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Abstract: Silver nanoparticles (AgNPs) synthesized using tartaric acid as a capping agent have a great impact on the reaction kinetics and contribute significantly to the stability of AgNPs. The protective layer formed by tartaric acid is an important factor that protects the silver surface and reduces potential cytotoxicity problems. These attributes are critical for assessing the compatibility of AgNPs with biological systems and making them suitable for drug delivery applications. The aim of this research is to conduct a comprehensive study of the effect of tartaric acid concentration, sonication time and temperature on the formation of silver nanoparticles. Using Response Surface Methodology (RSM) with Face-Centered Central Composite Design (FCCD), the optimization process identifies the most favorable synthesis conditions. UV-Vis spectrum regression analysis shows that AgNPs stabilized with tartaric acid are more stable than AgNPs without tartaric acid. This highlights the increased stability that tartaric acid provides in AgNP ssssynthesis. Particle size distribution analysis showed a multimodal distribution for AgNPs with tartaric acid and showed the smallest size peak with an average size of 20.53 nm. The second peak with increasing intensity shows a dominant average size of 108.8 nm accompanied by one standard deviation of 4.225 nm and a zeta potential of −11.08 mV. In contrast, AgNPs synthesized with polyvinylpyrrolidone (PVP) showed a unimodal particle distribution with an average particle size of 81.62 nm and a zeta potential of −2.96 mV. The more negative zeta potential of AgNP-tartaric acid indicates its increased stability. Evaluation of antibacterial activity showed that AgNPs stabilized with tartaric acid showed better performance against E. coli and B. subtilis bacteria compared with AgNPs-PVP. In summary, this study highlights the potential of tartaric acid in AgNP synthesis and suggests an avenue for the development of stable AgNPs with versatile applications.
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1  Introduction

The field of nanotechnology continues to develop, generating great interest and driving innovation in various fields. Nanoparticles are materials characterized by special properties resulting from their dimensions at the nanoscale. Among the widely studied nanoparticles, silver nanoparticles (AgNPs) have gained importance due to their prominent optical, electrical, and antimicrobial properties. These properties make AgNPs important entities with applications in electronics, catalysis, antimicrobials, and even biomedicine [1–3].

In an effort to utilize AgNPs according to their applications, controlled synthesis of AgNPs has become the focus of much research. The synthesis procedure to manipulate the properties such as size, shape, and stability has opened up innovation opportunities to improve usability. The focus of this research is a conventional synthesis approach, in which silver salt precursors, specifically silver nitrate (AgNO3), are reduced in the presence of reducing and capping agents. The choice of reducing agent and capping agent can significantly influence the size, shape, and stability of silver nanoparticles (AgNPs) in the synthesis process. Reducing agents are responsible for reducing silver ions to silver atoms, which then assemble into nanoparticles. Different reducing agents can cause variations in reaction kinetics, resulting in different sizes and shapes of AgNPs. Strong reducing agents can accelerate the formation of small nanoparticles, while weaker reducing agents can cause larger particles to grow. The capping agent used is usually a ligand or surfactant which functions to stabilize the AgNPs formed. Capping agents surround AgNPs and prevent them from clumping or aggregating. The choice of the capping agent can affect the stability of nanoparticles in the solution. Some capping materials can produce well-dispersed and stable AgNPs, whereas other capping materials can cause aggregation or precipitation [4]. Additionally, certain capping agents can influence the shape of the nanoparticles and help maintain a particular morphology. Thus, the choice of the type of reducing agent and capping agent is an important consideration in the synthesis of nanoparticles for specific applications [5–7].

Ascorbic acid is a reducing agent that is widely known for controlling the conversion of silver ions into silver metal nanoparticles and plays an important role in the conversion process [8]. At the same time, the capping agent provides stability by preventing nanoparticle agglomeration. However, apart from size and shape considerations, the long-term stability of nanoparticles remains important, especially in drug delivery systems [9–11].

Silver nanoparticles (AgNPs), which are synthesized using tartaric acid as a capping agent, have a prospective role in drug delivery systems. The tartaric acid capping agent serves several important functions in the design and performance of these drug delivery systems. One of the main roles of tartaric acid as a capping agent is to stabilize and control the growth of AgNPs during the synthesis process. The capping agent forms a protective layer around the AgNPs, preventing them from aggregating and maintaining the desired size and shape. This controlled growth is critical because the size of the nanoparticles can significantly influence their interactions with drugs and biological systems [12,13].

Efforts to achieve robust, enduring stability have led to the exploration of complexing agents in AgNP synthesis. These agents interact with metal ions, shaping the synthesis process and influencing the stability of the resulting nanoparticles. In this context, tartaric acid, an organic compound with chelating properties, emerges as a compelling candidate. Its ability to engage in intricate interactions with silver ions holds the potential to impact reaction kinetics and contribute to the lasting stability of AgNPs [14]. In addition, the use of tartaric acid as a capping agent can increase the biocompatibility of AgNPs. The protective layer formed by tartaric acid prevents direct exposure of the silver surface, thereby reducing the potential for cytotoxicity [15]. This is an important aspect when considering the compatibility of AgNPs with biological systems, making them more suitable for drug delivery applications. In drug delivery, AgNPs synthesized with tartaric acid can be used to deliver therapeutic agents such as drugs or biomolecules. The presence of capping agents allows for increased drug loading efficiency and ensures that the therapeutic payload is securely attached to the nanoparticle surface [16]. These functionalized AgNPs can also be designed to produce controlled drug release, enabling gradual and sustained release of the encapsulated drug over a long period. This feature is very beneficial for achieving a prolonged therapeutic effect and reducing the frequency of drug administration. Additionally, tartaric acid-treated AgNPs can be tailored for targeted drug delivery. By functionalizing the nanoparticle surface with targeting ligands such as antibodies or specific molecules, drug-loaded AgNPs can be directed to specific cells or tissues, thereby increasing the precision of drug delivery and minimizing off-target side effects. This targeted approach can increase the effectiveness of therapy and reduce the possibility of side effects [17,18].

This research was carried out to uncover the role of tartaric acid as a capping agent in AgNP synthesis. A specific focus is placed on its influence on nanoparticle stability—a crucial factor with wide-ranging implications. The overarching objective is to refine AgNP synthesis by systematically exploring tartaric acid concentration, sonication duration, and temperature. The UV-Vis absorbance of AgNPs at 420 nm emerges as a critical response parameter, offering insights into both stability and quality [19].

The optimization employs the Response Surface Methodology (RSM), a statistical approach proficient at probing interactions between variables and responses. The central composite design, a basis of RSM, forms the framework for systematically directing the optimization landscape. This design encapsulates the essence of variables—tartaric acid concentration, sonication time, and temperature—paving the way for optimal conditions that yield desired responses [20]. In the end, this Response Surface Methodology was used to unravel the interplay between tartaric acid concentration, sonication time, and temperature in AgNP synthesis.

2  Methodology

2.1 The Synthesis of Silver Nanoparticles

The materials employed in this study include polyvinylpyrrolidone (PVP), ascorbic acid (AA), silver nitrate (AgNO3), and demineralized water. The solutions of 1% PVP solution, AA solution (0.025 M), and AgNO3 solution (0.5 M) were prepared. The FCCD was optimized using three parameters, namely tartaric acid concentration (0.5, 1.0, and 1.5 M), sonication time (10, 20, and 30 min), and temperature (40°C, 60°C, 80°C), with the response variable being the highest absorbance at 300–800 nm wavelength of UV-Vis spectra. The values of the variables used in the experiment are presented in Table 1.
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The silver nanoparticles were synthesized by reacting 50 mL of 1% PVP solution with 30 mL of AgNO3 solution in an Erlenmeyer flask, followed by stirring at 350 rpm. The mixture was then added with 0.025 mL of AA solution. The resulting silver nanoparticles were tested for their absorbance using a UV-Vis spectrophotometer and their particle size distribution using a particle size analyzer (PSA) and Tunnelling Electron Microscopy (TEM) [21].

2.2 Particle Size Analysis of Silver Nanoparticles Using Particle Size Analyzer (PSA)

For the evaluation of silver nanoparticle dimensions, a sample volume of 5 mL was introduced into a cuvette, which was subsequently positioned within the designated sample holder and securely sealed. The Zetasizer Nano (Malvern Panalytical) provided specifications regarding the refractive index, absorbance, dispersant, and cuvette type. The analysis encompassed five replicates, effectively capturing the essence of the particle size distribution. The applied temperature (°C) was 25°C, and the dispersant used was water with a refractive index of 1.35, dispersant viscosity (cP) of 0.887, and dielectric constant of 78.5.

2.3 Characterization of Silver Nanoparticles Using Transmission Electron Microscopy (TEM)

Tunneling Electron Microscopy (TEM) JEM-1400Flash with 120 acceleration voltage was carried out to undertake the characterization of synthesized silver nanoparticles. The prepared sample was deposited onto a carbon-coated grid. This grid was then inserted into a holder, oriented to expose both sides to the stream of electrolyte jet flow, serving as the cathode. Through this mechanism, the electrolyte jet methodically polished both sides of the specimen until the desired light transparency was discerned by a light detector, enabling a comprehensive assessment of nanoparticle attributes. The measurement was carried out with 40000, 80000, and 150000 magnification.

3  Results and Discussions

3.1 Synthesis and UV-Vis Spectrophotometric Analysis of Silver Nanoparticles

Silver nitrate, PVP, ascorbic acid, and tartaric acid solutions exhibited a colorless solution, Fig. 1. However, a subtle elevation in absorbance was detected, with varying values aligning with the introduced silver nitrate concentration. This initial interaction between PVP and silver nitrate paved the way for the formation of the complex compound Ag(PVP)+, which underwent reduction upon the introduction of the reducing agent, yielding silver nanoparticles, as shown in Experiment 1 (orange line) in Fig. 1 [22].
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Figure 1: The spectra of each solution and the prominent spectra of AgNPs that appear at around 420 nm

The role of PVP materialized in its function as a stabilizing agent, arranging the formation of a protective layer on the nanoparticle surface. This encapsulating layer, structured through hydrophilic carbonyl (C = O) groups and hydrophobic pyrrolidone rings, effectively hinders the tendencies of aggregation. The binding of PVP to silver emerged via the interaction of carbonyl groups and nitrogen atoms present in the pyrrolidone ring. This interaction was fortified by both steric hindrance and electrostatic stability.

The reduction of the PVP-silver nitrate solution with ascorbic acid was accompanied by a transformative shift in color, displaying a distinct tea-brown hue—a characteristic marker of the reduction of Ag+ to Ag0 and the consequential formation of silver nanoparticles [23]. The complicated mechanistic process leading to silver nanoparticle genesis unfolds from Ag+ ions, carrying positive charges, being drawn towards the negatively charged carbonyl and pyrrolidone groups via electrostatic forces. Within this dynamic context, ascorbic acid assumes the role of an electron donor, terminating in the formation of stable interactions. This transformation led to the emergence of radical ions—semidehydroascorbic acid and dehydroascorbic acid. The semidehydroascorbic acid radical ion is particularly potent in its reducing ability. The interplay between ascorbic acid and semidehydroascorbic acid forms a robust framework for the reduction of Ag+ ions into Ag0 nanoparticles. These initial silver seeding particles function as the nuclei, laying the foundation for subsequent silver nanoparticle growth. The extent to which Ag+ ions are attracted to the PVP surface directly influences the number of Ag nanoparticles deposited on this surface. The overall chemical reactions governing the silver-stabilizing agent, prominently involving ascorbic acid, are illustrated by Eq. (1) [24,25].


C6H8O6+ 2Ag+→ 2Ag0+C6H6O6 + 2H+
(1)

The experimental examination included the acquisition of fifteen UV-Vis spectra, each corresponding to the diverse variations summarized within the FCCD design. These spectra were recorded across wavelengths ranging from 350 to 600 nm, as presented in Fig. 2a. The UV-Vis spectra exhibited distinctive maximum wavelengths in the range of 415–482 nm, associated with a range of absorbance values spanning 0.106–1.950, as presented in Fig. 2b. The highest absorbance was obtained from the 6th experiment. The 6th experiment was carried out with tartaric acid concentration, sonication time, and temperature of 0.5 M, 30 min, and 40°C, respectively.
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Figure 2: The UV-Vis spectra (a) and maximum absorbances (b) obtained from 15 CCD input variations

AgNPs have a maximum absorbance at around 420 nm due to the surface plasmon resonance (SPR) phenomenon. Surface plasmon resonance is the collective oscillation of conduction electrons in metal nanoparticles in response to incident electromagnetic radiation, usually in the visible or ultraviolet (UV) region of the electromagnetic spectrum. The size and shape of the nanoparticles significantly influence the position of the absorption peak. In the case of AgNPs, nanometer-sized particles have absorption peaks in the visible region of the spectrum, with larger particles generally having longer absorption wavelengths. AgNPs resonance is strongest when the size and shape of the nanoparticles support SPR excitation at around 420 nm [26].

3.2 Optimization of Silver Nanoparticle Synthesis Using Response Surface Methodology (RSM)

The experimental dataset employed for the analysis using Response Surface Methodology (RSM), specifically within the framework of the Face-Centered Central Composite Design (FCCD), was founded upon the maximum absorbance values derived from the 15 distinct sample variations. The adoption of the FCCD design was strategically chosen to unearth the most significant interactions among the parameters integral to the synthesis of silver nanoparticles. The overarching objective was to streamline the experimental process while concurrently subjecting the response surfaces and plots to rigorous statistical scrutiny, ultimately leading to the identification of optimal synthesis conditions [27].

To encapsulate the intricate relationships within the dataset, a second-order polynomial equation was harnessed. This equation, acting as the cornerstone of the model, adeptly captures the multifaceted interactions between the response variable (absorbance) and the variables inherent to the FCCD. Its mathematical embodiment is elegantly represented by Eq. (2).


Z=−1.1079999999945573+x0×−3.614494+x1×0.082455+x2         ×0.109798+x02×1.730222+x0×x1×−0.016375+x0×x2         ×0.003513+x12×−0.001824+x1×x2×0.000236+x22×−0.001026
(2)

The triad of independent variables is succinctly represented as x0 (tartaric acid concentration, %), x1 (sonication time, minutes), and x2 (temperature), while the absorbance (Z) assumes its role as the response variable. Within this framework, the second-order polynomial equation assumes a pivotal role. When thoughtfully calibrated using experimental data, this equation assumes the responsibility of forecasting the response variable’s value for each reduction of independent variables. This process culminates in the construction of a robust RSM curvature model, adeptly equipped to facilitate intricate and multifaceted analyses [28].

The regression curve, as depicted in Fig. 3, illustrated a noticeable divergence between the majority of the experimental data and the predicted values. Such substantial disparities between predicted and observed values may potentially signify the existence of prediction errors. However, it is essential to note that a dispersion of points on the plot does not necessarily denote an inherently flawed model. The model’s r-value amounted to 0.778, accompanied by a p-value of 0.00064, a stderr of 0.1356, and an intercept standard error of 0.129. The r-value above 0.70% or 70% indicated that there was a strong correlation between input variables and the response variable. The significance of a p-value below 0.05 is indicative of notable distinctions between the experimental and predicted data. This phenomenon is also distinctly observable in the RSM plot presented in Figs. 4a and 4b, which provides a telling insight: the presence of tartaric acid seemingly did not significantly contribute to the formation of AgNPs. This inference arises from the observation that the addition of tartaric acid corresponded with a reduction in AgNPs’ absorbance around the 420 nm mark. The “saddle” shape of the RSM surface further suggests that tartaric acid with a concentration higher than 0.8 M reduces the absorbance of AgNPs. Consequently, the presence of tartaric acid emerged as a low-correlated feature. On the other hand, Fig. 4c indicated that the optimization of sonication time and temperature demonstrated effective convergence within the studied ranges.
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Figure 3: The regression curve between predicted and experimental data of silver nanoparticle synthesis
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Figure 4: 3D response surface plots between (a) tartaric acid concentrations and sonication time, (b) tartaric acid concentration and temperature, and (c) sonication time and temperature

Following the optimization process using Response Surface Methodology (RSM), a specific point was strategically chosen from the predefined range to serve as the representative optimal conditions for the synthesis of silver nanoparticles. This selection procedure involves substituting the range of values into Eq. (2) to identify the highest response (Z) value, which corresponds to the optimal condition for silver nanoparticle synthesis. Based on the conducted optimization process, the optimal conditions for the synthesis of silver nanoparticles were determined as follows: a maximum tartaric acid concentration of 0.8 M, a sonication time ranging from 15 to 30 min, and a temperature within the range of 45°C to 65°C. These determined optimal conditions will subsequently undergo further exploration through particle size characterization utilizing Particle Size Analyzer (PSA) and Transmission Electron Microscopy (TEM).

3.3 The AgNPs Stability Measurement

The stability of AgNPs was investigated by absorbance measurements over 13 days with a measurement interval of 24 h. The spectra of the measurement results for each day for AgNPs-tartrate and AgNPs without tartarate are shown in Fig. 5.
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Figure 5: The spectra of AgNP-tartarate (a) and AgNP-without tartarate (b) over 13 days

The change in maximum absorbances for AgNPs with and without tartarate are shown in Fig. 6a. Both the absorption of AgNPs-tartrate and AgNPs without tartarate showed an increase on the second day. From the second to the 13th day, the two synthesized AgNPs showed a decrease in absorbance. The absorbance decay of AgNPs without tartarate was faster than that of AgNPs-tartrate, Fig. 6b. Regression analysis of the absorption of the two AgNPs from the second day can provide information about the decreased rate of the absorption of the two AgNPs.
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Figure 6: The maximum absorbance and regression curve of AgNP without and with tartarate were measured from days 1 to 13

The AgNPs-tartrate regression analysis produces a linear equation with a slope of −0.0459, an intercept of 1.0817, and an r-value of −0.9381. Regression analysis of AgNPs without tartarate absorption as a function of the day yielded a linear equation with a slope of −0.0692, an intercept of 1.1583, and an r-value of −0.9738. Based on the regression equation, AgNPs with tartarate reach an absorbance of 0.0 on day 24, while AgNPs without tartarate reach an absorbance of 0.0 on day 17.

3.4 Characterization Using Particle Size Analyzer (PSA)

The assessment of nanoparticle dimensions initiates with measurements using a dynamic light scattering (DLS) particle size analyzer (PSA). This analytical technique is widely employed to determine the size of nanoparticles, leveraging the principle of laser light scattering fluctuations induced by nanoparticles undergoing Brownian motion. As depicted in Fig. 7a, the histogram of AgNPs-tartaric acid has a multimodal distribution. The resulting particle distribution at the lower peak has an average size of 20.53 nm. The second peak shows high intensity indicating that the majority of the particle has an average size of 108.8 nm with a standard deviation of 4.225 nm. The zeta potential measured was −11.08 mV with a zeta deviation (mV) of 7.037 and conductivity of 1.4 mS/cm [23].
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Figure 7: Histogram of AgNPs-tartaric acid (a) and AgNPs-PVP (b)

Fig. 7b shows the histogram of the size distribution of silver nanoparticles synthesized using PVP at the optimal point of RSM. More than 25% of the particles have a size of ~14.04 nm, with the particle size distribution having a mean of 81.62 nm and a standard deviation of 3.775 nm. The PSA AgNPs-PVP histogram shows a single peak which indicates that the resulting nanoparticles have a uniform shape or what is usually called monodisperse. The results of the zeta potential analysis of AgNPs-PVP show a zeta potential value of −2.96 mV. A negative value of zeta potential indicates that the silver nanoparticles have a positive charge and the surrounding stabilizer has a negative charge. In term of zeta potential AgNPs synthesized using tartaric acid has more negative value indicating that the obtained AgNPs are more stable. Thus it was concluded that the presence of tartaric acid could divert the AgNPs size distribution as well as zeta potential. In certain applications such as nanomedicine or catalysis, a smaller size is often preferred because of its high surface area. Conversely, other applications might benefit from a broader range of particle sizes [29].

3.5 Characterization Using Transmission Electron Microscopy (TEM)

Fig. 8 showcases Transmission Electron Microscopy (TEM) micrographs, each accompanied by a 100, 50, and 20 nm scale bar, offering a visual representation of the synthesized silver nanoparticles. The average diameter of these silver nanoparticles is determined to be 18.34 ± 21.243 nm, and they exhibit a distinctive spherical morphology, with the smallest observed particle size measuring 9.463 nm. Figs. 8a–8c indicate that the nanoparticles maintain a notable separation from each other. This distinct spatial distribution can be attributed to the repulsive forces operating between the negatively charged stabilizing agents—PVP in particular—which play a protective role for the nanoparticles within this study.
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Figure 8: TEM micrographs of silver nanoparticles synthesized in this study (a) 40000 (b) 80000, and (c) 150000 magnification

The relatively modest zeta potential value contributes to the maintenance of a moderate distance between the nanoparticles. This balance in electrostatic repulsion forces prevents an overly strong interparticle attraction. It is noteworthy that the nanoparticle sizes determined through TEM measurements are found to be smaller in comparison to the sizes obtained through PSA. This discrepancy arises due to the distinct principles governing the two measurement techniques. While TEM captures a subset of the entire AgNP population, PSA measurements present a histogram representing the entire nanoparticle population [30,31].

3.6 Antibacterial Activity of AgNPs/PVP-Tartarate

The synthesized silver nanoparticles under optimal conditions were tested for their antibacterial activity. This test was carried out using two types of bacterial isolates, namely the gram-positive bacteria: Bacillus subtilis and the gram-negative bacteria: Escherichia coli, using the disk diffusion method. The calculation of antibacterial activity is based on the area of the inhibition zone around the disc.

The inhibitory potential of AgNPs/PVP tested on E. coli bacteria is shown in Fig. 9a, while the inhibitory effect on B. subtilis bacteria is shown in Fig. 9b. Furthermore, the inhibitory potential of AgNPs/PVP-tartarate tested on E. coli bacteria is shown in Fig. 10a, while the inhibitory potential on B. subtilis bacteria is shown in Fig. 10b. The results of antibacterial activity can be seen in Table 2.
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Figure 9: Antibacterial activity of AgNPs/PVP on (a) E. coli and (b) B. subtilis
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Figure 10: Antibacterial activity of AgNPs/PVP-tartarate against (a) E. coli and (b) B. subtilis
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The control, ampicillin, has greater inhibitory activity against all bacteria because ampicillin is a proven antibiotic that has antibacterial properties and can inhibit both gram-positive and gram-negative bacteria. Inhibition of bacteria by AgNP solutions was due to the strong interactions between silver and bacterial cells thereby disrupting cell wall permeability, damaging DNA and proteins, and directly binding to phosphate and sulfur groups of bacteria. Another AgNP activity is to disrupt cell metabolism, inhibit microbial cell synthesis, and produce reactive oxygen species (ROS), which are highly reactive molecules that cause toxic effects to the bacteria. In addition, the bacterial growth pathway is disrupted, causing bacterial cells to lose their ability to replicate and bacterial cell death.

Based on the research results, AgNPs synthesized using ascorbic acid as a reducing agent and modified with tartaric acid (AgNPs-tartaric acid) had higher inhibitory activity against Escherichia coli. An inhibition area of 6.31 mm2 is categorized as a moderate inhibition category. The AgNPs/PVP-tartarate has an average inhibition of 7.765 mm on Bacillus subtilis bacteria, which also falls into the moderate inhibition category. The size, shape, crystallinity, and type of AgNP capping agent likely play an important role and may cause variations in antibacterial activity [32].

The antibacterial activity of AgNPs-tartaric acid showed better activity against E. coli bacteria and B. subtilis bacteria compared to AgNPs/PVP. This proves that the addition of tartaric acid provides better antibacterial activity against gram-negative and gram-positive bacteria. Tartaric acid may act as an antibacterial agent through several potential mechanisms related to its structure. Possible mechanisms include changes in pH. Some bacteria are sensitive to significant changes in pH because they disrupt the acid-base balance in bacterial cells and bacterial cell membranes can be damaged in acidic conditions. Tartaric acid is a weak acid. When dissolved in water, the carboxylic group (-COOH) releases hydrogen ions (H+) and can acidify the environment. Apart from that, the hydroxyl group (OH) of tartaric acid also plays a role in inhibiting cellular metabolic processes such as damaging cell walls and membranes and disrupting the transport of nutrients into cells by interacting with the cell surface through hydrogen bonds or ionic bonds.

Based on these results, the AgNPs/PVP-tartarate had better inhibitory activity against gram-positive bacteria than gram-negative bacteria. This is due to the electrostatic interaction between integral membrane protein residues which are positively charged on the surface of B. subtilis bacteria as Gram-positive bacteria and AgNPs/PVP tartarate which is negatively charged due to the influence of the carboxyl group (-COOH) [33,34].

4  Conclusion

Optimization of key factors influencing the synthesis of silver nanoparticles (AgNPs) was carried out carefully using Response Surface Methodology (RSM) using Face-Centered Central Composite Design (FCCD). The optimal synthesis conditions identified included tartaric acid concentration, sonication time, and temperature. UV-Vis spectrum analysis using regression provides insight that AgNPs stabilized with tartaric acid show longer stability than AgNPs synthesized without tartaric acid. This observation highlights the positive influence of tartaric acid in enhancing the stability of AgNPs.

Particle size distribution analysis revealed a distinct multimodal distribution for AgNPs with tartaric acid. In contrast, AgNPs synthesized with polyvinylpyrrolidone (PVP) showed unimodal particle distribution. The most important is the more negative zeta potential of the AgNPs synthesized with tartaric acid, which contributes to their increased stability. Antibacterial activity evaluation further highlighted the superior performance of tartaric acid-stabilized AgNPs against E. coli and B. subtilis bacteria compared with AgNPs/PVP.

Transmission electron microscope (TEM) characterization confirmed the spherical morphology of AgNPs-tartaric acid with well-separated particles caused by repulsive forces between stabilizers. The results highlight the potential of tartaric acid in AgNP synthesis and pave the way for the creation of stable AgNPs with wide applications.
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Table 1: The RSM-FCCD mput factor and level

Run Tartaric (%) t (minute) T (°C)

1 0.5 10 40
2 1.5 10 40
3 1.0 20 80
4 0.5 10 80
5 1.5 10 80
6 0.5 30 40
7 1.5 30 40
8 0.5 30 80
9 1.5 30 80
10 0.5 20 60
11 1.5 20 60
12 1.0 20 40
13 1.0 10 60
14 1.0 30 60
15 1.0 20 60
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Table 2: Antibacterial activity test results

Bacteria Disc diameter (mm) Inhibition zone (mm?)

Control (ampicillin)  AgNPs/PVP  AgNPs/PVP-tartarat

Escherichia coli  6.00 8.10 4.5 6.31
Bacillus subtilis 6.00 14.17 3.0 7.76
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