly to form monolayers on silver surfaces by the spontaneous assembly of organic modified polymer molecules on core-shell substrates. Two main routes are usually followed to produce thiol-capped Ag NPs. The first one consists in the synthesis of NPs in the presence of the desired coating agents. This method has a drawback in that the presence of the coating agents often influences the synthetic procedure and produces NPs with variable dimensions depending on the concentration and nature of the coating agents [36] and on the reaction conditions [2]. The alternative method consists of the post-functionalization of previously synthesized NPs with the desired and controlled dimensions and shapes. This path is preferred when the desired surface properties need to be correlated to specific size and shape features. The main objective of the present work was to develop a simple and low cost efficient route to obtain thiol derivatives of poly(vinyl alcohol) for use as a stabilizing agent for silver ions and as efficient dispersants for silver zero-valent (Ag) nanoparticles. It was expected that the proposed synthetic route would allow the control of size, yields, and chemical stability of the resulting Ag NPs. The mechanism of the synthesis is based on the reduction of silver nitrate solution in the presence of organic modified thiol derivatives of poly(vinyl alcohol) (PVA-SH) as described in Scheme 1.
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Scheme 1. Reduction of AgNO3 in the presence of PVA-SH and sodium citrate solution. 






Scheme 1. Reduction of AgNO3 in the presence of PVA-SH and sodium citrate solution.
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Ag(I)NO3 is coated by thiols to yield a (Ag PVA-SH) polymer. Aqueous Na3C6H5O7 is added to reduce the Ag PVA-SH, and the Agx(PVA-S)y nanoparticles are formed. The formation of self-assembled silver nanoparticles is illustrated in Scheme 2.
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Scheme 2. Preparation of self-assembled Ag NPS in the presence of PVA-SH. 






Scheme 2. Preparation of self-assembled Ag NPS in the presence of PVA-SH.
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A coating procedure that allows for the stabilization of Ag NPs with biological capping agents featuring thiol moieties like glutathione (GSH) and cysteine (CYS) was previously reported [25,37]. The data showed that the molar composition of the capped colloids was in Ag1.00GSH0.03 and Ag1.00CYS0.09 [25]. Furthermore, it was found that GSH-coated Ag NPs were soluble at pH 7 in highly saline media, and could be used for antibacterial purposes [37].



2.1. Chemical Structure of PVA-SH


It was previously reported that the toxicity of gold nanocluster was eliminated using of thiolate ligand based on polyethylene glycol thiolate [38]. Moreover it is well known that PVA is a nontoxic green polymer. In this respect, the chemical structure of PVA will be modified to thiolate to use as capping agent to reduce the toxicity of the silver nanoparticles. It is well known that the chemical structure of the thiols used to cap the silver nanoparticles plays an important role for preparing monodisperse nanoparticles with controlled shapes and size suitable for biological applications. The present work aims to modify the chemical structure of PVA to convert the hydroxyl groups to thiol groups (PVA-SH). The reaction procedure is illustrated in Scheme 3.
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Scheme 3. Synthesis of PVA-SH. 






Scheme 3. Synthesis of PVA-SH.
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The chemical structure of PVA-SH was confirmed by IR and 1H-NMR spectroscopy as illustrated in Figure 1 and Figure 2.


Figure 1. FTIR spectra of (a) PVA and (b) PVA-SH.
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Figure 2. .1H-NMR Spectra of (a) PVA and (b) PVA-SH.
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The IR spectrum of PVA-SH (Figure 1) indicated the appearance of new band at 2500 cm−1 (SH stretching) besides a strong absorption at 3500 cm−1 (OH-stretching band). This result indicated that the hydroxyl groups of PVA were not completely converted to thiols. 1H-NMR analysis was used to confirm the chemical structure of PVA-SH and to determine the % of conversion of OH groups to SH groups. The signals at 4.5, 3.8, 2.5 ppm 1.45 ppm and 1.33 ppm (Figure 2a) were assigned to CH-OCO attached to the vinyl acetate of PVA, CH protons (attached to OH groups), OH, backbone methylene and COCH3, respectively. These peaks appeared in spectrum of PVA-SH, Figure 2b, where moreover, new peaks appeared at 2.29 and 5.4 ppm which were attributed to CH2-S and SH, respectively. The % of OH conversion of PVA to CH2SH was estimated by comparing the integration signal ratios between the OH proton at 2.5 ppm and the SH proton at 5.4 ppm. The data indicated that approximately of 40% of the OH groups were converted to SH groups.




2.2. Acid Stability of Citrate Ag NPs


In humans, the bioavailability of ingested Ag NPs will likely depend on a number of factors including particle size distribution, shape, stabilizer use, and any transformation processes that occur during transit through the gastrointestinal tract. The bioavailability of Ag from these Ag-containing materials will also depend on the interactions between this mixture of Ag‐containing species and the absorptive surfaces of the gastrointestinal tract [39]. The aggregation of Ag NPs leads to inhibition of the bioactivity of silver nanoparticles. Hence, ingested Ag NPs may be aggregated or converted to AgCl when reacted with SSF. In this respect, the reactivity of Ag Nps towards SSF was investigated at three different molar concentrations of aqueous HCl (0.1, 0.5 and 1 M) in the presence of 0.4 M of glycine at 1 h time intervals. Several characteristic methods were used to elucidate the formation of the silver nanoparticles such as TEM or UV-Vis analyses. A set of TEM images, and UV-Vis absorption spectra of the dispersed citrate Ag NPs in water is presented in Figure 3.


Figure 3. Set of images for silver nanoparticles: (a) TEM image of the citrate AgNP and (b) its UV-Vis absorption spectrum.
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As can be seen from this figure, these nanoparticles are relatively monodisperse in size. The average particle size of the Ag NPs is 6 nm. The formation of Ag Nps is also evident from the UV-Vis absorption spectra (Figure 4b) exhibiting a relatively intense surface plasmon resonance (SPR) at 405 nm.


Figure 4. Citrate Ag NPs (a) digital photo (b) their UV-Vis absorption spectra at timed intervals in 0.1 M HCl.
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Figure 4 shows a set of digital images of the suspensions and the UV-Vis absorption spectra of Ag NPs under 0.1 M HCl conditions. A comparison of these digital images indicates that the 0.1 M HCl affected the stability of citrate Ag NPs that gradually changed the color from yellow to green to turbid white and precipitated to the bottom of the vial. On the other hand, the stability data of citrate Ag NPs can be also supported by the UV-Vis absorption spectra which were acquired over time (Figure 4b).





The intensity of all the SPR peaks decreased as the time of exposure of the citrate-stabilized nanoparticles to 0.1 M HCl increased, which indicates the aggregations of Ag-NPs increased under 0.1 M aqueous HCl conditions. The SPR peak of citrate Ag NPs disappeared completely after 90 min. The decrease might be caused by the gradual increase in average particle diameter due to the Ostwald ripening process.



The spectrum of the citrate Ag NPs in 0.1 M HCl is red shifted and broadened compared with the spectrum of colloidal solution in distilled water. This observation indicated that the Ag NPs in 0.1 M HCl undergo agglomeration to bigger particles or implied that a thin layer of silver oxide (Ag2O) formed on the surface of silver nanoparticles [40]. The shoulder peak around 420 nm was indicative of the presence of Ag NPs without Ag2O layers, and the absorption band at ca. 450 nm suggested the existence of Ag/Ag2O core-shell structures. The intensity of the peak implied the amount of the corresponding structure in the sample, and the thickness of Ag2O layers on the Ag surface could be inferred from the position of the absorption band at ca. 450–470 nm. The formation of Ag/Ag2O core-shell or aggregation of citrate Ag NPs in acidic condition was examined by XRD analysis.





The XRD patterns of citrate Ag NPs before and after dispersion in 0.1 M HCl are presented in Figure 5. The XRD pattern of citrate Ag NPs in 0.1 M HCl (Figure 5b) suggested that the formation of silver oxide and silver chloride particles. The structure is cubic shape, which is in good agreement with the reported data of AgCl [41]. The broadening of peaks indicates the very small sizes of Ag crystallites. The formation of metallic silver nanoparticles crystallized in the face centered cubic (fcc) structure appeared in citrate Ag NPs before dispersion in 0.1 M HCl (Figure 5a) [9,41]. Using the Scherrer formula D = nλ/β cos θ, where D is the crystallite size, n is a constant (0.9 assuming that the particles are spherical), λ is the wavelength of the X-ray radiation, β is the line width (obtained after correction for the instrumental broadening) and θ is the angle of diffraction we have calculated the crystal-lite size of the Ag2O particles. The average particle size obtained from XRD data is found to be changed from 10 nm to 27.90 nm.


Figure 5. XRD patterns of citrate AgNP (a) before dispersion in 0.1 M HCl and (b) after dispersion in 0.1 M HCl for 40 min.
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2.3. Stability of Ag/PVA-SH NPs to SSF


A recent study that administered Ag NPs orally in rats for 28 days evidenced hepatotoxicity (evidenced the formation of serum cholesterol and alkaline phosphatase enzyme) [42]. No physiological differences between humans and rodents were reported, although it was previously reported that the pH of gastric fluids was 1.5 in human and 3 in the mouse [10,11]. In this respect, it will be highly effective to investigate the particle alterations in an in vitro system that more closely resembles the human stomach than the mouse stomach. The present work used synthetic stomach fluid (SSF) to investigate the physical and chemical changes of the silver nanoparticles. SSF was prepared from deionized water, glycine (0.4 M), and HCl (0.42 M) to control the pH at 1.5. There are two protection mechanisms used to investigate the stability of aqueous solutions of Ag NPs. The first mechanism is based on the balance between attractive and repulsive forces of the nanoparticles which controlls the thickness of the adsorbed layer, which is, in the case of polymers, dependent not only on the chain length but also on the adsorption mode. The second mechanism of the dispersion system stabilization is based on electrostatic repulsion. In this respect, PVA-SH groups are bonded stronger on the Ag NPs’ surface through the sulfur atom as described in Scheme 2. The Ag NPs used in this study were citrate Ag NPs, and Ag NPs coated with PVA-SH used to investigate the reactivity of Ag NPs toward HCl solutions. They were freshly prepared and purified with an ultracentrifuge as described in the Experimental Section. The yield % data for the formation of Ag NPs in the absence and presence of PVA-SH 0.5, 1, 2, 3 (Wt. %) was 55, 65, 80 and 95%, respectively. These data indicated that the productivity for production of Ag NPs increased with the increment of PVA-SH.



The reactivity of Ag Nps towards SSF was investigated from 1 h to 90 days exposure time intervals. The stability of dispersed Ag Nps/PVA-SH in 1 M HCl and 0.4 M of glycine was estimated using TEM, particle size distribution and UV spectroscopy for 90 days. UV-Vis absorption spectra of Ag NPs/PVA-SH at interval times were selected and are presented in Figure 5.



Figure 6a is a set of the UV-Vis absorption spectra which were acquired over time under 0.5 M aqueous HCl and 0.4 M glycine conditions. The absorption peak of Ag NPs at 405 nm decreased without a blue or red shift and its broadness increased after 1 h, perhaps caused by a gradual increase in the average particle diameter due to the Ostwald ripening process. However, the coating on the NPs clearly has a strong effect on their stability. The preservation of the nano-dimensional character of the system modified by Ag/PVA-SH, with limited particle interactions, is also evident from the UV-Vis absorption spectra (Figure 6) exhibiting a relatively intense surface plasmon peak at 405 nm. Figure 5 shows the high stability of silver-PVA-SH, even up to 90 days. The stability of coated Ag NPs in 1 M HCl was investigated and presented in Figure 5b. The data indicated that the stability decreased with increasing concentration of HCl. The data indicated that Ag/PVA-SH nanoparticles are stable for 7 days in 1 M HCl and 0.4 M glycine aqueous solution.


Figure 6. UV-Vis absorption spectra of Ag/PVA-SH at interval times in (a) SSF (0.5 M and 0.4 M glycine) and (b) 1 M HCl and 0.4 M glycine.
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The particle size distribution of Ag NPs/PVA-SH in the presence of 1 M HCl and 0.4 M of glycine was estimated using dynamic light scattering (DLS) to evaluate the variation in particle size distribution up to 1 week. Figure 7 shows that the particle size of the Ag NPs/PVA-SH ranged between 5 and 20 nm.


Figure 7. Particle size distribution of Ag/PVA-SH in 1 M HCl and 0.4 M of glycine at interval times (a) 1 h, (b) 24 h and (c) 7 days.
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The particle size changed to be uniform and between 8–12 nm after 24 h 1 M HCl exposure (Figure 7b). The particle size distribution increased after exposure to 1 M HCl for 7 days (Figure 7c). The data indicated that the polydispersity of PVA-SH silver nanoparticles changed by aggregation after exposure to aqueous solution of 1 M HCl and 0.4 M of glycine for 7 days. The particle size diameter increased to be 15–30 nm.



TEM data illustrated in Figures 8a–c indicates the same results as DLS. The average particle size of the Ag NPs changed from 6 nm to 25 nm. The aggregation of citrate-stabilized nanoparticles was observed after exposure of 0.1 M HCl for 20 min (Figure 7d).


Figure 8. TEM image of Ag NP (a) coated with PVA-SH, after exposure to 1 M HCl and 0.4 M of glycine (b) for 1 week, (c) for 3 months and (d) citrate Ag NP after exposure to 0.1 M HCl for 1 h.
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TEM microphotographs of the Ag NPs/PVA-SH synthesized with different amounts of PVA-SH were represented in Figure 9.


Figure 9. TEM micrographs of Ag NPs prepared with different amounts of PVA-SH (a) 0.5, (b) 1, (c) 2 and (d) 3 (Wt. %).
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As can be seen from this figure, Ag NPs/PVA-SH the formation of monodisperse Ag NPs is affected by PVA-SH content. The amount of PVA-SH had a notable effect on the particle size and PSDs of the Ag/PVA-SH. It was also observed that the encapsulation of the Ag NPs in PVA-SH was successful, even at low concentration (0.5 Wt. %). The numbers of Ag NPs encapsulated inside each particle are not the same. The average diameters and PDIs and PSDs of the different Ag NPs/PVA-SH compounds synthesized are listed in Table 1 and shown in Figure 10, respectively.


Figure 10. Particle size distribution of Ag NPs prepared with different amounts of PVA-SH (a) 0.5, (b) 1, (c) 2 and (d) 3 (Wt. %).
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Table 1. Average particle size diameters and polydispersity indices (PDI) obtained from the particle size distribution based on TEM of the Ag NP capped with PVA-SH.







	
Sample

	
dn (nm)

	
dw (nm)

	
dv (nm)

	
PDI






	
Ag/PVA-SH 0.5

	
4.1

	
7.9

	
5.15

	
1.920




	
Ag/PVA-SH 1

	
15.1

	
25.5

	
17.3

	
1.686




	
Ag/PVA-SH 2

	
10.9

	
16.2

	
12.3

	
1.476




	
Ag/PVA-SH 3

	
7.7

	
8.3

	
7.9

	
1.081














Careful inspection of data indicated that particle sizes and PDIs decreased, and PSDs became narrower when the amount of PVA-SH increased up to 3%. Moreover, the PSD of Ag Nps/PVA-SH 3 was relatively narrow, and its PDI (1.081) was close to monodispersity in size (PDI < 1.05). However, at 0.5 (Wt. %) of PVA-SH, the particle size of the Ag Nps/PVA-SH decreased, but the PSD was 1.920 and very broad (PDI), presenting a clear bimodality. This can be attributed to the generation of a high amount of Ag NPs which encapsulated in small amount of PVA-SH by the homogeneous nucleation mechanism. The distribution of Ag NPs inside PVA-SH particles is an important factor, which can influence the chemical stability of particles. As can be seen in the micrographs illustrated in Figure 8, in all the synthesized Ag Nps/PVA-SH the Ag NPs are mainly in the core of the PVA-SH particles.



The DLS data indicate that the average particle sizes obtained using this technique are much larger than those obtained using TEM. This is because even in the absence of any external magnetic field, the magnetostatic (magnetic dipole–dipole) interactions between the particles can cause their agglomeration. It has been determined experimentally [43], as well as from Monte Carlo simulations, that the particles form closed rings and long open loops with no particular spatial orientation due to magnetostatic interactions in the absence of any external magnetic field, and form long chains parallel to the applied field in the presence of an external field. The chains or loops have a lower diffusion coefficient than single particles. The equivalent sphere diameter measured using light scattering is greater than the elementary particle size as revealed from other techniques (such as XRD and TEM). The agglomerated ring and loop structures are not seen in TEM imaging, possibly because they are disturbed due to the drying forces present during TEM sample preparation. Moreover, DLS investigates the hydrodynamic diameter of the particles in solution which is based on the Brownian motion of the particles in the water. The hydrodynamic diameter of a particle in a specific solvent is dependent on the temperature, viscosity, and the translational diffusion coefficient of the particles. However, the hydrodynamic diameter measures all molecular size included stabilizer and hydration layer of water molecules.



XRD shows that the product prepared consisted of metallic Ag with a cubic structure. The broadening of peaks indicates very small sizes of Ag crystallites. X-ray diffraction patterns for Ag Nps/PVA-SH3 coated, before and after exposure to 1 M HCl, were presented in Figure 11.


Figure 11. XRD patterns of AgNP coated with PVASH after exposure to 1 M HCl and 0.4 M of glycine after (a) 1 week, (b) 1 month and (c) 3 months.
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The data showed that the bulk structure of the compositions contained a polymeric amorphous phase, evident in WAXS profiles by two diffusive overlapped maxima at (2-theta) 15.8 and 21.8, and crystalline Ag nanoparticles, that was confirmed by characteristic crystalline peaks of silver (111) at (2-theta) 38.8. The appearance of these peaks indicated the formation of crystalline Ag nanoparticles with a tetragonal face-centered cubic lattice [44]. The data indicated that the present work succeeded in producing highly stable silver nanoparticles in 1 M HCl which have not been reported elsewhere in the literature. Moreover, this data indicated that the prepared Ag Nps/PVA-SH can be applied in the field of medical engineering and bio-analytical applications for the detection of proteins because their high resistance to SSF.





3. Experimental Section


3.1. Materials


Silver nitrate, trisodium citrate, poly(vinyl alcohol) (PVA, molecular weight 80,000 g mol−1 and 88% degree of hydrolysis) p-toluenesulfonyl chloride; triethylamine and thiourea were obtained from Aldrich Chemical Co. (St. Louis, MO, USA) and were used without purification. All reagents used in this experiment were analytical grade chemicals. The synthetic stomach fluid (SSF) was prepared using deionized distilled (DDI) water, HCl (0.42 M) and glycine (0.40 M) to maintain the pH at 1.5.




3.2. Techniques


3.2.1. Synthesis of Poly(Vinyl Alcohol)-Thiol (PVA-SH)


Partially hydrolyzed PVA (0.25 mol) was dissolved in DMSO and DMF (100 mL, 1:1 volume ratio) at 65 °C. The reaction mixture was cooled to room temperature and triethylamine (18.35 mL) was added with stirring. p-Toluenesulfonyl chloride (0.25 mol) dissolved in DMF (100 mL) was then added dropwise at 10 °C (ice bath) over 30 min. The mixture was then stirred overnight at room temperature. The reaction mixture was then poured into methanol to precipitate the poly(vinyl tosylate). The precipitate washed with methanol and dried at room temperature. Poly(vinyl tosylate), (0.1 mol) dissolved in water (100 mL) was mixed with a solution of thiourea (0.11 mol) in water (30 mL) and refluxed for 24 h at 90–100 °C. The reaction mixture was cooled and 2 M NaOH (50 mL) was added to the reaction mixture which was then refluxed for 3 h under a nitrogen atmosphere. The pH of reaction mixture was adjusted at pH 7 with 0.1 M aqueous HCl solution after cooling. The PVA-SH product was dried after precipitation of the reaction mixture into methanol. The yield was 88%.




3.2.2. Synthesis of Silver Nanoparticles


Citrate-stabilized silver nanoparticles were prepared by dissolving silver nitrate (0.09 g) in water (500 mL) and heating at 90 °C. A solution of 1% trisodium citrate (10 mL) was added under vigorous stirring. The solution was kept at temperature of 90 °C for 1 h, to produce a golden yellow colour and then allowed to cool to room temperature. The silver nanoparticles were purified by ultracentrifugation (30 min at 30,000 rpm), followed by redispersion in water. The typical yield of citrate-stabilized silver nanoparticles was around 45% (with respect to silver). PVA-SH coated silver nanoparticles were synthesized by adding PVA-SH (1–3 g) to the silver nitrate solution. The reaction progressed as reported for citrate-stabilized silver nanoparticles. The reaction yields of PVA-SH-stabilized silver nanoparticles were 65, 80 and 95% (with respect to silver) in the presence of 1, 2 and 3 g of PVA-SH, respectively.





3.3. Characterization of Ag NPs


FTIR spectra were analyzed with a Nicolet FTIR spectrophotometer using KBr in a wavenumber range of 4,000–500 cm−1 with a resolution accuracy of 4 cm−1. All samples were ground and mixed with KBr and then pressed to form pellets. 1H-NMR spectra of the prepared polymers were recorded on a 400 MHz Avance DRX-400 spectrometer (Bruker, Billerica, MA, USA). X-ray powder diffraction (XRD) patterns were recorded using a D/max 2550 V X-ray diffractometer (X’Pert, Philips, Eindhoven, The Netherlands). Transmission electron microscopy (TEM) micrographs were taken with a JEOL JEM-2100F (JEOL, Tokyo, Japan). A few drops of silver nanoparticle solution were diluted into 1 mL of ethanol, and the resulting ethanol solution was placed onto a carbon coated copper grid and allowed to evaporate. HR-TEM images of the nanocomposites were recorded using a JEM-2100F (JEOL) at an acceleration voltage of 200 kV. The TEM images were obtained at 25 °C with a TEM-100XS (JEOL, Tokyo, Japan) instrument. All images were acquired at a nominal magnification value of 66,000×. This magnification of the microscope was calibrated with a NIST reference material (gold nanoparticles) which has reference values of the mean particle diameter as determined by TEM. This diameter is traceable to the SI meter as realized at NISTP. Calibration images were recorded at both sessions and combined for the final analysis of the scale factor. Image J software v 1.45 s was used for quantitative analysis of the TEM images of the reference material to obtain calibration information. Each image was thresholded to isolate the particles from the background. The resulting binary images were critically assessed, and any particles that overlapped, had ill-defined boundaries due to insufficient contrast or were only partially contained within an image were excluded from analysis. The area, measured in pixels, of the remaining particles was measured and this value was used to determine the equivalent diameter, measured in pixels, of a spherical particle with the same projected cross-sectional area (equivalent spherical diameter). A total of 10 images and 500 particles were analyzed. The particle size, actual number of particles, percentages by number, volume of particle (V = 4/3πr3), total volume of particles of each size and percentage by volume were calculated for each particle size (nm) from analysis. Samples for dynamic light scattering (DLS) were prepared by diluting several drops of the silver nanoparticle solution into 2 mL of water under vigorous stirring. The DLS measurements were performed on a Brookhaven Instruments system (Santa Barbara, CA, USA) with a 514.5 nm argon ion laser (model 85 Lexel Laser) as the light source. Ultraviolet-visible (UV-Vis) absorption spectra were obtained with a Techcomp UV2300 spectrophotometer ((Shanghai, China). Different concentrations of aqueous solutions of HCl (0.1 M–1 M) and SSF were used to evaluate the stability of the synthesized Ag NPs.





4. Conclusions


The data generated in this study indicated that approximately of 40% of the OH group of PVA were converted to thiol (SH) groups. The data with a simple in vitro model of the human stomach shows that citrate‐stabilized Ag NPs agglomerate and partially react to form Ag Cl during exposure to SSF. New highly modified Ag nanoparticles prepared after coating with PVA-SH showed high dispersion and resistivity to 1 M HCl aqueous solution. TEM and XRD indicated that the stability of the prepared Ag nanoparticles toward hydrochloric acid increased with increasing PVA-SH contents up to 3 (Wt. %). TEM indicated that the Ag NPs particle size and polydispersity decreased with increasing of PVA-SH content.
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