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Design and Experimental Evaluation of an Ultrasonic Generator for the Inactivation of Gram-Positive and Gram-Negative Bacteria 
-------------------------------------------------------------------------------------------------

ABSTRACT
This research presents the design and experimental application of an ultrasonic generator based on an IC 555 timer as a source of ultrasonic waves for bacterial inactivation. The developed system operated in the frequency range of 40–65 kHz and was experimentally evaluated using Gram-positive and Gram-negative bacterial suspensions with fixed initial concentrations. The Gram-positive bacterium used in this study was Staphylococcus aureus, while the Gram-negative bacterium was Escherichia coli.Bacterial samples were exposed to ultrasonic radiation at various frequencies and irradiation distances for a fixed irradiation time of 10 minutes. The effectiveness of ultrasonic treatment was evaluated based on bacterial mortality percentage and average bacterial reduction (CFU/mL). The results show that bacterial mortality increases with increasing ultrasonic frequency for both Gram-positive and Gram-negative bacteria. Under identical irradiation conditions, Gram-negative bacteria consistently exhibited higher mortality than Gram-positive bacteria. In addition, shorter irradiation distances resulted in higher bacterial inactivation efficiency for both bacterial groups.
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INTRODUCTION
Advances in science and technology in the fields of applied physics and biotechnology have driven the development of non-chemical methods for microorganism control. One approach that has been widely investigated is the use of ultrasonic waves as a physical agent for bacterial inactivation (Sarkinas et al., 2018). Ultrasonic waves, which operate at frequencies above the threshold of human hearing, are capable of generating mechanical effects and acoustic cavitation phenomena in liquid media. These effects can induce significant damage to the cellular structures of microorganisms (Starek et al., 2021).
Exposure of bacteria to ultrasonic waves can disrupt the integrity of the cell wall and cell membrane, induce protein denaturation, and cause damage to nucleic acids. The combined effects of these processes can inhibit cellular metabolic activity and ultimately lead to bacterial cell death (Su & Cavaco-Paulo, 2021). Therefore, ultrasonic technology is considered a promising alternative or complementary method for sterilization, particularly in medical, food, and environmental applications (Dai et al., 2020; Nakamura et al., 2010).
Bacteria are generally classified based on the structure of their cell walls into Gram-positive and Gram-negative groups, which differ significantly in the composition and thickness of the peptidoglycan layer (Reith & Mayer, 2011). These structural differences influence bacterial responses to physical treatments, including exposure to ultrasonic waves. Escherichia coli is a Gram-negative, rod-shaped bacterium with a cell length of approximately 1.0–3.0 µm and a diameter of about 0.4–0.7 µm. It is commonly found as part of the normal flora of the gastrointestinal tract of humans and animals; however, certain strains are pathogenic and can cause various infections, such as gastrointestinal and urinary tract infections (Akanbi et al., 2017; Linz et al., 2023). In contrast, Staphylococcus aureus is a Gram-positive bacterium belonging to the family Micrococcaceae. It has a coccoid shape with a diameter of approximately 0.5–1.25 µm and typically forms clusters resembling grape-like structures. This bacterium is recognized as an opportunistic pathogen responsible for a wide range of human infections (Basavaraju & Gunashree, 2023; Whelan et al., 2023).
Although several studies have reported the effectiveness of ultrasonic waves in bacterial inactivation, investigations into the influence of ultrasonic frequency variation on bacterial mortality, particularly in relation to differences in cell wall characteristics, remain limited. In electronic systems, ultrasonic waves are commonly generated using a device known as a transducer. Ultrasonic transducers are typically fabricated from piezoelectric materials. A piezoelectric material behaves as a capacitor with a specific dielectric property; when an electrical voltage is applied, mechanical pressure is generated across the material. Conversely, when mechanical pressure is applied, an electrical charge is produced across the material surfaces. An ultrasonic transducer functions as a transmitter when an electric voltage is applied to the piezoelectric material and acts as a receiver when the material is subjected to external pressure.

Therefore, this research aims to design an ultrasonic generator capable of inactivating Gram-positive and Gram-negative bacteria, to analyze the mortality percentages of both bacterial groups as a function of ultrasonic frequency variation, and to observe the morphological changes in Gram-positive and Gram-negative bacterial cells following ultrasonic treatment.

Experimental Arrangement
Ultrasonic Generator Design

A schematic of the ultrasonic generator is illustrated in Figure 1. The ultrasonic generator was built using an IC 555 timer configured as an astable multivibrator. Standard metal-film resistors (¼ W, ±5%) and ceramic capacitors were used throughout the circuit. Signal amplification was achieved using a complementary push–pull transistor stage consisting of BD139 (NPN) and BD140 (PNP) transistors, while silicon switching diodes (1N4148) were employed for current steering and protection. The ultrasonic output was delivered through a piezoelectric ultrasonic transducer operating in the 50–65 kHz frequency range. 
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Figure 1. Circuit diagram of the ultrasonic generator
The output frequency of the IC 555 astable multivibrator was calibrated by measuring the square-wave signal at pin 3 of the IC 555 and at the input of the transistor amplifier using a digital oscilloscope. The measured frequencies were adjusted by tuning the variable resistor (VR) in the timing network until the desired frequency values were achieved.
When the power supply is activated, the astable multivibrator generates a continuous train of square-wave signals. Since the output of the IC 555 has limited current-driving capability, the signal is subsequently amplified by the push–pull transistor stage to produce a higher-amplitude output suitable for driving the ultrasonic transducer.
Preparation of Bacterial Samples and Ultrasonic Irradiation

This study investigated the ultrasonic sonication of Gram-positive and Gram-negative bacteria. The Gram-positive bacterium used in this study was Staphylococcus aureus, while the Gram-negative bacterium was Escherichia coli. Ultrasonic irradiation was applied at frequencies of 50, 55, 60, and 65 kHz, with irradiation distances of 5 and 10 cm, for an exposure time of 10 min.  The ultrasonic frequency range of 50–65 kHz was selected because frequencies within this range have been widely reported in the literature to be effective for bacterial inactivation (Lauteri et al., 2023).
The preparation procedures included sterilization of instruments and materials, culture media preparation, bacterial subculturing, and the preparation of Gram-positive and Gram-negative bacterial suspensions (Figure 2). Sterilization was carried out using an autoclave at 121 °C under a pressure of 2 atm to eliminate all microorganisms present on the instruments and materials, thereby preventing contamination during the experiments. 
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Figure 2. Experimental workflow for the preparation of Gram-positive and Gram-negative bacterial samples
To determine the mortality percentage of Gram-positive and Gram-negative bacteria, bacterial samples collected before and after ultrasonic irradiation were analyzed using the pour plate method. Nutrient agar maintained at approximately 50 °C was poured into the samples. After solidification, the plates were incubated in an inverted position for 48 h (2 × 24 h). Subsequently, the numbers of Gram-positive and Gram-negative bacterial colonies were counted using a colony counter.
The mortality percentage for Gram-positive and Gram-negative bacteria is calculated using the following formula:
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where P is the bacterial mortality percentage for Gram-positive and Gram-negative bacteria, is the difference between the number of bacterial colonies before and after ultrasonic irradiation, and Y is the number of bacterial colonies before irradiation.
RESULTS AND DISCUSSION
The effect of ultrasonic irradiation on bacterial mortality was evaluated by analyzing the relationship between ultrasonic frequency and both mortality percentage and average mortality (CFU/mL) for Gram-positive and Gram-negative bacteria. Measurements were conducted at ultrasonic frequencies of 50, 55, 60, and 65 kHz, with irradiation distances of 5 cm and 10 cm, and an initial bacterial density of 10⁻⁸ CFU/mL. The results are presented in Figures 3–5.
Figure 3a shows the mortality of Gram-positive bacteria as a function of ultrasonic frequency at an irradiation distance of 5 cm. At a frequency of 50 kHz, the mortality percentage of Gram-positive bacteria was recorded at 34.3%. When the frequency was increased to 55 kHz, the mortality percentage increased to 37.5%. A further increase in frequency to 60 kHz resulted in a mortality percentage of 40.2%, while the highest mortality percentage, 43.5%, was observed at 65 kHz. These data indicate a gradual and consistent increase in Gram-positive bacterial mortality with increasing ultrasonic frequency.

The average mortality values of Gram-positive bacteria at a distance of 5 cm are presented in Figure 3b. At 50 kHz, the average mortality was 42.6 CFU/mL. This value increased to 46.3 CFU/mL at 55 kHz and further increased to 52.6 CFU/mL at 60 kHz. At the highest tested frequency of 65 kHz, the average mortality reached 65.0 CFU/mL. The data demonstrate a clear increasing trend in the number of inactivated Gram-positive bacterial cells with increasing ultrasonic frequency.
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Figure 3. (a) Mortality percentage and (b) average mortality (CFU/mL) of Gram-positive bacteria as a function of ultrasonic frequency at a 5 cm irradiation distance.
Figure 4a presents mortality data for Gram-negative bacteria at an irradiation distance of 5 cm, highlighting the effect of ultrasonic frequency on bacterial inactivation under closer exposure conditions. At a frequency of 50 kHz, the mortality rate for Gram-negative bacteria was 50.3%, indicating a substantial bactericidal effect even at the lowest frequency applied in this study. When the frequency was increased to 55 kHz, the mortality rate increased to 54.2%, indicating a moderate increase in bacterial mortality with increasing frequency. A further increase in frequency to 60 kHz resulted in a mortality rate of 59.1%, while the highest mortality rate of 63.6% was recorded at 65 kHz. Overall, a clear and consistent frequency-dependent increase in mortality was observed for Gram-negative bacteria at an irradiation distance of 5 cm. 
It should be noted that, at all frequencies tested, the mortality rates for Gram-negative bacteria were consistently higher than those obtained for Gram-positive bacteria under identical irradiation conditions, indicating a higher susceptibility of Gram-negative bacteria to ultrasonic exposure. The average mortality of Gram-negative bacteria at a 5 cm irradiation distance is presented in Figure 4b. At 50 kHz, the mortality was 49.3 CFU/mL, which increased to 62.3 CFU/mL at 55 kHz, indicating that bacterial inactivation improves with higher ultrasonic frequencies. A stronger increase was observed at 60 kHz, reaching 87.6 CFU/mL, and the highest mortality of 96.3 CFU/mL occurred at 65 kHz. These findings confirm that higher ultrasonic frequencies enhance bacterial inactivation and show that Gram-negative bacteria exhibit a more pronounced frequency-dependent increase in mortality compared to Gram-positive bacteria.
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Figure 4. (a) Mortality percentage and (b) average mortality (CFU/mL) of Gram-negative bacteria as a function of ultrasonic frequency at a 5 cm irradiation distance.
Figure 5 illustrates the influence of ultrasonic frequency on the mortality of Gram-negative bacteria at an irradiation distance of 10 cm. At the lowest applied frequency of 50 kHz, the observed mortality percentage reached 47.7%, indicating that ultrasonic exposure at this distance was already capable of inducing a measurable bactericidal effect. When the frequency was increased to 55 kHz, the mortality percentage rose slightly to 50.5%, suggesting a gradual enhancement of bacterial inactivation with increasing frequency. A more pronounced increase was observed at higher frequencies, with mortality percentages of 54.1% at 60 kHz and 57.9% at 65 kHz. This progressive increase demonstrates a clear frequency-dependent trend in Gram-negative bacterial mortality. However, when compared with the results obtained at a shorter irradiation distance of 5 cm, the mortality percentages at 10 cm were consistently lower across all tested frequencies, indicating a reduction in ultrasonic effectiveness with increasing distance from the source.

The corresponding average mortality values for Gram-negative bacteria at an irradiation distance of 10 cm are presented in Figure 5b. At a frequency of 50 kHz, the average mortality was 47.6 CFU/mL. This value increased to 61.0 CFU/mL at 55 kHz, reflecting an enhanced bactericidal response as the ultrasonic frequency increased. A further rise in average mortality was observed at 60 kHz, reaching 80.3 CFU/mL, followed by the highest recorded average mortality of 90.6 CFU/mL at 65 kHz. These results confirm that higher ultrasonic frequencies promote greater bacterial inactivation even at a longer irradiation distance. Nevertheless, despite the consistent increasing trend with frequency, the overall average mortality values at 10 cm remained lower than those observed at the shorter distance, emphasizing the important role of irradiation distance in determining the efficiency of ultrasonic bacterial inactivation.
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Figure 5. (a) Mortality percentage and (b) average mortality (CFU/mL) of Gram-negative bacteria as a function of ultrasonic frequency at a 10 cm irradiation distance.
The experimental results showed that both Gram-positive and Gram-negative bacteria exhibited a consistent increase in mortality with increasing ultrasonic frequency. This trend was observed in both the percentage mortality and the average bacterial mortality expressed in CFU/mL, indicating that both parameters represent the same inactivation process from different quantitative perspectives. Overall, the average mortality of both Gram-positive and Gram-negative bacteria increased proportionally with increasing ultrasonic frequency, confirming the dominant role of frequency in ultrasonic bacterial inactivation (Lauteri et al., 2023).
Although both bacterial groups followed the same frequency-dependent trend, Gram-negative bacteria consistently exhibited higher mortality rates than Gram-positive bacteria under identical experimental conditions. This difference can be attributed to the different structural characteristics of their cell walls. Gram-positive bacteria have a thick, rigid peptidoglycan layer, which provides increased mechanical resistance to external physical stress. In contrast, Gram-negative bacteria have a thinner peptidoglycan layer combined with an outer membrane that is more susceptible to mechanical disruption caused by ultrasonic waves (Reith & Mayer, 2011). Consequently, Gram-negative bacteria are more susceptible to ultrasonic damage, although they exhibit a similar overall trend with frequency variation.

The effect of irradiation distance is also clearly reflected in the experimental data. Shorter irradiation distances result in higher bacterial mortality rates and higher average mortality rates compared to longer distances. This behavior is related to the higher sound intensity received by the sample at closer distances to the ultrasonic source . Since sound intensity decreases with distance, the amount of acoustic energy transmitted to the bacterial cells decreases, resulting in lower inactivation efficiency.

In addition to irradiation distance, ultrasonic frequency directly affects the acoustic energy delivered to the sample. Higher ultrasonic frequencies correspond to higher acoustic energy input into the medium, which increases the interaction between the ultrasonic waves and the bacterial cells. Increased acoustic energy results in stronger physical effects acting on the bacterial structure, thus increasing bacterial mortality for both Gram-positive and Gram-negative bacteria.

The physical effects produced by ultrasonic irradiation are likely manifested in the form of intense vibrations and mechanical stress applied to the bacterial cells. Such mechanical stress can cause protein coagulation, cell membrane disruption, and damage to bacterial nucleic acids (Chernysh et al., 2015; Li et al., 2019). These changes disrupt essential cellular functions and ultimately result in loss of cell viability and bacterial death.
CONCLUSION
Based on the experimental results, an ultrasonic generator operating at frequencies of 50–65 kHz was successfully implemented and demonstrated effective inactivation of both Gram-positive and Gram-negative bacteria. The results show that bacterial mortality increases proportionally with increasing ultrasonic frequency, as reflected by both mortality percentage and average bacterial mortality (CFU/mL). In addition, Gram-negative bacteria consistently exhibit higher mortality than Gram-positive bacteria under the same irradiation conditions, while shorter irradiation distances result in higher bacterial mortality for both bacterial groups. These findings confirm that ultrasonic frequency and irradiation distance are key parameters influencing bacterial inactivation efficiency. One limitation of this study is that the ultrasonic output power and the temperature increase induced by sonication were not measured. As a result, the individual contributions of acoustic intensity and thermal effects to bacterial inactivation could not be quantitatively evaluated. Future work should focus on measuring ultrasonic power and monitoring temperature changes during exposure to provide a more comprehensive understanding of the inactivation mechanism.
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