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Abstract

:

The current research article presents development, characterization, stability, antimicrobial activity, antispasmodic activity and antidiarrheal activity of silver nanoparticles synthesized and stabilized by polymeric coating of gum tragacanth solution. The nanoparticles were developed by a chemical reduction of silver nitrate. The reducing sugars and polysaccharides-based natural polymers such as gum acacia, gum tragacanth, alginates and cellulose derivatives were investigated as both reducing agents and stabilizers of silver nanoparticles. Influence of the molar concentration of silver nitrate, type and concentration of reducing agent on the formation and stability of silver nanoparticles have been investigated in detail. The stability or aggregation behavior of silver nanoparticles when diluted with simulated gastric fluid, simulated intestinal fluid and phosphate buffer saline were investigated to understand the influence of biological fluids on the stability of silver nanoparticles. SNPs in basic buffers were found to be more stable compared to those in acidic buffers. Silver nanoparticles were characterized by UV absorption spectrometry, particle size and zeta potential analyzer, FTIR spectroscopy, differential scanning calorimetry, X-ray diffraction and atomic force microscopy. SNPs were found spherical within 2.5–4 nm as per atomic force microscopic studies. The silver nanoparticles developed from gum tragacanth were better and more stable than those produced by gum acacia. The smaller particle size, low polydispersity index and high zeta potential resulted in silver nanosuspensions stable over a period of six months. The silver nanoparticles were found to exhibit significant antimicrobial, antispasmodic and antidiarrheal activities.
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1. Introduction


Silver has been used as a safe and effective antimicrobial agent, wound healing agent and anti-inflammatory agent for centuries. The advent of nanotechnology has resulted in substantial growth in the development and investigation of silver nanoparticles (SNPs), owing to the great potential of both nanotechnology, as well as silver. Therefore, SNPs have become one of the most widely investigated metallic nanoparticles, either as nanomedicine or drug delivery carriers, for a wide range of biological applications such as antibacterial, antifungal, antiviral and anticancer, etc.



The method of preparation or fabrication of nanoparticles can broadly be grouped as either a “bottom up” or a “top down” method. The bottom up method includes techniques to assemble atoms to nuclei and subsequent precipitation to nanoparticle size range, while the top down method includes techniques to break down bulk materials into a nanoparticle size range. There are several methods of syntheses of SNPs, such as physical, chemical electrical, electrochemical, biological, thermal etc. [1,2]. Every method has its own advantages and drawbacks reported elsewhere [2,3,4]. Among these methods, chemical synthesis is one of the most common methods, due to its simplicity, rapidity and cost feasibility. The chemical method is based on the bottom up technique, wherein silver precursors such as silver nitrate [5], silver chloride [6], silver citrate [7,8] and silver phosphate [9] are chemically reduced to silver ions by reacting with reducing agents such as formic acid [9], sodium borohydride [10,11], sodium citrate [12], ascorbic acid [13] and formaldehyde [14], which are subsequently stabilized by polyvinylpyrrolidone [11,15,16], polyethylene glycol [14] and polyethyleneimine [13]. However, toxicity of the chemicals used in the chemical synthesis process limits the application of this method [17].



Attempts have been made to replace the synthetic chemicals by semi-synthetic or natural compounds and plant extracts as reducing agents and stabilizing agents for the synthesis of SNPs. For instance, reducing sugars [18,19,20], cellulose derivatives [21], chitosan [22], aloe vera extract [23] and lavender extract [24] have been reported as reducing agents in SNP synthesis. Likewise, gelatin [25,26], starch [27,28], acacia gum [29], gum tragacanth [30] and guar gum [31,32] have been reported as stabilizers in SNP synthesis. Many of the reported methods have certain limitations, such as employing high temperatures (60–160 °C) and requiring long duration within a range of 1–72 h in order to carry out the reduction of silver nitrate to silver nanoparticles [33,34,35,36]. Furthermore, the stability of silver nanoparticles, agglomeration over time periods, influence of dilution by neutral vehicle such as distilled water and influence of buffered vehicles on the agglomeration or stability have not been reported in the literature.



The current study has been undertaken to investigate and compare natural or semi-synthetic compounds which could possibly be used as the most efficient natural compound as a dual reducing, as well as stabilizing agent for the synthesis and stabilization of SNPs. In the current study, we have investigated polysaccharide-based natural compounds such as cellulose derivatives (carboxy methyl cellulose, hydroxyl propyl methyl cellulose) gum acacia (GA), gum tragacanth (GT) and alginates as dual action reducing, as well as stabilizing agents for the synthesis and stabilization of SNPs. The proposed natural compounds would have several benefits over the chemical reducing agents employed generally for SNP synthesis, such as acting as a dual capping agent and reducing agents, as well as stabilizing the SNP dispersions by minimizing agglomeration without the use of an additional stabilizer, in addition to minimizing the inherent toxicity associated with chemical compounds. Moreover, ultra-sonication has been employed in the synthesis method to avoid the requirement of high temperatures (60–160 °C) or long durations (1–72 h) reported for the reaction to occur. In addition, the stability of SNPs in physiological buffers has been investigated in order to understand the fate of SNPs in these conditions.




2. Materials and Methods


Silver nitrate, gum acacia, gum tragacanth acetylcholine chloride, loperamide hydrochloride, carbachol (CCh), dicyclomine, hydrochloric acid, glacial acetic acid and castor oil were obtained from Sigma Chemical Company (St. Louis, MO, USA). Research-grade salts to prepare physiological buffer were obtained from Merck, Germany, and include sodium chloride, magnesium sulphate, potassium chloride, glucose, sulphate magnesium chloride, calcium chloride, potassium dihydrogen phosphate, sodium dihydrogen phosphate and sodium bicarbonate. For in-vitro and ex-vivo assays, stock concentrations were prepared using distilled water, while normal saline was as solvent for drugs for in-vivo assays.



2.1. Synthesis and Characterization of SNPs


The SNPs were synthesized by using silver nitrate as a precursor, which was chemically reduced by GA, GT, carbohydrates, alginates and cellulose derivative-based polymers in alkaline media to silver ions, followed by nucleation and stabilization as silver nanoparticles in natural or semi-synthetic polymeric solutions. Briefly, a 0.1 M aqueous solution of silver nitrate and sodium hydroxide was prepared. Similarly, 1% w/v aqueous solutions of polymers were prepared. In the preliminary experiments, 50 microliters of silver nitrate solution was mixed with 50 microliters of sodium hydroxide. To this mixture, 400 microliters of distilled water and 500 microliters of polymeric solution were added and vertex mixed for 30 s. Such mixtures were prepared using the different polymeric solutions in question, followed by the ultrasonication of these mixtures for 30–120 min, set at a 40 Kz frequency with an amplitude of 80%, and a temperature of 60 °C (WUC-D06, Witeg, Germany). The formation of SNPs was ascertained by Ultraviolet-Visible (UV-Vis) Spectroscopic studies, owing to their distinct optical behavior as metallic nanoparticles, exhibit a distinct optical feature called localized surface plasmon resonance (LSPR) at specific wavelengths. The synthesized SNP suspensions with or without dilution were scanned between 300–600 nm under double beam UV spectrophotometer (UV 630 V, Jasco, Japan).




2.2. Effect of Physiological Buffers on the Prepration and Stability of SNPs


The reduction of silver nitrate to SNPs was also investigated in different buffers (simulated gastric fluid pH 1.2, acetate buffer pH 4.0, simulated intestinal buffer pH 6.8 and phosphate buffer saline pH 7.4) with or without sodium hydroxide, in order to evaluate the stability of SNP in these buffers. The SNPs were synthesized by adding buffer solutions instead of distilled water in a mixture of precursor and stabilizer with or without sodium hydroxide. Alternatively, freshly prepared distilled water-based SNP suspension was diluted 10 times with these buffers, and optical behavior was monitored at 0, 15, 30, 45, 60 and 120 min.




2.3. Effect of Sodium Hydroxide on the Prepration of SNPs


The influence of sodium hydroxide (alkaline medium) on the reduction of silver nitrate to SNP was investigated by incorporating 0, 5, 10, 20, 40, 80 and 90 mM of sodium hydroxide in the mixtures of the precursor and stabilizer.




2.4. Effect of Silver Nitrate on the Prepration of SNPs


The influence of silver nitrate on the preparation of SNP was investigated by varying silver nitrate amounts of 1, 2, 3, 4, 5, 10, and 20 mM in the reaction mixtures.




2.5. Effect of Dilution on SNPs


The influence of dilution on SNP was investigated by monitoring optical behavior after diluting freshly prepared SNP 0-, 10- and 100-fold.




2.6. Stability of SNPs over a Time Period of 12 Months


The influence of time period on SNP suspensions were investigated by monitoring optical behavior and size analysis at day 0, day 1, day 7, 3 months and 1 year after preparation.




2.7. Lyophilization of SNPs and Solid State Characterization


SNP suspensions were lyophilized to obtain solid state SNPs, which were then subjected to characterization by XRD, DSC, FT-IR and AFM.




2.8. Antibacterial Activity Evaluation


Antibacterial activity of SNP was investigated against gram positive and gram negative bacteria using a well diffusion medium [37]. Muller Hinton agar medium was prepared and sterilized, as described previously [38]. Approximately twenty milliliters of the media was poured onto petriplates, followed by seeding with bacterial culture. Approximately 100 μL of the pure ciprofloxacin or SNP suspension were added into wells and incubated at 37 °C for 24 h. The antibacterial activity was evaluated by measuring the zone of inhibition developed around the well.




2.9. Ex-Vivo and In-Vivo Activity Evaluation


2.9.1. Ex-Vivo Antispasmodic Activity Evaluation


To study the possible smooth muscle relaxant effect of the test sample, we used 2 cm-long segments of ileum obtained from rats after cervical dislocation, and the tissues were transferred to organ bath (emkaBath, Paris, France) with attached transducer and IOX software (version 2, emka Technologies, Paris, France) to record the responses. The tissue baths containing fresh physiological buffer (Tyrode’s solution) were aerated with bubbles of carbogen (95% O2 and 5% CO2) using a gas cylinder, while the physiological temperature of 37 °C was maintained by the inbuilt controlled heating system in emkaBath. After half an hour of incubation, the ileum tissues were exposed to repeated doses of 0.3 µM acetylcholine and washed with fresh buffer in order to receive equal contractions. After the ileum tissue was stabilized, the test material was tested for ileum smooth muscle relaxation, and different spasmolytic mechanism(s) such asanticholinergic and Ca2+ channel antagonist (CCB) were explored using carbachol (CCh; 1 µM) and high K+ (80 mM)-evoked spasms [39].




2.9.2. In-Vivo Antidiarrheal Activity Evaluation


For diarrhoea protection determination, BALB/c mice with approximate weights of 20–25 g of both male and female gender were obtained from the animal house facility located at Prince Sattam Bin Abdulaziz University. After acclimatization, all mice were deprived of food for 24 h prior to startoral dosings. During routine housing, the mice had free access to tap water with pallets of balanced feed, including (g/kg): fiber 380, flour 380, molasses 12, nutrivet L 2.5, edible salt (NaCl) 5.8, potassium metabisulfate 1.2, fish meal 170, vegetable oil 38 and dry milk 150. Due care was taken while handling the animals following the instructions specified in [40]. The Bio-Ethical Research Committee (BERC), Prince Sattam Bin Abdulaziz University, approved the current study protocol (BERC-004–12–19).



Following 24 h of fasting, the mice were assigned into five equal groups with random number of male and female [41]. Normal saline (10 mL/kg, i.p.) was administered to mice of the 1st group, which acted as a negative control. The 2nd, 3rd and 4th group mice were administered orally the increasing doses of SNPs at 1, 3 and 10 mg/kg (i.p), respectively. The 5th group mice were administered with a standard antidiarrheal agent, loperamide (10 mg/kg, i.p), and were labelled as positive control. After 1 hr, each individual mouse was exposed to castor oil (10 mL/kg, p.o.) using oral gavage, and was kept in a separate cage with a blotting sheet as bedding to record diarrhoea spottings. After 4 h of the castor oil administration, all cages were evaluated by a blind observer for counting of the number of wet, dry and total feces, and the results were compared with the 1st group (negative control).




2.9.3. Statistical Analysis


The obtained results were expressed as mean ± standard error of mean (S.E.M.) and the median effective concentrations (EC50 values) with 95% confidence intervals (CI). The concentration-response curves were statistically analyzed by GraphPad Prism 4 (Dotmatics, San Diego, CA, USA), following non-linear regression. To compare the diarrhea assay observations, one-way ANOVA was followed, followed by the Tukey-Kramer Multiple Comparisons test.






3. Results


3.1. Synthesis and Characterization of SNPs


The SNPs were synthesized by using silver nitrate as precursor, which was chemically reduced by GA, GT, carbohydrates, alginates and cellulose polymers in alkaline media to silver ions, followed by nucleation and stabilization as SNP in the natural or synthetic polymeric solutions. The formation of SNP can be easily ascertained by observation of yellowish, brownish to grayish color, as exhibited by suspensions of SNPs with varying size. The preliminary studies revealed that GA and GT successfully reduced the silver nitrate to SNP, and subsequently stabilized against aggregation. The development of brownish color can be seen with GA and GT in the inset of Figure 1b.



The formation of SNPs can also be ascertained by Ultraviolet-Visible (UV-Vis) spectroscopic studies, owing to their distinct optical behavior. Metallic nanoparticles exhibit a distinct optical feature called localized surface plasmon resonance (LSPR) at specific wavelengths. SNP exhibited this optical resonance between 410–420 nm, as shown in the Figure 1. The clear solution of silver nitrate, the precursor of SNP, did not exhibit such resonance, while the yellowish-brown solution exhibited a prominent resonance at approximately 410 nm, suggesting the formation of SNPs in the yellowish-brown solution.




3.2. Effect of Physiological Buffers on the Prepration and Stability of SNPs


The reduction of silver nitrate to SNP was investigated in different buffers, in addition to distilled water, in order to investigate the fate of silver nanoparticles in the buffers such as simulated gastric juice, acetate buffer, simulated intestinal buffer and phosphate buffer saline. It has been observed that alkaline medium is necessary for the synthesis of SNPs, as the formation of silver nanoparticles did not occur when sodium hydroxide was not added to the reaction mixtures, as evidenced from absence of a yellow or brown color, while the presence of sodium hydroxide favored the development of a relatively more intense yellowish-brown color, as shown in the inset of Figure 2.



The effect of physiological buffers on the preparation and stability of SNPs was further investigated by comparing the UV-Visible spectroscopic resonance behavior of SNPs, prepared with or without buffers. The results are presented in Figure 2.



To explore the stability profile of SNP in the physiological buffers, the freshly prepared SNPs in distilled water with sodium hydroxide were diluted 10-fold with different buffers (simulated gastric juice, acetate buffer, simulated intestinal buffer and phosphate buffer saline), and compared with those diluted with distilled water. The stability or instability of the diluted SNP suspension was ascertained by monitoring color change and change in the optical resonance under UV-Vis spectroscopic evaluations. The effect of various physiological buffers on the stability or instability (change of color) of SNP suspension prepared and stabilized by GA and GT has been depicted in Figure 3.



GT was found to provide better synthesis and stabilization of SNP across all the investigated buffer solution, as compared to that provided by the GA. Furthermore, GT produced SNP at a faster pace as compared to GA, as is evident from the rapid development of intense color and higher absorption bands of SNP produced and stabilized by GT (Figure 4).



Therefore, SNPs produced by GT were further investigated to explore the stability profile of SNPs in the physiological buffers over different time periods. The freshly prepared SNPs were diluted 10-fold with different buffers (simulated gastric juice, acetate buffer, simulated intestinal buffer and phosphate buffer saline), and optical resonance under UV-Vis spectroscopy was monitored between 300–600 nm at 0, 15, 30, 45, 60, 90 and 120 min after preparation. The UV spectra of SNPs diluted with distilled water and various buffers are presented in Figure 5 and Figure 6, respectively. Furthermore, Dynamic light scattering (DLS) technique was employed to measure the particle size and size distribution pattern after dilution with investigated buffers at various time points. The results are reported in Table 1.




3.3. Effect of Sodium Hydroxide on the Prepration of SNPs


The influence of sodium hydroxide (alkaline medium) on the reduction of silver nitrate to SNP was investigated by incorporating 0, 5, 10, 20, 40, 80 and 90 mM of sodium hydroxide in the mixtures of precursor and stabilizer. The results are presented in Figure 7.




3.4. Effect of Silver Nitrate on the Prepration of SNPs


The influence of silver nitrate on the preparation of SNP was investigated by varying silver nitrate amounts of 1, 2, 3, 4, 5, 10, and 20 mM in the reaction mixtures.




3.5. Effect of Dilution on SNPs


The influence of dilution on SNPs was investigated by monitoring optical behavior of SNP suspensions before and after the dilution of freshly prepared SNP by distilled water at two levels (10-fold and 100-fold). The results are presented in Figure 8.




3.6. Stability of SNPs over a Time Period of 12 Months


The influence of time period on SNP suspensions was investigated by monitoring optical behavior and size analysis at day 0, day 1, day 7, 3 months and 1 year after preparation. The results are presented in Figure 9.




3.7. Lyophilization of SNPs and Solid State Characterization


Based on the results obtained from optical behavior, dilution, and stability studies, SNP suspension synthesized with 5 mM silver nitrate was lyophilized to obtain solid state SNPs, which were then further characterized by various techniques such as Fourier-Transform Infrared Spectroscopy (FT-IR), X-ray diffraction study (XRD), Differential Scanning Calorimetry (DSC) and Atomic Force Microscopy (AFM). The results of above characterization are presented in Figure 10, Figure 11, Figure 12 and Figure 13, respectively.




3.8. Antibacterial Activity Evaluation


The optimized silver nanoparticles were found to exhibit significant antibacterial activities against gram-positive and gram-negative bacteria, as compared to the standard (ciprofloxacin). The results are presented in Table 2 and Figure 14.




3.9. Effect on Castor Oil-Induced Diarrhea


Regarding the effect on castor oil-induced diarrhea in mice, in our experimental settings, SNPs showed a dose-dependent antidiarrheal effect in terms of a decrease in the number of wet feces compared to the vehicle-treated group. The total number of wet feces in saline group was 5.2 ± 0.48, which was decreased in a dose-dependent manner in the SNP-treated groups with 3.4 ± 0.24, 2.6 ± 0.50 and 2.00 ± 1.00, at respective doses of 1, 3 and 10 mg/kg. The loperamide-treated group showed the highest decrease in wet feces (p < 0.001), at 10 mg/kg compared to saline, as detailed in Table 3.




3.10. Effect on Isolated Rat Ileum


Regarding the effect on rat ileum, SNPs at concentrations ranging from 0.003 to 1 mg/mL caused dose-dependent inhibition of CCh and high K+-induced contractions with significantly higher potency against CCh compared to high K+. The resultant EC50 values against CCh and high K+ were recorded as 120 µg/mL (104–144, n = 4) and 562 µg/mL (224–748, n = 4), respectively (Figure 15a). The control drug dicyclomine also showed more potency against CCh and high K+-induced contractions with respective EC50 values of 18 µg/mL (14–32, n = 4) and 384 µg/mL (327–532, n = 4), as shown in Figure 15.





4. Discussion


4.1. Synthesis and Characterization of SNPs


The SNPs were synthesized by using silver nitrate as precursor, which was chemically reduced by GA, GT, carbohydrates, alginates and cellulose polymers in alkaline media to silver ions, followed by nucleation and stabilization as SNPs in the natural or synthetic polymeric solutions. The preliminary studies revealed that GA and GT successfully reduced the silver nitrate to SNPs, and subsequently stabilized against aggregation. The yellowish-brown color produced by GT was intense compared to those produced by GA, which suggests that GT has better efficiency and productivity as compared to GA. The better reducing capacity of GT compared to GA may be attributed to higher proportions of reducing sugars such as arabinose and fructose in the GT (ca 40%), as compared to GA (ca 20%) [42,43].



The formation of SNPs can also be ascertained by Ultraviolet-Visible (UV-Vis) Spectroscopic studies, owing to their distinct optical behavior. Metallic nanoparticles exhibit a distinct optical feature called localized surface plasmon resonance (LSPR) at specific wavelengths. SNPs are reported to exhibit this optical resonance between 400–500 nm, depending on size and concentration of nanoparticles [44,45]. The silver nanoparticle suspensions with smaller particle sizes (10–50 nm) tend to exhibit UV responses of between 400–430 nm, while those with larger particles (over 100 nm) tend to exhibit UV responses near 500 nm [46]. The clear solution of silver nitrate, the precursor of SNPs, did not exhibit such resonance, while the yellowish-brown solution exhibited a prominent resonance between 410–420 nm, suggesting the formation of SNPs in the yellowish-brown solution. In the current investigation, the silver nitrate reduced and stabilized by GT exhibited optical resonance at 417 nm, with an optical density of 0.333, while those reduced and stabilized by GA exhibited optical resonance at 409 nm, with an optical density of 0.156 (Figure 1). These results are in accordance with available literature of SNPs prepared and stabilized by GT [30,47] or GA [25,48,49]. It is also noteworthy that the silver nitrate reduced and stabilized by GT produced an intense color, thus resulting in 2.13-times higher optical density compared to those reduced and stabilized by GA, which may be due to better reducing potential of GT as compared to GA.




4.2. Effect of Physiological Buffers on the Prepration and Stability of SNPs


The reduction of silver nitrate to SNPs was investigated in different buffers in addition to distilled water, in order to investigate the fate of silver nanoparticles in the buffers such as simulated gastric juice, acetate buffer, simulated intestinal buffer and phosphate buffer saline. The selection of these buffers was made to simulate the pH conditions in body fluids such as gastric fluids, intestinal juice, blood and on the skin, in order to understand the stability of SNPs upon oral, parenteral or dermal applications. In order to avoid the neutralization of buffer or alteration of pH, sodium hydroxide was not added to the reaction mixtures. It was notheworthy that there was either no or very minimal reduction of silver ions to silver atoms, as evident from the absence of a yellow or brown color. All the reaction mixtures containing GA, silver nitrate and different buffers remained colorless, except SIF, simulated gastric fluid, which exhibited a very mild yellow color, indicating no or very minimal reduction of silver ions to the silver atom and further nucleation and formation of SNPs. However, the reaction mixtures containing GA (Figure 2b, inset), silver nitrate and different buffers exhibited the appearance of low-intensity colors as compared to those exhibited by GT (Figure 2b, inset), indicating the better reducing potential of GT as compared to GA. This could be due to the higher proportion of reducing sugars in the GT than in the GA. It was also noteworthy that both GA as well as GT exhibited a slight yellowish color in the SIF, indicating the formation of SNPs in the SIF buffer, which could be due to the fact that sodium hydroxide was a component of SIF buffer, while other buffers do not have sodium hydroxide as a component of buffer (methodology Section 3, preparation of buffers). Later on, sodium hydroxide was added to all mixtures in order to investigate its effect on SNP formation and stability. It was interesting to observe that the addition of sodium hydroxide in all buffers did not result in the formation of a considerable amount of SNP, as compared to those formed in distilled water-based mixtures of both GT, as well as GA. There was no sign of SNP formation in SGF (pH 1.2), AB (pH 4.5) and PBS (pH 7.4), though SIF (pH 6.8) and DW (pH 7.0) exhibited the formation of considerable (yellowish color) and significant (brownish color) amounts of SNP, respectively (insets in Figure 2a,b). The effect of physiological buffers on the formation of SNP was also monitored with the help of UV spectroscopy. The reaction mixtures which contained buffers exhibited no or very low surface plasmon resonance, while those containing distilled water exhibited very intense surface plasmon resonance (Figure 2a,b). This behavior indicated the positive effect of sodium hydroxide, while the negative effect of pH and buffer components on the formation of SNP. The use of an alkaline medium for the reduction of silver ions to silver atoms and the further nucleation or formation of silver nanoparticles has been found to be necessary, as the presence of sodium hydroxide favored the development of a relatively more intense yellowish-brown color. The alkaline medium in the reduction of silver nitrate and formation of SNPs has been reported to enhance the reduction rate of silver ions and nucleation rate of silver atoms for the formation of SNPs [50]. Furthermore, sodium hydroxide was reported to enhance the oxidation of reducing agents used in the formation of SNPs [50].



To further investigate the fate and stability of SNP in various physiological buffers, freshly prepared SNP in DW was diluted 10 times with investigated buffers. The color intensity (intense for GT mixtures, as compared to those of GA) and change in color from yellowish (GT-DW and GT-AB) to an amber color or brownish (GA-AB, GT-SIF and GT-PBS) or the disappearance of color (GA-SGF, GA-SIF, GA-PBS and GT-SGF) can be seen in the insets of Figure 3. The yellow-colored suspension indicates relatively smaller, stable and agglomerate-free nanosuspensions, while amber- or brown-colored suspensions indicate relatively larger nanoparticles with a tendency to agglomerate over time. The colorless suspension indicates the absence of SNP, which may be either due to agglomerates or the formation of silver ions form silver nanoparticle thus being the most unstable mixture among all investigated mixtures. All nanosuspension mixtures were also subjected to UV-spectroscopy to investigate surface plasmon resonance behavior, and the results are shown in Figure 3. The SNP prepared and stabilized by GT exhibited higher SPR (Figure 3b), compared to those prepared and stabilized by GA (Figure 3a).



GT was found to provide better synthesis and stabilization of SNP across all the investigated buffer solutions, as compared to that provided by the GA. Furthermore, GT produced SNP at a faster pace as compared to GA, as is evident from the rapid development of intense color and the higher absorption bands of SNP produced and stabilized by GT both after 30 min, as well as at 180 min (Figure 4). Therefore, SNP prepared with GT was further investigated to explore the stability profile of SNP in the physiological buffers over different time periods. The freshly prepared SNP was diluted 10-fold with different buffers (simulated gastric juice, acetate buffer, simulated intestinal buffer and phosphate buffer saline), and optical resonance under UV-Vis spectroscopy was monitored between 300–600 nm at 0, 15, 30, 45, 60, 90 and 120 min after preparation. The UV spectra of SNP diluted with distilled water and with various buffers are presented in Figure 5 and Figure 6, respectively. The optical behavior of mixture prepared in distilled water was found to be very consistent with a very slight blue or red shift and a minimal change in SPR peak intensity over the testing periods of 120 min. The SPR peaks were found at 411.2 nm for most of the observed time periods, except at 30 min and 120 min, where it was found at 411.8 nm and 410.8 nm, respectively. The mean absorbance maximum was found to be 411.23 ± 0.32, with a very small coefficient of variation of only 0.07%. The average change in the absorption maximum over the entire investigation periods with respect to zero time was found as only 0.008%. The SPR peak intensity ranged between 0.269–0.371, with a mean peak intensity of 0.308 ± 0.037 and a coefficient of variation of 12.35%. The peak intensity at zero time was 0.371, which decreased to 0.269 at 15 min, though later it gradually increased to 0.355 at 120 min. The average change in the peak intensity over the entire investigation periods with respect to zero time was found to be −14.2%. The consistency in the peak absorbance maximum and slight change in peak intensity indicates the absence of aggregation during the testing period on 120 min, and thus nanoparticle suspension was considered as physically stable (Figure 8).



The optical behavior of SNP suspension diluted with different buffers is presented in Figure 6. The SGF was found to cause blue shift, a hypsochromic effect, in Figure 6a. The SPR peaks of SNP in SGF were found within 404.8–406.4 nm, which were within 410.8–411.8 nm for SNP in DW. The mean wavelength of maximum absorbance in SGF was found to be 404.13 ± 0.41, as opposed to that of 411.23 ± 0.32 found in DW. The SPR at lower wavelengths is reported to be due to smaller SNPs. Thus, SNP in SGF seems to have a smaller particle size as compared to SNP in DW. However, approximate decreases of 44% and 70% in SPR peak intensity of SNP in SGF, as compared to SNP in DW at zero min and 120 min, respectively (0.163 versus 0.371 at zero min and 0.130 versus 0.355 at 120 min), indicated instability of SNP in SGF. The mean peak intensity in SGF was found to be 0.125 ± 0.019 (CV 15.6%), as opposed to 0.308 ± 0.037 (CV 12.3%) found in DW, and thus SGF caused an average decrease in peak intensity of about 40.6% with respect to DW. It was also observed that the average decrease in peak intensity over the time period of 120 min, as compared to zero time, was higher for SGF as opposed to DW (−27.7% versus −14.2%). Furthermore, the SPR peaks in SGF became irregular and distorted, compared to those observed with DW.



The SPR peaks of SNP in AB lay within 403.6–405.4 nm, thus exhibiting a slight blue shift as compared to SNP in DW Figure 6b. The mean wavelength of maximum absorbance in AB was found to be 403.93 ± 0.78, as opposed to 411.23 ± 0.32 found in DW. The mean peak intensity in AB was found to be 0.255 ± 0.021 (CV 8.3%), as opposed to 0.308 ± 0.037 (CV 12.3%) found in DW, and thus AB caused an average decrease in peak intensity of about 17% with respect to DW. It was also observed that the average decrease in peak intensity over the time period of 120 min, as compared to zero time, was almost similar for both AB, as well as DW (−12.3% versus −14.2%). It was noteworthy that SNP in AB remained relatively more stable, as compared to SGF, as only a 23.1% decrease in peak intensity was observed in AB, as opposed to a 70% decrease in SGF after 120 min. Moreover, the SPR peaks in AB remained almost similar to those observed with DW (Figure 6b). Thus, it is revealed that SNPs in strongly acidic media are less stable compared to weakly acidic media.



The SPR peaks of SNP in SIF remained mostly consistent, and lay within 404.4–404.8 nm, thus exhibiting a slight blue shift as compared to SNP in DW Figure 6c. The mean wavelength of maximum absorbance in SIF was found to be 404.71 ± 0.16, as opposed to the 411.23 ± 0.32 found in DW. It was noteworthy that SNP in SIF exhibited only 27% peak intensity, as compared to DW at zero minute (0.101 vs. 0.371), which indicated the detrimental effect of SIF over formation of SNP, though surprisingly, the peak intensity increased gradually with the time, and was found to be slightly higher than those observed in DW, at 120 min (0.358 vs. 0.355). The gradual increase in peak intensity over this time may be due to the presence of sodium hydroxide and the higher pH of SIF compared to SGF and AB. The mean peak intensity in SIF was found to be 0.264 ± 0.093 (CV 35.1%), as opposed to the 0.308 ± 0.037 (CV 12.3%) found in DW, with SIF thus causing an average decrease in peak intensity of only 14.3%, with respect to DW. It was noteworthy that the SNP in SIF was found to be relatively more stable than both in SGF and AB, as only a 9.6% decrease in peak intensity was observed, as opposed to approximately 70% and 23% decreases in SGF and AB, respectively, after 120 min. Furthermore, the SPR peaks in SIF remained almost similar to those observed with DW (Figure 6c).



The SPR peaks of SNP in PBS were found at 400 nm, thus exhibiting a slight blue shift as compared to SNP in DW (Figure 6d). Moreover, the peaks remained the same throughout the testing period of 120 min, indicating the absence of aggregation and any stability issue in the SNP suspended in PBS. The mean wavelength of maximum absorbance in PBS was found to be 404.71 ± 0.16, as opposed to the 411.23 ± 0.32 found in DW. It was noteworthy that SNP in PBS also exhibited only a 26.9% peak intensity, as compared to DW at minute zero (0.100 vs. 0.371), which indicated the detrimental effect of PBS over the formation of SNP, though surprisingly, the peak intensity increased gradually with the time, and reached approximately 89% of those observed in DW, at 120 min (0.315 vs. 0.355). The gradual increase in peak intensity over this time may be due to the higher pH of PBS, as compared to SGF and AB. The mean peak intensity in PBS was found to be 0.232 ± 0.072 (CV 31.3%), as opposed to the 0.308 ± 0.037 (CV 12.3%) found in DW, with PBS thus causing an average decrease in peak intensity of about 24.7%, with respect to DW.



All the buffer solutions investigated in the current study were found to influence the stability of SNP, except PBS, as evident from changes in the SPR bands and SPR peak intensities. The mean SPR band of SNPs after dilution with SGF, AB, SIF and PBS were found to be 405.2 ± 0.41, 403.9 ± 0.79, 404.7 ± 0.17 and 400.0 ± 0.00, respectively. The mean SPR band intensity of SNPs after dilution with SGF, AB, SIF and PBS were found to be 0.125 ± 0.019, 0.255 ± 0.021, 0.264 ± 0.093 and 0.232 ± 0.072, respectively. The % average change in SPR of SNPs over the time after dilution with SGF, AB, SIF and PBS were found to be 0.11%, 0.43%, 0.03% and 0.00%, respectively. The % average change in SPR peak intensities over the time after dilution with SGF, AB, SIF and PBS were found to be −27.73%, −12.27%, 194.46% and 155.64%, respectively. The negative change in the peak intensities and overall lower peak intensities in SGF and AB indicate their detrimental effect on the stability of SNP, as compared to positive change in peak intensities and overall higher peaks observed with SIF and PBS. It has thus been revealed that SNPs are more stable in the basic buffers, as compared to acidic buffers.




4.3. Effect of Sodium Hydroxide on the Prepration of SNPs


The reaction mixture with zero concentration of sodium hydroxide did not form SNP, as evident from the absence of a yellowish-brown color formation and the absence of an SPR band under UV spectroscopic evaluation (Figure 7). These results are in accordance with the available reports [51,52]. The sodium hydroxide at 5 mM in reaction mixture produced a SPR band of 412.8 nm, with a peak intensity of 0.317. The sodium hydroxide was found to have a direct relationship with SPR peak intensity, as increasing concentrations to 10 mM, 20 mM and 40 mM resulted in increased peak intensities of 0.465, 0.568 and 0.601, respectively. A further increase in sodium hydroxide concentration to 80 mM or 90 mM did not exhibit a further increase in the SPR peak intensit—rather, a decrease in peak intensity was noted, which could be due to the insufficient amount of the reducing agent GT, as compared to the excess of sodium hydroxide in the reaction mixtures.




4.4. Effect of Silver Nitrate on the Prepration of SNPs


The concentration of precursor, silver nitrate, was also found to have a direct relationship with the formation of SNP, as evident from the more intense color and higher SPR peak intensities (Figure 8) observed with increasing concentrations of the precursor (1–20 mM). These results are in accordance with the available reports [53,54].




4.5. Effect of Dilution on SNPs


The original mixtures exhibited peak bands of between 407.4–417.2 nm with peak intensities within 2.286–2.649 (Figure 8a), while 10-dilution with distilled water resulted to SPR bands within 403.2–418.2 nm with peak intensities between 0.376–0.729 (Figure 8b). Further dilution 100-fold resulted in peak bands between 414–417.8 nm with peak intensities between 0.09–0.361 (Figure 8c). It was noteworthy that diluted samples exhibited better SPR bands (more consistent SPR peaks and less variation in maximum absorption wavelengths) with higher peak intensities as compared to undiluted samples. In addition, peaks were distorted in the undiluted samples, which remained symmetrical in the case of diluted samples. It has been revealed that the dilution of SNPs greatly affects its color intensity and absorption bands. The suitable dilution is critical to the measurement of SNPs. These results are in accordance with the available report [55].




4.6. Stability of SNPs over a Time Period of 12 Months


The stability of SNP with respect to time period was also investigated by measuring SPR peak bands and intensities of 100-fold diluted samples at day zero, day 1, day 7, day 90 and 360 days after preparation. The freshly prepared SNP suspensions exhibited peak bands between 403.6–424.2 nm and peak intensities within 0.188–0.355, with mean values of 412.57 nm and 0.258, respectively (Figure 9a). The peak intensities were found between 0.271–0.537 with an average of 0.381 thus exhibiting approximately a 1.5-fold increase with respect to freshly prepared SNPs, which further increased to 0.591 after one month (a ~2.3-fold increase compared to intensity observed at day 1) (Figure 9c). The increase in the intensity over the time could be due to a further reduction of the precursor to SNPs. The average SPR peaks were found at 415 nm and 413 nm at day 7 and day 30, respectively, as opposed to 412 nm observed at day 1, thus indicating the stability of SNPs over a 30-day testing period. However, an approximate 10–50% decrease in the peak intensities was found when tested after one year of preparation. Moreover, SPR peak shapes were distorted as compared to those observed at day 1, thus indicating instability after one year of preparation (Figure 9d). These results are in accordance with the available report [56,57].




4.7. Solid State Characterization os SNPs


Fourier Transform-Infrared Spectroscopy was performed on the freeze-dried SNPs, along with silver nitrate, the precursor of SNPs, and GT, the stabilizer (Figure 10). Silver nitrate exhibited major absorbance bands at 3285, 2352, 1291, 1051, 913, 791, 480 and 449 cm−1, respectively. GT exhibited a prominent absorption band at 1013 cm−1, which is due to several alcoholic groups present in the GT. SNP exhibited absorption bands at 3320, 1342, 994, 911, 571 and 412 cm−1, respectively. Thus, SNP exhibited disappearance of some absorption bands in addition to shifts in the absorbance bands with decreased band intensity—for instance, shifts of 3285 to 3320; 1291 to 1342; 1051 to 913; 480 to 571; and 449 to 412 cm−1, with the disappearance of the band at 2350 and 790 cm−1.



X-ray diffraction patterns of freeze-dried SNPs, along with silver nitrate, the precursor of SNPs, and GT, the stabilizer, has been shown in the Figure 11. Silver nitrate exhibited several diffraction bands at approximately 16°, 19°, 22°, 24°, 29°, 32°, 35°, 39°, 42°, 49°, 55°, 70°, 78° and 87°, respectively, owing to its crystalline nature. GT did not exhibit sharp diffraction peaks, most likely due to the amorphous nature of the compound. SNP exhibited diffraction bands at approximate bands at 38° 44°, 64° and 78°, which correspond to the (111), (200), (220) and (311) facets of the crystal planes, as compared to the standard JCPDS file 04-0783, suggesting face-centered cubic crystal structure of developed SNP [58]. Some peaks in the SNP diffraction pattern observed at 11°, 12°, 18°, 21°, 22°, 24° (marked with *) may be attributed to silver nitrate.



Differential Scanning Thermograms of freeze-dried SNPs, along with silver nitrate, the precursor of SNPs, and GT, the stabilizer, is shown in Figure 12. Silver nitrate exhibited exothermic peaks at 170 °C and 210 °C, corresponding to loss of water and crystallization, respectively. Further heating caused decomposition of silver nitrate at 460 °C. GT did not exhibit any sharp DSC peak, due to its amorphous nature. The SNP exhibited an exothermic peak at 150 °C, corresponding to a loss of water, while further heating brings no change in the thermograms, indicating the stability of SNPs over the heating range investigated.



The Atomic Force Microscopic photographs of SNPs exhibited spherical particles with a size range of approximately 2.5–4 nm (Figure 13). There are several reports of AFM of SNPs, due to the advantages of this technique such as low sample requirement, minimal sample processing requirement, and capability to measure liquid samples, in addition to being economical, as compared to optical microscopy [59,60].




4.8. Antibacterial Activity Evaluation


The optimized SNPs were found to exhibit significant antibacterial activities against gram positive and gram negative bacteria, as compared to the standard (ciprofloxacin). The SNPs are reported to damage the cell membranes, disrupting DNA replication [61,62].




4.9. Ex-Vivo and In-Vivo Activity Evaluation


When the synthesized SNPs were tested for possible inhibitory effect gastrointestinal tract (GIT), it interestingly produced small intestine relaxation and the inhibition of diarrhea in a dose-mediated manner. Usually, the gut inhibitory substances exhibit antispasmodic effect by multiple mechanism(s), including anti-muscarinic [63], calcium channel blockade [64] and/or phosphodiesterase inhibition [65]. In our in-vivo assays, we found that SNPs decreases the number of wet feces in mice administered with castor oil and previously incubated with SNPs increasing doses, similar to loperamide, a standard antidiarrheal drug [66]. Castor oil-mediated diarrhea model is a well-established assay to know the diarrhea protection property of unknown substances, as castor oil induces diarrhea by converting into ricinolic acid, which ultimately excites te colon and thus results in copious diarrheal droppings [67]. The possible mechanism explored for the gut inhibition was found to be similar to dicyclomine, a known anticholinergic and calcium channel blocker [68], and was also reported for diarrhea protection (Pasricha 2006; [69]).





5. Conclusions


The SNPs were synthesized by using silver nitrate as precursor, which was chemically reduced by GA and GT. The GT successfully reduced the silver nitrate to SNPs, and subsequently stabilized against aggregation more efficiently, compared to GA, which may be due to higher proportions of reducing sugars such as arabinose and fructose in the GT. The use of an alkaline medium for the reduction of silver ions to silver atoms and the further nucleation or formation of SNPs has been found to be necessary, as the presence of sodium hydroxide favored the development of a relatively more intense yellowish-brown color. Acidic buffers significantly reduced the formation of silver nanoparticles, while neutral or slightly basic buffers favored its formation. GT-stabilized nanoparticles remained stable in different physiological buffers during a period of 120 min. The GT-stabilized silver nanoparticles suspension were found to be stable over a period of 30 days after preparation, while after one year of preparation it showed a significant reduction in the peak intensity due to aggregation or precipitation. The SNPs were found to inhibit the hyperactive gut, probably mediated by the dual inhibition of muscarinic receptors and Ca++ channels, while additional mechanism(s) cannot be ruled out.
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Figure 1. UV-Vis spectroscopic spectrum with surface plasmon resonance of (a) 0.1 M aqueous solution of silver nitrate; and (b) 0.1 M aqueous silver nitrate reduced and stabilized by 0.5% w/v aqueous GT (dotted curve) or 0.5% w/v aqueous GA (solid curve). Inset in (b) is showing a yellowish color developed by GA, while a brownish color by GT. 
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Figure 2. UV-Vis spectroscopic spectrum with surface plasmon resonance of SNPs prepared in distilled water or buffers DW-distilled water, SGF-Simulated Gastric Fluid, AB-Acetate Buffer, SIF-Simulated Intestinal Buffer and PBS-Phosphate Buffer Saline. (a) Nanoparticles reduced and stabilized by 0.5% w/v aqueous GA; and (b) Nanoparticles reduced and stabilized by 0.5% aqueous w/v GT. 
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Figure 3. UV-Vis spectroscopic spectrum with surface plasmon resonance of SNPs diluted with distilled water or buffers (DW-distilled water, SGF-Simulated Gastric Fluid, AB-Acetate Buffer, SIF-Simulated Intestinal Buffer and PBS-Phosphate Buffer Saline) (a) SNPs reduced and stabilized by 0.5% w/v aqueous GA; and (b) SNPs reduced and stabilized by 0.5% aqueous w/v GT. 
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Figure 4. Comparative evaluation of color development and UV-Vis spectroscopic spectra with surface plasmon resonance of SNP produced and stabilized by 0.5% w/v aqueous GA or 0.5% aqueous w/v GT at 30 min and 180 min. 
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Figure 5. UV-Vis spectroscopic spectra with surface plasmon resonance of SNP showing the amount and stability of GT stabilized nanoparticles over definite time periods. 
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Figure 6. UV-Vis spectroscopic spectra with surface plasmon resonance of SNPs showing amount and stability of GT-stabilized nanoparticles over definite time periods in various physiological buffers (a) SGF-Simulated Gastric Fluid; (b) AB-Acetate Buffer; (c) SIF-Simulated Intestinal Fluid; and (d) PBS-Phosphate Buffer Saline. 
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Figure 7. UV-Vis spectroscopic spectra with surface plasmon resonance of SNPs showing effect of various concentrations of sodium hydroxide on the reduction of silver nitrate to SNPs by GT. 
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Figure 8. UV-Vis spectroscopic spectra with surface plasmon resonance of SNPs showing influence of dilution over absorption behavior and intensity of SNP with varying concentration of silver nitrate (1–20 mM) (a) Undiluted samples; (b) 10-fold diluted in distilled water; (c) 100-fold diluted in distilled water; and (d) Visual appearance of SNP suspensions prepared by varying amount of silver nitrate (1–20 mM) added to mixtures containing 0.5% w/v aqueous solution of GT and 20 mM aqueous solution of sodium hydroxide. 
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Figure 9. UV-Vis spectroscopic spectra with surface plasmon resonance of SNPs showing amount and stability of GT-stabilized nanoparticles with varying concentration of silver nitrate (1–20 mM) over definite time periods. (a) Freshly prepared; (b) After 24 h; (c) After 1 week; (d) After 3 months; and (e) After 1 year. 
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Figure 10. Fourier Transform-Infrared Spectroscopic spectra of (a) silver nanoparticles; (b) Silver nitrate; and (c) GT. 
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Figure 11. X-ray diffractogram of green, GT; orange, Silver nanoparticles; and blue, Silver nitrate. * indicates peaks corresponding to silver oxide or other impurities. 
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Figure 12. Differential Scanning calorimetric thermograms of (a) silver nitrate; (b) Silver nanoparticles; and (c) GT. 
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Figure 13. Atomic Force Microscopic photographs of SNPs (a) Topographic image of 2 micrometer scan range; (b) phase imaging of 2 micrometer scan range; (c) topographic overlay with phase image of 2 micrometer scan range; (d) Topographic image of 4 micrometer scan range; (e) phase imaging of 4 micrometer scan range; (f) topographic overlay with phase image of 2 micrometer scan range; (g) line profile on small particles showing a maximum height of 2.5 nm; and (h) line profile of large particles showing a maximum height of 4 nm. 
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Figure 14. Antibacterial activity of silver nanoparticle suspension, as compared to ciprofloxacin. (a) Gram positive bacteria (b) Gram negative bacteria. 
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Figure 15. Inhibitory effect of (a) SNPs and (b) dicyclomine on carbachol (CCh; 1 µM) and high K+ (80 mM)-induced contractions in isolated rat ileum. 
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Table 1. Effect of diluents on the particle size and polydispersity index (PDI) of SNP over different time periods.
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Diluents

	
0 Min

	
15 Min

	
30 Min

	
45 Min

	
60 Min

	
120 Min

	
Mean Size

(nm) ± SD

	
Mean PDI

± SD




	
Size

	
PDI

	
Size

	
PDI

	
Size

	
PDI

	
Size

	
PDI

	
Size

	
PDI

	
Size

	
PDI






	
DW

	
130.1

	
0.158

	
134.5

	
0.149

	
142.7

	
0.037

	
143.2

	
0.064

	
140

	
0.106

	
133.6

	
0.198

	
137.4 ± 5.4

	
0.119 ± 0.061




	
SGF

	
149.8

	
0.033

	
169.7

	
0.124

	
186.7

	
0.133

	
199.6

	
0.151

	
204.7

	
0.176

	
226.5

	
0.137

	
189.5 ± 27.1

	
0.126 ± 0.049




	
AB

	
141.6

	
0.213

	
152.7

	
0.164

	
174.5

	
0.142

	
164.4

	
0.161

	
162.5

	
0.196

	
170.2

	
0.168

	
161.0 ± 12.0

	
0.174 ± 0.026




	
SIF

	
154.9

	
0.232

	
136.6

	
0.25

	
143.8

	
0.234

	
142.2

	
0.231

	
156

	
0.031

	
147.1

	
0.201

	
146.8 ± 7.5

	
0.197 ± 0.083




	
PBS

	
100.4

	
0.187

	
121.4

	
0.165

	
129.6

	
0.178

	
133.9

	
0.177

	
144.2

	
0.092

	
144.2

	
0.167

	
129.0 ± 16.5

	
0.161 ± 0.035








DW-Distilled water, SGF-Simulated Gastric Fluid, AB-Acetate buffer, SIF-Simulated Intestinal Fluid, and PBS-Phosphate Buffer Saline.
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Table 2. Antibacterial activity of silver nanoparticle suspension, as compared to ciprofloxacin.
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Zone of Inhibition (mm)

	




	
Strains

	
Sample

	
Ciprofloxacin

	
Silver Nanoparticles






	
S. aureus

	
1

	
18.0

	
35.0




	
ATCC #

	
2

	
19.0

	
33.0




	
25923

	
3

	
18.0

	
36.0




	
-

	
MEAN

	
18.3

	
* 34.7




	
-

	
SD

	
0.6

	
1.5




	
E. coli

	
1

	
30.0

	
45.0




	
ATCC #

	
2

	
28.0

	
44.0




	
13706

	
3

	
30.0

	
44.0




	
-

	
MEAN

	
29.3

	
* 44.3




	
-

	
SD

	
1.2

	
0.6








* signifies statistically significant difference under two-sided student t-test at 5% significance level between the mean zone of inhibition exhibited by ciprofloxacin and SNPs (the t-values were −17.32412 and −20.12461 with corresponding p-values of 0.000065 and 0.000036 against S. aureus and E. coli, respectively. # signifies American Type Culture Collection number-ATCC number).
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Table 3. Antidiarrheal effect of SNPs on castor oil-induced diarrhea in mice.
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	Groups
	Dose (mg/kg)
	No. of Wet Stool
	Total No. of Stool





	Saline
	10 mL/kg (p.o)
	5.2 ± 0.48
	5.8 ± 1.3



	SNPs
	1 mg/kg (i.p)
	3.4 ± 0.24 *
	6.4 ± 2.07 ns



	SNPs
	3 mg/kg (i.p)
	2.6 ± 0.50 **
	7.2 ± 2.7 ns



	SNPs
	10 mg/kg (i.p)
	2.0 ± 1.00 ***
	8.2 ± 4.3 ns



	Loperamide
	10 mg/kg (i.p)
	0.60 ± 0.40 ***
	1 ± 1.41 **







Values shown are mean ± S.E.M. of 5 animals per group. * p < 0.05, ** p < 0.01 and *** p < 0.001 show a comparison of all group vs. saline (One-way ANOVA followed by Tukey-Kramer Multiple Comparisons test). i.p. = intraperitoneal, p.o = per oral.
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