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INTRODUCTION 

The mechanisms of action of newly discovered antibiotics are 
typically investigated after determining whether they exhibit 

bacteriostatic or bactericidal activity. Agents demonstrating 

potent activity are subsequently evaluated for their selectivity 
and toxicity (Chen et al., 2024; Dalhoff, 2021). Given the 

various modes of action of antibiotics, a new antibiotic agent 

may target the cell wall, cell membrane, or intracellular 
processes involved in macromolecular synthesis, such as DNA, 

RNA, protein, or lipid synthesis (Allison & Lambert, 2024).  

 
Several methodological strategies have been developed to 

investigate the modes of action of antibiotics, and significant 

progress has been made in understanding their mechanisms. 
Advanced approaches such as DNA chip technologies and 

proteome analyses focus on all cellular components and their 

interactions (systems biology), while other strategies target 
individual components, including genes, proteins, and 

biochemical pathways (Ideker et al., 2001; Priyamvada et al., 

2022). Numerous techniques are available for studying the 
effects of antibiotics on individual cellular components. These 

include microscopic examination, analysis of cell lysis, leakage 

of intracellular constituents, enzyme inhibition, ion and electron 
transport systems, changes in membrane potential, oxidative 

phosphorylation, and macromolecular biosynthetic processes 

(Ann-Britt et al., 2024; de León et al., 2010; Devi et al., 2010; 
Ren et al., 2024; Zhou et al., 2008). Singh and Barrett (2006) 

recommended that studies on the mode of action should not 

focus solely on previously identified mechanisms or predefined 
targets. Instead, comprehensive screening against the entire 

bacterial structure is preferable for accurately verifying 

antibacterial activity (Singh & Barrett, 2006). 
 

Naturally occurring antibiotics often possess complex structural 

scaffolds and multiple functional groups, enabling them to 
interact with various molecular targets (Brötz-Oesterhelt & 

Brunner, 2008; Sharma et al., 2025). Marine natural products, in 

particular, exhibit unique and diverse chemical structures 
enriched with significant functional groups. Compounds 

containing groups such as hydroxyl, sulfate, carboxyl, and ester 

moieties have been associated with potent antibacterial activity. 
Additionally, hydrocarbon side chains are believed to enhance 

antimicrobial effects. The number and position of these 

functional groups are considered critical factors in modulating 
and enhancing antibacterial activity (Togashi et al., 2007; Ul 

Haq et al., 2024). 

 
Quinone terpenoids typically feature a trans-decalin system 

within a rearranged drimane skeleton. However, their structures 

can vary depending on the presence or absence of double bonds, 
the position of these bonds, and the substitution pattern on the 

quinone ring (Sladić & Gasić, 2006). An unusual polyfunctional 

quinone, avarol quinone terpenoid (AQT), was isolated from the 
marine sponge Neopetrosia exigua and demonstrated potent 

antibacterial activity (Idid et al., 2024). AQT comprises a 

bicyclic sesquiterpene skeleton attached to a quinone moiety 
(Figure 1), although the presence of a bicyclic system is not a 

prerequisite for significant antimicrobial activity. While 

structurally related to avarol, AQT features additional functional 
modifications within both the hydrophobic terpene unit and the 

quinone ring. The sesquiterpene skeleton includes two key 
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Abstract: The rising threat of multidrug-resistant bacteria necessitates the discovery of novel 
antibacterial agents with distinct mechanisms of action. In this study, we investigated the 

antibacterial activity and mechanism of action of Avarol Quinone Terpenoid (AQT), a 

polyfunctional compound isolated from the marine sponge Neopetrosia exigua, against 
Staphylococcus aureus ATCC 25923. Minimum inhibitory concentration (MIC) testing revealed 

that AQT exhibits bacteriostatic activity at 2.6 μg/mL and bactericidal activity at 5.2 μg/mL. To 

further explore its antibacterial mechanism, a series of in vitro assays were performed to assess its 
impact on bacterial viability, morphology, membrane integrity, and cellular metabolism. Time-kill 

analysis demonstrated a concentration-dependent reduction in S. aureus viability. Scanning electron 

microscopy (SEM) revealed severe morphological alterations in AQT-treated cells, including 
membrane deformation and collapse. Membrane permeability was significantly increased, as 

indicated by elevated uptake of crystal violet and propidium iodide dyes. These effects were 

accompanied by marked leakage of nucleic acids, proteins, potassium, calcium, and ATP, 
supporting membrane disruption. SDS-PAGE analysis showed reduced total protein content, 

although lipase activity remained unaffected, suggesting AQT does not inhibit protein synthesis. 
API Staph tests indicated that AQT inhibited sugar utilization (lactose, maltose, and N-

acetylglucosamine) and suppressed arginine dihydrolase activity, potentially impairing ATP 

generation. Autolysis assays showed increased activity of cell wall-degrading enzymes, consistent 
with cell wall-targeting antibiotics. Furthermore, membrane depolarization assays using DiSC₃(5) 

confirmed the dissipation of membrane potential. Collectively, these findings suggest that AQT 

exerts its antibacterial effects through a multifaceted mechanism targeting both the cell wall and the 
cytoplasmic membrane, leading to loss of membrane integrity, energy depletion, and bacterial cell 

death. AQT thus holds promise as a potential anti-S. aureus therapeutic agent. 
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functional groups: a hydroxyl group at C-3 and an aliphatic side 

chain with a terminal carboxylic acid group at C-4. The quinone 
moiety contains two sulfate ester groups. Given the presence of 

hydroxyl, sulfate, carboxylic acid, and ester functionalities, it is 

not surprising that AQT exhibits strong antimicrobial activity. 
The antibacterial mechanism of action for lipophilic compounds 

such as quinone terpenoids—particularly against Gram-positive 

bacteria like Staphylococcus aureus—is primarily attributed to 
disruption of the bacterial cell membrane (Sladić & Gasić, 2006; 

Zhao et al., 2023). 
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Figure 1: chemical structure of avarol quinone terpenoid (AQT).  

 

It is plausible that AQT exhibits bactericidal activity through a 
sequence of events initiated by its interaction with the bacterial 

cell surface—beginning with surface binding, followed by 

penetration of the cell wall and membrane, and ultimately 
interaction with cytoplasmic constituents (Devi et al., 2010; 

Zhou et al., 2008). The objectives of this study are to assess the 

effectiveness of AQV in inhibiting the growth and survival of 
Staphylococcus aureus, and to evaluate the mode of its 

bactericidal action against S. aureus. 

 

MATERIALS AND METHODS 

Avarol quinone terpenoid (AQT) and S. aureus  

Avarol quinone terpenoid (AQT) was isolated from the marine 
sponge Neopetrosia exigua, as previously reported (Idid et al., 

2024). In all experiments, AQT was prepared in dimethyl 

sulfoxide (DMSO). Staphylococcus aureus ATCC 25923 was 
obtained from the American Type Culture Collection.  

 

Bacterial Killing Assay 

The bacterial killing assay was performed based on the method 

described by (Carson et al., 2002), with slight modifications. 

The antibacterial activity of AQT against Staphylococcus aureus 
was assessed by monitoring colony-forming units (CFU) per 

milliliter over a 16-hour period. S. aureus cultures were grown 

to the exponential phase (10⁷ CFU/mL) and treated with AQT at 
various concentrations: the minimum inhibitory concentration 

(MIC; 2.6 μg/mL), ½ MIC (1.3 μg/mL), 2× MIC (5.2 μg/mL), 

and 4× MIC (10.4 μg/mL). Cultures were incubated at 37 °C, 
and 100 μL samples were withdrawn at designated time 

intervals (0, 2, 4, 6, 8, 10, 12, 14, and 16 h), serially diluted, and 

plated onto Mueller-Hinton agar (MHA). After 24 hours of 
incubation at 37 °C, the number of surviving colonies was 

recorded. An untreated S. aureus culture served as the negative 

control. All experiments were conducted in triplicate. 

 

Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) analysis was carried out 
following the methods of (Benli et al., 2008) and (Devi et al., 

2010), with slight modifications. S. aureus cultures grown to the 

exponential phase (10⁷ CFU/mL) were treated with AQT at 
concentrations equivalent to 2× MIC (5.2 μg/mL) and 4× MIC 

(10.4 μg/mL) for 3 hours at 37 °C. Following treatment, cells 
were harvested by centrifugation at 9300×g for 25 minutes, 

washed twice with phosphate-buffered saline (PBS, pH 7.4), and 

fixed in 2.5% glutaraldehyde prepared in PBS. The fixed cells 
were then dehydrated through a graded ethanol series, dried, and 

coated with carbon using an ion sputter coater. Samples were 

examined using a scanning electron microscope at an 
accelerating voltage of 20 kV. Untreated cells were prepared in 

the same manner and used as a control. 

Cell Lysis Assay 

Autolysis assays for treated and untreated S. aureus were 
performed as previously described, with slight modifications 

(Hanaki et al., 1998; Mani et al., 1993). S. aureus cultures 

grown to the exponential phase (10⁷ CFU/mL) were treated with 
AQT at a concentration of 10.4 μg/mL for 3 hours at 37 °C. 

After treatment, 1 mL cell samples from both treated and 

untreated cultures were collected and pelleted by centrifugation. 
The cells were washed twice with 1 mL of ice-cold distilled 

water and re-suspended in 1 mL of 0.05 M Tris-HCl buffer (pH 

7.2) containing 0.05% (v/v) Triton X-100. The suspensions were 
incubated at 37 °C, and the absorbance at 580 nm (OD₅₈₀) was 

measured at designated time intervals over a 4-hour period. Cell 

lysis was determined by the decrease in OD₅₈₀ and expressed as 
a percentage of the initial value (0 h) using the formula: 

(OD₅₈₀ at each time point / OD₅₈₀ at 0 h) × 100% 

 

Crystal Violet Assay 

The crystal violet uptake assay was performed following the 

method of (Devi et al., 2010), with minor modifications. S. 

aureus cultures grown to the exponential phase (10⁷ CFU/mL) 

were harvested by centrifugation at 4500×g for 5 minutes at 

4°C. The cell pellets were washed twice and re-suspended in 
phosphate-buffered saline (PBS, pH 7.4). AQT was added to the 

suspensions at concentrations of 5.2 and 10.4 μg/mL. Control 

samples were prepared without AQT, while cells treated with 
0.25 M EDTA served as a positive control. Following 30 

minutes of incubation at 37 °C, the cells were harvested by 
centrifugation at 9300×g for 5 minutes and re-suspended in PBS 

containing crystal violet (5 µg/mL). The suspensions were 

incubated for an additional 10 minutes at 37 °C, followed by 
centrifugation at 13,400×g for 15 minutes. The absorbance of 

the supernatants was then measured at 590 nm using a 

spectrophotometer. The optical density (OD) of the crystal violet 
stock solution (5 µg/mL) was considered as 100%. The 

percentage of crystal violet uptake by treated and untreated cells 

was calculated using the formula: 
% Crystal violet uptake = (OD₅₉₀ of the sample / OD₅₉₀ of the 

crystal violet stock solution) × 100% 

 

Propidium Iodide (PI) Assay 

Membrane permeability was assessed following the methods of 

(Gauri et al., 2011; Joshi et al., 2010), with slight modifications. 
S. aureus cultures grown to the exponential phase (10⁷ CFU/mL) 

were washed three times and re-suspended in phosphate-

buffered saline (PBS, pH 7.4). The bacterial suspensions were 
then treated with AQT at concentrations of 5.2 and 10.4 μg/mL 

for 30 minutes, followed by incubation with propidium iodide 

(PI) at a final concentration of 10 µg/mL for another 30 minutes. 
Fluorescence intensity was measured using a fluorescence plate 

reader at an excitation wavelength of 535 nm and an emission 

wavelength of 617 nm. 
 

Leakage of 260 nm Absorbing Material 

The release of UV-absorbing materials was measured using a 
spectrophotometer according to the method of (Zhou et al., 

2008), with minor modifications. Staphylococcus aureus 

cultures grown to the exponential phase (10⁷ CFU/mL) were 
washed three times and re-suspended in phosphate-buffered 

saline (PBS, pH 7.4). Bacterial suspensions (1 mL) were 

incubated with AQT at two different concentrations (5.2 and 
10.4 μg/mL). Chloramphenicol and streptomycin were included 

as reference antibiotics for comparison, and untreated S. aureus 

served as a control. After 60 minutes of incubation at 37 °C, the 
suspensions were centrifuged at 13,400×g for 15 minutes. The 

optical density of the supernatants was measured at 260 nm 

(OD₂₆₀) to determine the release of extracellular UV-absorbing 
materials. All measurements were performed in triplicate. 

 

Loss of 280 nm Absorbing Material 

S. aureus cultures grown to the exponential phase (10⁷ CFU/mL) 

were washed three times and re-suspended in phosphate-

buffered saline (PBS, pH 7.4). One milliliter of the bacterial 
suspension was incubated with AQT at two different 

concentrations (5.2 and 10.4 μg/mL). Chloramphenicol and 
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streptomycin were included as reference antibiotics for 

comparison, while untreated S. aureus served as a control. 
Following 60 minutes of incubation at 37 °C, the suspensions 

were centrifuged at 13,400×g for 15 minutes. The absorbance of 

the supernatant was measured at 280 nm to assess the release of 
extracellular UV-absorbing materials. All experiments were 

conducted in triplicate. 

 

Leakage of Potassium and Calcium Ions 

The extracellular and intracellular concentrations of potassium 

(K⁺) and calcium (Ca²⁺) ions were determined using inductively 
coupled plasma mass spectrometry (ICP-MS). Cell preparation 

was performed according to (Zhou et al., 2008), with minor 

modifications. S. aureus cultures grown to the exponential phase 
(10⁷ CFU/mL) were treated with AQT at a concentration of 5.2 

μg/mL and incubated at 37 °C. At designated time points (0, 1.5, 

and 3 hours), 1 mL samples from both treated and untreated 
cultures were collected and immediately chilled on ice. Samples 

were centrifuged at 6000×g for 10 minutes at 0 °C, and the 

supernatants were collected for determination of extracellular K⁺ 

and Ca²⁺ concentrations. The resulting cell pellets were re-

suspended in 1 mL of 5% (w/v) trichloroacetic acid and stored at 

−20 °C for 24 hours. Samples were then thawed and heated at 
95 °C for 10 minutes. Subsequently, 4 mL of deionised water 

was added to each sample, followed by centrifugation at 

10,000×g for 15 minutes. The resulting supernatants were used 
for intracellular K⁺ and Ca²⁺ measurements. All ion 

concentrations were determined using ICP-MS. 
 

SDS–PAGE of Whole-cell Proteins 

S. aureus cultures grown to the exponential phase (10⁷ CFU/mL) 
were treated with AQT at concentrations of 5.2 and 10.4 μg/mL 

for 1 hour at 37 °C. Following treatment, 1 mL samples from 

each treated and untreated culture were collected and 
centrifuged. The resulting cell pellets were used to extract total 

cellular proteins using BugBuster™ Protein Extraction Reagent 

(Sigma, USA), following the manufacturer’s instructions. 
Protein concentrations in the extracts were determined using the 

Bradford assay. Equal amounts of protein from each sample 

were subjected to SDS–PAGE using a vertical electrophoresis 

system. The electrophoresis was carried out with a 4% stacking 

gel and a 10% separating gel. Protein bands were visualized by 

staining with Coomassie Brilliant Blue R-250 according to the 
manufacturer’s protocol. 

 

Measurement of ATP Levels 

Intracellular and extracellular ATP levels of S. aureus treated 

with AQT and untreated controls were qualitatively measured 

according to the method described by (Fleury et al., 2009). S. 
aureus cultures grown to the exponential phase (10⁷ CFU/mL) 

were treated with AQT at concentrations of 5.2 and 10.4 μg/mL 

for 3 hours at 37 °C. At appropriate time points, 1 mL samples 
were collected from each culture for intracellular ATP analysis. 

These samples were centrifuged, and the pellets were re-

suspended in 1 mL of fresh Mueller-Hinton Broth (MHB). The 
supernatants were then filter-sterilized and transferred into new 

tubes for extracellular ATP analysis. 

For ATP measurement, both intracellular and extracellular 
samples were assessed using the BacTiter-Glo™ Microbial Cell 

Viability Assay (Promega), following the manufacturer’s 

instructions. In each well of a white 96-well plate (Microlite™ 
TCT, Promega), 100 μL of either bacterial extract or filter-

sterilized supernatant was mixed with 100 μL of BacTiter-Glo™ 

reagent. Luminescence was measured using a fluorometer. All 
samples were tested in triplicate. 

 

API Test System 

To analyze the physiological changes in Staphylococcus aureus 

treated with AQT at concentrations of 5.2 and 10.4 μg/mL, the 

API Staph test system was employed following the 
manufacturer’s instructions. 

 

Lipase Production 

Lipase activity was assessed to evaluate the effect of AQT on S. 

aureus lipid synthesis. The assay was performed using Agar 

Salty Tween (AST) plates as described by (Nostro et al., 2001), 

with the following composition: peptone (10.0 g/L), NaCl (75.0 
g/L), CaCl₂·2H₂O (0.10 g/L), and Tween-80 (10.0 g/L), adjusted 

to pH 7.2. Aliquots of 100 μL of S. aureus suspension (10⁷ 

CFU/mL) were plated onto AST plates, as well as AST plates 
supplemented with AQT at concentrations of 5.2 and 10.4 

μg/mL. Following incubation for 24 hours at 37 °C, colonies 

exhibiting positive lipase activity were counted on each plate. 
The number of lipase-positive colonies on AQT-treated plates 

was compared to those on untreated AST plates, and results 

were expressed as a percentage of lipase activity (Barros et al., 
2009). 

 

Membrane Depolarization 

Depolarization of the cytoplasmic membrane was assessed using 

the membrane potential-sensitive cyanine dye DiSC₃(5), as 

described by (Friedrich et al., 2000), with slight modifications. 
S. aureus cultures grown to the exponential phase (10⁷ CFU/mL) 

were washed twice and re-suspended in 5 mM HEPES buffer 

(pH 7.2). To equilibrate intra- and extracellular potassium 

concentrations, 100 mM KCl was added to the suspension. 

DiSC₃(5) was then added at a final concentration of 0.4 µM and 

incubated for 2–3 minutes to allow dye uptake and quenching, 
ensuring stabilization of fluorescence (indicating intact 

membrane potential with ~90% fluorescence reduction). After 

stabilization, AQT was added at concentrations of 5.2 and 10.4 
μg/mL, and fluorescence intensity was monitored at 0, 2, and 4 

hours using a fluorescence plate reader with excitation at 622 
nm and emission at 670 nm. The membrane potential of AQT-

treated S. aureus was compared to untreated controls and cells 

treated with tetracycline. All experiments were performed in 
triplicate. 

 

Statistical Analysis 

All experiments were conducted in triplicate, and the data are 

presented as mean ± standard deviation. Statistical significance 

between two groups was assessed using a two-tailed t-test 
(Microsoft Excel 2010). A p-value of less than 0.05 was 

considered statistically significant. 

 

RESULTS 

A previous investigation by our research group showed that the 

MIC of AQT against S. aureus was 2.6 μg/mL (Idid et al., 
2024). 

 

Killing Curves 

Growth reduction of S. aureus was observed at all tested 

concentrations of AQT. Compared to the untreated control, 

growth inhibition increased in a concentration-dependent 
manner. As shown in Figure 2, approximately 3.0 and 1.8 log₁₀ 

CFU/mL of S. aureus remained viable at the end of the 

incubation period when treated with AQT at 1.3 and 2.6 μg/mL, 
respectively. In contrast, treatment with 5.2 and 10.4 μg/mL of 

AQT resulted in the survival of S. aureus for only 6 and 8 hours, 

respectively. After 2 hours of exposure, growth reductions of 
approximately 6.2, 5.8, 4.5, and 1.8 log₁₀ CFU/mL were 

recorded for AQT concentrations of 1.3, 2.6, 10.4, and 15.6 

μg/mL, respectively. 
 

Scanning Electron Microscope (SEM) 

Scanning electron microscopy (SEM) images of untreated and 
AQT-treated S. aureus cells are presented in Figure 3. S. aureus 

was treated with AQT at concentrations of 5.2 and 10.4 μg/mL 

for 3 hours. Notable differences in cellular morphology were 
observed between untreated and treated cells. Untreated cells 

(Figure 3A-C) exhibited a typical rounded shape, clustered 

arrangement, and smooth, regular surfaces. Treatment with AQT 
at both concentrations induced significant morphological 

alterations. Treated cells displayed irregular shapes, membrane 

deformation, and signs of cellular collapse. At 5.2 μg/mL 
(Figure 3D-F), cells showed features such as invaginations 

(concave depressions), surface projections, and bud scars. In 

contrast, treatment with 10.4 μg/mL AQT (Figure 3G-I) resulted 
in more severe damage, with cells appearing highly deformed or 

completely lysed. 



Idid et al., J. Basic Appl. Res. Biomed. 11(1): 20-29 

 

23 
 

 
Figure 2. Time–kill curves of S. aureus (10⁷ CFU/mL) treated with different 

concentrations of AQT compared to the untreated control. AQT was tested at ½ MIC 

(1.3 μg/mL), MIC (2.6 μg/mL), 2× MIC (5.2 μg/mL), and 4× MIC (10.4 μg/mL). 

Bacterial viability was monitored over time and expressed as log₁₀ CFU/mL. 

 

 

Cell Lysis 

The rate of Triton X-100-induced autolysis was evaluated in 

untreated S. aureus cultures and those treated with 10.4 μg/mL 

AQT, 2 μg/mL chloramphenicol, or 2 μg/mL ampicillin. 
Overall, all treated cultures exhibited an increase in autolysis 

compared to the control, with the exception of the 

chloramphenicol-treated group. The autolysis rate generally 
increased with longer incubation times (Figure 4).  

The untreated control culture showed a gradual reduction in cell 

density, with autolysis rates ranging from 84.9% to 46.6% over 
the incubation period. In comparison, S. aureus treated with 10.4 

μg/mL AQT exhibited a more pronounced increase in autolysis, 

with rates declining from 53.6% to 24.1%. Similarly, ampicillin, 
a cell wall-targeting antibiotic, also enhanced autolysis (50.1% 

to 11.8%). In contrast, chloramphenicol, a protein synthesis 

inhibitor, induced minimal changes in autolysis, with rates 
remaining relatively stable (99.0% to 93.6%). 

 

 
Figure 4: Whole-cell autolytic profile of untreated S. aureus (control), S. aureus 

treated with 10.4 μg/mL AQT, S. aureus treated with 2 μg/mL ampicillin and S. 

aureus treated with 2 μg/mL chloramphenicol.  
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Figure 3: SEM micrographs of untreated S. aureus cells (A-C), S. aureus cells treated with 5.2 μg/mL AQT (D-F), and S. aureus cells treated with 10.4 μg/mL AQT (G-I). 
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Crystal Violet Assay 

The crystal violet (CV) cell membrane assay was used to 
evaluate the membrane permeability of S. aureus. CV is a 

positively charged, non-toxic dye that can penetrate 

compromised cell membranes and bind to negatively charged 
cellular components such as DNA and phospholipids. To assess 

whether AQT affects membrane permeability, CV uptake by S. 

aureus treated with two concentrations of AQT was compared 
with uptake by untreated cells. Additional comparisons were 

made with cells treated with 0.25 M EDTA (a known 

membrane-disrupting chelating agent), as well as the antibiotics 
streptomycin and chloramphenicol.  

As shown in Figure 5, CV uptake increased with increasing 

concentrations of AQT. Specifically, S. aureus treated with 5.2 
μg/mL and 10.4 μg/mL AQT showed CV uptake of 10.76% and 

21.35%, respectively. Cells treated with 0.25 M EDTA showed 

similarly high uptake (19.56%). In contrast, streptomycin- and 
chloramphenicol-treated cells exhibited significantly lower 

uptake values of 5.19% and 5.26%, respectively. These findings 

suggest that AQT compromises the integrity of the S. aureus cell 

membrane in a concentration-dependent manner, similar to the 

effect observed with EDTA, whereas streptomycin and 

chloramphenicol do not significantly affect membrane 
permeability. 

 

 
Figure 5. Percentage of crystal violet (CV) uptake by S. aureus under various 

treatment conditions. Treatments included AQT at 5.2 and 10.4 μg/mL, 2 μg/mL 

chloramphenicol, 2 μg/mL streptomycin, and 0.25 M EDTA. Untreated S. aureus 

served as the control. Increased CV uptake indicates enhanced membrane 

permeability. 

 

PI Cytometry Assay 

Membrane permeability of S. aureus was further evaluated using 

the fluorescent dye propidium iodide (PI). PI is a membrane-
impermeable dye that selectively stains non-viable cells by 

intercalating into nucleic acids. In this assay, both treated and 

untreated S. aureus cells were stained with a fixed concentration 
of PI, and the percentage of PI uptake was used to assess 

membrane integrity. 

The pattern of membrane permeability to PI was consistent with 
that observed in the crystal violet (CV) assay. A significant 

increase in PI uptake was observed in S. aureus treated with 

AQT, indicating compromised membrane integrity (Figure 6). In 

contrast, cells treated with chloramphenicol or streptomycin 

showed no significant increase in PI uptake compared to the 

untreated control, while treatment with 0.25 M EDTA resulted 
in a marked increase, serving as a positive control for membrane 

disruption. 

 

Leakage of Cellular Metabolites 

Leakage of intracellular components was assessed by measuring 

the absorbance of cell supernatants at 260 nm and 280 nm. S. 
aureus cultures were treated with AQT at concentrations of 5.2 

and 10.4 µg/mL, and the results were compared with untreated 

cells as well as those treated with chloramphenicol and 
streptomycin. An increase in absorbance at 260 nm indicates the 

release of nucleic acids, while an increase at 280 nm reflects 

protein leakage. 
As shown in Figure 7, there was significant leakage of 

extracellular 260 nm-absorbing materials from S. aureus treated 

with 10.4 µg/mL (A₂₆₀ equal to 1.909), while it was not 

significant when it was treated with 5.2 µg/mL AQT (A₂₆₀ equal 
to 1.534). Furthermore, there was also significant leakage of 

extracellular 260 nm-absorbing materials when S. aureus was 

treated with chloramphenicol (A₂₆₀ equal to 3.481), while there 
was no significant difference in the leakage of 260 nm-

absorbing materials when S. aureus was treated with 

streptomycin (A₂₆₀ equal to 1.359) compared to untreated S. 
aureus (A₂₆₀ equal to 1.288). 

 

 
Figure 6: Propidium iodide (PI) fluorescence uptake by Staphylococcus aureus under 

various treatment conditions. Treatments included RnD1c at 5.2 and 10.5 μg/mL, 2 

μg/mL chloramphenicol, 2 μg/mL streptomycin, and 0.25 M EDTA. Untreated S. 

aureus served as the control. Increased PI uptake indicates compromised membrane 

integrity and enhanced membrane permeability. 

 

 
Figure 7. Leakage of extracellular 260 nm-absorbing materials from untreated S. 

aureus, S. aureus treated with 5.2 and 10.4 µg/mL AQT, S. aureus treated with 2 

µg/mL chloramphenicol, and S. aureus treated with 2 µg/mL streptomycin. Increased 

absorbance at 260 nm indicates nucleic acid leakage and membrane damage.  

 

As shown in Figure 8, significant leakage of extracellular 280 

nm-absorbing materials occurred when S. aureus was treated 
with AQT at concentrations equal to 5.2 µg/mL (A₂₈₀ equal to 

0.519) and 10.4 µg/mL (A₂₈₀ equal to 0.573). Chloramphenicol 

also caused significant leakage of extracellular 280 nm-
absorbing materials (A₂₈₀ equal to 0.765). However, there was 

no significant difference in the leakage of extracellular 280 nm-

absorbing materials when S. aureus was treated with 
streptomycin (A₂₈₀ equal to 0.423). 

 

Leakage of Potassium Ions 

To determine whether AQT has an impact on the extracellular 

K⁺ concentration of S. aureus, the increase in extracellular K⁺ 
was measured as an indicator of K⁺ leakage. Generally, 

significant leakage of K⁺ was observed when S. aureus was 

treated with 5.2 μg/mL AQT (Figure 9). The leakage of K⁺ 
increased over the treatment period (0 to 3 h). Particularly, 

immediate K⁺ leakage was observed (extracellular K⁺ 

concentration was 2500 ppb), then the leakage dramatically 
increased after 1.5 h (3902 ppb), while it reached a maximum of 

4250 ppb after a 3-hour incubation period. 
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Figure 8. Leakage of extracellular 280 nm-absorbing materials from untreated S. 

aureus, S. aureus treated with 5.2 and 10.4 µg/mL AQT, S. aureus treated with 2 

µg/mL chloramphenicol, and S. aureus treated with 2 µg/mL streptomycin. Increased 

absorbance at 280 nm indicates protein leakage due to membrane disruption. 

 

 
Figure 9. Extracellular K⁺ levels in untreated S. aureus and S. aureus treated with 5.2 

μg/mL AQT. Potassium ion leakage was measured over a 3-hour period as an 

indicator of membrane disruption. 

 

Leakage of Calcium Ions 
The percentage of Ca²⁺ leakage was measured in a similar way 

to that of K⁺ leakage. S. aureus treated with 5.2 μg/mL AQT 

showed significant leakage of Ca²⁺ even at 0 h (Figure 10). The 
leakage of Ca²⁺ increased with the incubation period. About 

30% of Ca²⁺ was lost immediately when S. aureus was treated 

with AQT; the percentage of leakage increased to 42% after 1.5 
h, while it reached a maximum of 54% at the end of the 

experimental period. 

 

 
Figure 10: Extracellular Ca²⁺ levels in untreated S. aureus and S. aureus treated with 

5.2 μg/mL AQT. Calcium ion leakage was measured over a 3-hour period to assess 

membrane disruption. 

 

Whole Cell Protein Contents and SDS-PAGE 

The whole cell proteins of treated and untreated S. aureus were 
extracted and subjected to SDS-PAGE at similar concentrations. 

The treated S. aureus yielded lower protein concentration 

compared to untreated S. aureus. Untreated S. aureus protein 
content (2.07 mg/mL) was about 2-fold higher than the treated S. 

aureus protein content (0.99 mg/mL). SDS-PAGE profiles 

showed significant differences in electrophoretic band patterns 
between untreated S. aureus and S. aureus treated with AQT. As 

shown in Figure 11, protein electrophoresis bands of untreated 

S. aureus appeared clear and intense, whereas the protein bands 
of S. aureus treated with 5.2 μg/mL AQT were markedly 

reduced, and some bands had disappeared. When S. aureus was 

treated with 10.4 μg/mL AQT, these effects became even more 
pronounced. 

 

 
Figure 11: SDS-PAGE profile of total cellular proteins from untreated S. aureus and 

S. aureus treated with AQT at two different concentrations (5.2 and 10.4 μg/mL). 

Protein band intensity and pattern differences reflect AQT-induced effects on protein 

expression and/or synthesis. 

 

Enzymatic Activities Using API Staph 20 Kit 

The physiological status of Staphylococcus aureus treated with 

AQT at two different concentrations (5.2 and 10.4 μg/mL) was 

compared with untreated S. aureus using API Staph, which 
consists of 20 biochemical tests (Table 1). Among the enzymatic 

activities assessed with the API Staph system, only four tests 
were inhibited compared to untreated S. aureus. Particularly, 

sugar utilization (acidification) by treated S. aureus was 

inhibited, including lactose and maltose. The treated cells were 
not able to acidify N-acetylglucosamine. The results also 

showed that the enzyme arginine dihydrolase was inhibited. 
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Table 1. API Staph biochemical profile of untreated S. aureus and S. aureus treated with AQT at concentrations of 5.2 and 10.4 μg/mL. 

Test Active ingredients 

 

Reactions/enzymes Result S. aureus 

Negative Positive Control 5.2 μg/mL 10.4 μg/mL 

0 No substrate Negative control Red - - - - 

GLU  D-glucose (Positive control) (D-GLUcose) Red Yellow + + + 

FRU  D-fructo Acidification(D-FRUctose) + + + 

MNE  D-mannose acidification (D-ManNosE) + + + 

MAL   D-malto acidification (MALtose) + - - 

LAC  D-lactose  (bovine origin) acidification (LACtose) + - - 

TRE  D-trehalose acidification (D-TREhalose) + + + 

MAN  D-mannitol acidification (D-MANnitol) + + + 

XLT   xylitol acidification (XyLiTol) - - - 

MEL  D-melibiose acidification (D-MELibiose) - - - 

NIT   potassium nitrate Reduction of NITrates to nitrites Colorless Light pink red + + + 

PAL  ß-naphthyl phosphate ALkaline Phosphatase Yellow  Violet NT NT NT 

VP  sodium pyruvate Acetyl-methyl-carbinol production  

(Voges Proskauer)  

Colorless-light 

pink 

Violet-pink + + + 

RAF  D-raffinose acidification (RAFfinose) Red Yellow - - - 

XYL  D-xylose acidification (XYLose) - - - 

SAC  D-saccharose (sucrose)   acidification (SACcharose) + - - 

MDG methyl-αD glucopyranoside acidification (Methyl-αD 

Glucopyranoside) 

- - - 

NAG   N-acetyl-glucosamine acidification (N-Acetyl-

Glucosamine) 

+ - - 

ADH  L-arginine Arginine DiHydrolase Yellow Orange-red + - - 

URE   urea UREase Yellow Red-violet + + + 

 

Lipase Activity 

The percentage of colonies (CFU) presenting active lipase for 

untreated S. aureus and S. aureus treated with AQT at 
concentrations of 5.2 and 10.4 μg/mL are shown in Table 2. The 

results showed that the lipase activity of S. aureus treated with 

AQT was not affected. The percentage of S. aureus colonies 
presenting active lipase in the untreated culture was 88.2%, 

while the percentages for cultures treated with 5.2 and 10.4 

μg/mL RnD1c were 86.7% and 87.1%, respectively. 
 
Table 2. Percentage of S. aureus colonies (CFU) presenting active lipase activity in 

untreated and AQT-treated cultures. 

S. aureus  Lipase activity (%)* 

Control 88.2±1.99 

RnD1c 5.2 μg/mL 86.7±4.41 

RnD1c 10.4 μg/mL 87.1±3.85 

*Lipase activity= (CFU representing lipase activity/ total CFU)100% 

Data represent the mean of triplicate readings and expressed as Mean±SD. 

 

Leakage of ATP 

To investigate the effect of AQT on the intracellular ATP of S. 

aureus, the intracellular and extracellular ATP concentrations at 
three different incubation times were measured qualitatively. As 

shown in Figure 12, AQT causes massive leakage of ATP from 
the cell. At two different concentrations (5.2 and 10.4 μg/mL), 

the intracellular ATP level of treated S. aureus was decreased, 

while the extracellular ATP level increased significantly 
compared to untreated S. aureus. 

 

 
Figure 12. Intracellular and extracellular ATP levels of untreated S. aureus and S. 

aureus treated with AQT at concentrations of 5.2 and 10.4 μg/mL. ATP levels were 

measured at different incubation times to assess membrane integrity and cellular 

energy leakage. 

 

Membrane Depolarization 

The fluorescent probe DiSC₃(5) was used to measure the 
membrane potential of S. aureus. DiSC₃(5) is a self-quenching 

fluorescent dye once it enters the cell. If an antibiotic forms 

channels or damages the cell membrane, the membrane potential 

will be dissipated, and the dye will leak into the medium, 

causing an increase in fluorescence absorption. As shown in 
Figure 13, the treatment of S. aureus with AQT at two different 

concentrations (5.2 and 10.4 μg/mL) caused depolarization of 

the cell membrane. The S. aureus treated with 10.4 μg/mL of 
AQT showed significant membrane depolarization compared to 

the depolarization observed with 5.2 μg/mL. Tetracycline, which 

was used as a negative control, exhibited no depolarization 
effect. 

 

 
Figure 13. Membrane depolarization of untreated S. aureus, S. aureus treated with 

AQT at two concentrations (5.2 and 10.4 μg/mL), and S. aureus treated with 3 μg/mL 

tetracycline. Membrane potential changes were measured using the DiSC₃(5) 

fluorescent dye. An increase in fluorescence indicates loss of membrane potential due 

to membrane disruption. 

 

DISCUSSION 

AQT was bacteriostatic at a concentration of 2.6 μg/mL and 

bactericidal at the concentration of 5.2 μg/mL. Time-kill 

analysis was performed for S. aureus treated with AQT at 
concentrations equal to MIC value (2.6 μg/mL), ½ MIC value 

(1.3 μg/mL), 2× MIC value (5.2 μg/mL), and 4× MIC value 

(10.4 μg/mL). The results showed that AQT decreases the 
surviving cell numbers dramatically. S. aureus was killed within 

6 to 8 hours when it was treated with AQT at concentrations 

equal to 5.2 and 10.4 μg/mL, respectively. Prolonged exposure 
to AQT results in the loss of viability when S. aureus was 

treated at lower concentrations. Therefore, concentrations of 

AQT that are able to decrease the surviving cell numbers and 
cause killing (5.2 and 10.4 μg/mL) were used in most of the 

following experiments to investigate the effect of AQT on viable 

affected cells. 
 

The scanning electron microscopy (SEM) is usually applied to 

evaluate the effect of certain antibiotics on the bacterial cell 
envelope (Parthasarathi et al., 2025). The signs of effects are 

usually described according to the size, shape, and texture of the 

treated cells compared to untreated cells. Equally important is to 



Idid et al., J. Basic Appl. Res. Biomed. 11(1): 20-29 

 

27 
 

describe the degree of damage of the tested cells. The latter may 

include partial damage or complete damage of the cells. Cell 
deformation, loss of membrane integrity, and the presence of 

odd or unusual cell structures, such as the presence of 

projections and bud scars, are all signs of partial damage. While 
partial damage of the cell refers to the damage of the cell 

envelope including the cell wall and the cell membrane, 

complete damage reveals lysis of the cell. The presence of cell 
contents in such forms as cell debris or aggregations are the 

signs of complete damage (Aiemsaard et al., 2011; Cushnie et 

al., 2016; Ismail et al., 2024). In this study, the effect of AQT on 
S. aureus cell envelope was examined using SEM. S. aureus was 

exposed to AQT at two different concentrations. At the lower 

concentration (5.2 μg/mL), partial damage was observed, while 
at the higher concentration (10.4 μg/mL) complete damage of 

the cell was observed. According to the observed signs, AQT 

appears to cause alterations in the cell wall and cell membrane 
and leads to lysis of the cell. 

 

Several reports showed that there is a correlation between the 

modes of action of antibiotics and the morphological alterations 

of bacteria. Antibiotics such as penicillin (β-lactam antibiotics), 

quinolones, oxolonic acid, novobiocin, nitrofurantoin, 
sulfonamides, and trimethoprim were reported previously to 

alter the Gram-negative morphology from bacillus shape to 

filaments or spherical shape. While in Gram-positive bacteria 
such as S. aureus, antibiotics usually lead to enlargement of the 

cells but not changing their morphology. In both cases, each 
abnormal progeny cell consists of several cells derived from a 

single parent cell prevented from separating by failure to lyse 

adjoining cross walls (Lorian, 1999; Nikola et al., 2022; van 
Teeseling et al., 2017). Thus, morphological abnormality of the 

bacterial cell is a sign of cessation of cell division, and it may 

suggest that the DNA and protein synthesis were inhibited 
(Figueroa-Cuilan et al., 2021). Ulvatne et al. (2004) reported 

that the inhibition of DNA and protein synthesis induces 

morphological abnormality (Ulvatne et al., 2004). The 
morphological changes observed here may imply that AQT is 

not targeting DNA or protein synthesis since no enlargement in 

the treated S. aureus was observed. Moreover, lipase activity of 

S. aureus was investigated to detect the effect of AQT on protein 

synthesis. Lipase activity of S. aureus treated with AQT and 

with antibiotic inhibiting protein synthesis was compared with 
untreated S. aureus. The finding revealed that AQT showed no 

significant effect on protein synthesis, whereas chloramphenicol 

significantly inhibited lipase activity. Inhibition of exo-protein 
synthesis is known only with antibiotics that block protein 

synthesis; those that affect the cell envelope have a stimulatory 

effect on the synthesis of most exo-proteins (Herbert et al., 
2001; Zheng et al., 2021). 

 

In order to confirm if AQT is targeting the cell wall or the cell 
membrane of S. aureus, an autolysis assay was performed. It is 

well known that cell wall-active antibiotics induce autolysis of 

bacteria such as S. aureus. Treatment of S. aureus with a cell 
wall-active antibiotic mediates cell killing and lysis (Kawai et 

al., 2023). In fact, lysis of bacteria results from direct 

solubilization of the cell membrane, membrane deenergization, 
or inhibition of penicillin-binding proteins. However, lysis by 

solubilization of the cell membrane does not result from cell 

wall degradation; lysis by membrane deenergization and 
inhibition of penicillin-binding proteins results from triggering 

the autolytic enzymes. Cell wall-active antibiotics trigger cell 

autolysins, which are hydrolase enzymes that degrade the 
peptidoglycan of the cell wall (Keller & Dörr, 2023). In this 

study, the autolysis of S. aureus treated with AQT is shown to 

be analogous to the autolysis of S. aureus treated with 
ampicillin. However, the autolysis rate of S. aureus treated with 

chloramphenicol, which is a protein synthesis inhibitor, showed 

very little change compared to the untreated culture. Reinicke et 
al. (1983) reported that chloramphenicol causes thickening of 

the S. aureus cell wall and decreases susceptibility of cells to 

lysozyme and a decrease in autolysis (Reinicke et al., 1983). 
 

The physiological examination of treated S. aureus using the 

API Staph test system showed that S. aureus was unable to 
acidify NAG (N-acetylglucosamine). Imada et al. (1979) 

reported that the deficiency of NAG interrupts cell wall 

synthesis. The mutant strains of S. aureus and E. coli which lack 
glucosamine-6-phosphate synthetase were unable to synthesize 

cell wall components (Dörr, 2021; Imada et al., 1977; Stefaniak 

et al., 2022). 
 

For understanding the mechanism of action of AQT, the ability 

of AQT to alter the permeability of S. aureus membrane was 
evaluated using the crystal violet assay and PI assay. The effect 

of AQT on the cell membrane permeability was evidenced by 

the uptake of the dye crystal violet (CV). A significant CV 
uptake was observed when S. aureus was treated with AQT 

compared to the control culture. This indicates that AQT altered 

S. aureus membrane permeability, making it highly permeable 
to solutes. Similar results were observed using the PI assay. 

However, chloramphenicol and streptomycin showed no effect 

on the uptake of CV and PI since the mode of action of both of 

them is targeting protein synthesis. Antibiotics targeting the cell 

membrane usually enhance membrane fluidity and permeability, 

alter membrane-embedded proteins, and disrupt ion transport 
processes, leading to inhibition of respiration (Kumar & Engle, 

2023; Panda et al., 2022). 

 
The results of UV-absorbing materials further support the 

evidence that AQT caused disintegration of the cell membrane. 
Leakage of 260 and 280 nm-absorbing materials suggests that 

the cell membrane of S. aureus was damaged and caused 

leakage of intracellular constituents like nucleic acids and 
proteins. The SDS-PAGE pattern for the total cell proteins also 

supports this idea. The release of intracellular constituents might 

be due to cell lysis or the formation of non-selective pores in the 
cell membrane (Moo et al., 2021; Segovia et al., 2021). An 

important consequence of membrane alteration of bacteria 

exposed to antibiotics is the alteration in ion transport processes. 
Treatment of S. aureus cells with AQT resulted in the leakage of 

potassium and calcium ions. Many studies showed that the 

leakage of these ions occurred immediately through the 

formation of non-selective pores (Bhaumik et al., 2024; Devi et 

al., 2010; Müller et al., 2016). 

 
The leakage of ions like potassium and calcium may be followed 

by ATP hydrolysis, which may cause membrane depolarization. 

The effect of AQT on the ATP status of S. aureus showed that 
the intracellular ATP of the treated S. aureus was decreased 

while the extracellular ATP was increased. Due to ATP 

hydrolysis or ATP efflux that occurred by the action of AQT, 
the cells would attempt to re-accumulate the lost ions by ATP-

dependent uptake systems. This will cause membrane 

depolarization (Bhaumik et al., 2024; Stautz et al., 2021; Zhou et 
al., 2008). In the bacterial cells, the cell hydrolyzes more ATP to 

maintain the balance of the ion gradient and then utilizes the ion 

gradient to produce energy. Certain antibiotics interrupt this 
balance, thus leading to loss of membrane potential and to cell 

death (te Winkel et al., 2016; Vestergaard et al., 2022). 

However, the investigation of the physiological status of treated 
S. aureus showed that arginine dihydrolase, the enzyme 

involved in ATP generation, was inhibited by the action of 

AQT. The inhibition of this enzyme could inhibit 
dephosphorylation of carbamoyl phosphate and then inhibit ATP 

production (Pols et al., 2021; Reslane et al., 2024). When 

carbohydrate nutrient is at low concentration, the cells might 
overcome this starvation status by using carbamoyl phosphate, 

which is a substrate of arginine dihydrolase, to generate ATP. 

ATP generation by arginine dihydrolase occurs in three steps: 
degradation of arginine, by the action of arginine dihydrolase, to 

produce citrulline and ammonia; cleavage of citrulline, by the 

action of ornithine transcarbamoylase, to produce carbamoyl 
phosphate and ornithine; then, dephosphorylation of carbamoyl 

phosphate, by the action of carbamate kinase, will lead to the 

production of ATP, ammonia, and carbon dioxide (Novák et al., 
2016; Pols et al., 2021). 
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In this study, DiSC₃(5) assay was used to investigate the 

membrane depolarization (potential) of S. aureus. The 
fluorescent probe DiSC₃(5) is distributed between cells and 

medium depending on the cytoplasmic membrane potential. 

Once DiSC₃(5) penetrates inside the cells, it self-quenches its 
own fluorescence. If the antibiotic forms channels or otherwise 

disrupts the membrane, the membrane potential will be 

dissipated, and DiSC₃(5) will be released into the medium, 
causing the fluorescence to increase (Gray et al., 2024; te 

Winkel et al., 2016). The results showed an increase in the 

fluorescent absorbance, indicating that AQT caused 
depolarization of the cell membrane. 

 

Conclusion: 
This study investigated several cellular factors to elucidate the 

mode of action of AQT. It is clear that AQT leads to the efflux 

of several intracellular components and membrane potential 
dissipation, followed by inhibition of all energy-dependent 

cellular processes. AQT also leads to the triggering of autolytic 

enzymes and the inhibition of NAG synthesis. The results may 

imply that AQT exhibits multiple antibacterial mechanisms, 

including acting upon the cell membrane and cell wall. 
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