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Abstract  

         Acinetobacter baumannii (A. baumannii) is a critical multidrug-resistant pathogen designated by the WHO as a 

major global health threat, with rising resistance to third-generation cephalosporins and carbapenems severely restricting 

therapeutic options. This study explores the novel potential of combining conventional antibiotics with plant-derived 

compounds, focusing on quercetin (QUE), a bioactive flavonoid. We evaluated the synergistic antibacterial activity and 

mechanisms of cefotaxime (CTX)–QUE combinations against 3 β-lactam-resistant A. baumannii strains (DMST 43250, 

DMST 44689, DMST 45378). All strains exhibited high CTX resistance (MIC 1,024 µg/mL) and harbored the blaTEM 

gene, consistent with β-lactamase-mediated resistance. Notably, CTX–QUE demonstrated strong synergy (FICI 0.31) 

against strain DMST 45378, with time kill assays confirming sustained antibacterial activity (≥ 2 log10 CFU/mL reduction 

compared with QUE alone). Mechanistic analyses revealed significant cytoplasmic membrane disruption, leakage of 

intracellular DNA/RNA, and marked morphological damage. In addition, QUE inhibited biofilm formation and altered 

biomolecular profiles, while exhibiting appreciable cytotoxicity in human keratinocytes under in vitro conditions. 

Collectively, these findings highlight the novelty of employing a natural flavonoid to potentiate β-lactam activity and 

support the promise of plant-derived compounds as adjunctive strategies against WHO critical priority pathogens. Further 

studies are warranted to validate this combination before clinical application against β-lactam-resistant A. baumannii. 

 

Keywords: Acinetobacter baumannii, β-lactam-resistant, Biofilm inhibition, Cefotaxime, Multidrug resistance, 

Quercetin, Synergistic activity 

 

Introduction 

 Nosocomial infections, also called hospital-

acquired infections (HAIs), are a group of infections 

caused by many opportunistic pathogens [1]. The 

ESKAPE group of opportunistic pathogens, including 

Enterococcus faecium, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa, and Enterobacter spp., 

known for causing HAIs, exhibits high multidrug 

resistance, ranging from first-line to last-resort 

antibiotics [2,3]. Among the pathogens that cause 

infections, carbapenem-resistant Acinetobacter 
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baumannii (CRAB) has received special attention 

because it can cause severe infections and develop 

resistance to multiple drugs [4]. In 2024, the World 

Health Organization (WHO) categorized 3 priority tiers 

of antibiotic-resistant bacteria that necessitate research 

and development of novel antimicrobial agents, 

including critical, high, and medium priority. CRAB is 

listed as a critical-priority pathogen [5]. The resistance 

mechanisms in bacteria have steadily increased against 

numerous antibiotics. As a result, the development of 

new therapeutic strategies continues to face significant 

challenges. A synergistic approach has shown potential 

in restoring antibacterial activity. This strategy involves 

combining antimicrobial agents [6] or pairing antibiotics 

with bioactive compounds such as flavonoids [7,8] as 

alternative therapies for infections caused by antibiotic-

resistant opportunistic pathogens. Such an approach can 

slow the evolution of bacterial resistance and extend the 

effectiveness of existing antibiotics.  

 A. baumannii is a Gram-negative bacterium 

frequently implicated in ventilator-associated 

pneumonia, bloodstream infections, wound infections, 

and urinary tract infections, particularly in intensive care 

units [9]. It can produce biofilm, which allows it to 

persist in hospitals for extended periods due to its ability 

to survive on inanimate surfaces, resist desiccation, and 

withstand commonly used disinfectants, making it a 

significant challenge in infection control. Furthermore, 

the biofilm formation rate in this species is higher than 

in other species [10,11]. Multidrug-resistant (MDR) A. 

baumannii infections have increasingly disseminated in 

the last decade worldwide. Recently, this pathogen has 

exhibited resistance to all β-lactams, fluoroquinolones, 

and aminoglycosides by similar mechanisms to those of 

P. aeruginosa and Enterobacteriaceae [12]. Recently, 

colistin, sulbactam, and tigecycline still have been used 

in clinical treatment but there is increasing patient 

toxicity [13].  

 Cefotaxime (CTX) is a third-generation 

cephalosporin administered via intramuscular or 

intravenous injection and was one of the first drugs in its 

class to be marketed. It exhibits broad-spectrum activity 

against β-lactamase-producing bacteria, including 

Enterobacteriaceae, E. coli, Pseudomonas spp., N. 

gonorrhoeae, N. meningitidis, S. aureus, Streptococcus 

pyogenes, and Streptococcus pneumoniae. CTX is used 

to treat a variety of infections, such as urinary tract 

infections, lower respiratory tract infections, meningitis, 

uncomplicated gonorrhea, skin infections, and 

pneumonia [14]. In Thailand, according to the 2026 

National List of Essential Medicines, CTX remains an 

alternative treatment for neonatal bacterial infections, 

primarily to avoid the adverse effects associated with 

ceftriaxone [15]. Of concern, national antibiogram data 

indicate that more than 50% of A. baumannii isolates 

from all specimen types remain susceptible to CTX [16], 

underscoring its continued clinical relevance despite 

rising antimicrobial resistance. Its mode of action 

involves binding to penicillin-binding proteins during 

the transpeptidation step of bacterial cell wall synthesis 

and interfering with β-lactamase activity. Class A, β-

lactamase enzymes, including TEM, were first 

identified by a patient named “Temoniera” which is 

found widely on plasmids of Gram-negative bacteria 

[17]. CTX has synergistic activity with Allium sativum 

against ceftazidime-resistant E. coli from skin and soft 

tissue infections [18]. Moreover, nanoparticles such as 

silver and bismuth telluride are conjugated with CTX to 

enhance antibacterial efficiency against multidrug-

resistant bacteria [19,20].  

 Quercetin (QUE) is a polyphenolic flavonoid 

renowned for its multifaceted biological activities, 

including anti-SARS-CoV-2, antioxidant, anti-

inflammatory, anticancer, and antimicrobial effects [21-

24]. Its antimicrobial action is attributed to several 

mechanisms: Quercetin can disrupt bacterial cell 

membranes, leading to increased permeability and 

leakage of cellular contents, inhibit nucleic acid 

synthesis, and interfere with energy metabolism. 

Additionally, quercetin modulates efflux pump activity 

in bacteria, which can enhance the efficacy of 

conventional antibiotics against multidrug-resistant 

strains. QUE has a broad spectrum of antibacterial 

activity to treat MDR bacterial strains by inhibiting 

DNA gyrase and topoisomerase IV. It plays an 

important role in DNA replication in prokaryotes such 

as Vibrio harveyi, Bacillus subtilis, and Mycobacterium 

spp. [25,26]. It promotes cell wall disruption and lysis 

by an expressed inhibitor to inhibit the reaction of fatty 

acid synthesis in H. pylori and interfere with the stability 

of the cell wall layer and thickness, causing intracellular 

matrix leak and death in S. aureus and Streptococcus 

mutants [27]. In E. coli, QUE at MIC 33 µg/mL 

interrupts the amino acid in the porin structure within 



Trends Sci. 2026; 23(12): 14206   3 of 19 

  

the bacterial cell membrane [28]. Biofilm formation in 

MRSA, E. coli, and P. aeruginosa was inhibited by 

QUE in a concentration dependent manner [29]. 

Moreover, the synergistic effect of QUE plus 

amoxicillin antibiotic has an effect against amoxicillin-

resistant Staphylococcus epidermidis [30]. The studies 

of QUE against oral and gastrointestinal microbes 

showed that this compound had strong activity to block 

Porphyromonas ginggivalis and H. pylori growth 

[31,32].  

 Acinetobacter baumannii is classified by the 

WHO as a critical priority pathogen due to escalating 

resistance to β- lactam antibiotics, which severely limits 

therapeutic options. Natural compounds such as QUE 

exhibit antibacterial activity, yet their capacity to 

potentiate β-lactam efficacy remains uncertain. The 

synergistic interaction between CTX and QUE against 

β-lactam-resistant A. baumannii has not been previously 

characterized. This study, therefore, investigated CTX-

QUE synergy and underlying mechanisms using 

minimum inhibitory concentration (MIC) assays, 

checkerboard analysis, time kill curves, PCR detection 

of resistance genes, evaluation of cell envelope 

disruption, biomolecular profiling by FTIR, and 

cytotoxicity testing. Findings underscore the novelty of 

employing a flavonoid to enhance β-lactam activity and 

highlight the potential of plant-derived compounds as 

adjunctive agents in antimicrobial therapy. 

 

Materials and methods 

 Bacterial strains 

 Three A. baumannii strains (DMST 43250, 44689, 

and 45378) were purchased from the Ministry of Public 

Health, Thailand. E. coli ATCC 25922 was used as a 

positive control. All experiments were conducted using 

standardized bacterial inocula with an initial 

concentration of 5×105 CFU/mL.  

 

 Antibiotic and bioactive compounds  

 CTX, imipenem (IPM), polymyxin B (PMB), and 

QUE were purchased from Sigma-Aldrich, USA, and 

Indofine, USA, respectively. Stock solutions (10,240 

µg/mL, 10×) were prepared in sterile water for 

antibiotics or in dimethyl sulfoxide (DMSO) for QUE, 

and stored at 4 °C until use.  

 

 

 Minimum inhibitory concentrations (MICs) 

 To determine the antibacterial effect of CTX, IPM, 

and QUE against 3 strains of A. baumannii and E. coli 

(a positive control). The MICs were performed 

following the Clinical and Laboratory Standards 

Institute [33]; Liu et al. [34]. Briefly, overnight cultures 

were grown in cation-adjusted Mueller-Hinton broth 

(CAMHB) at 37 °C, washed, and the absorbance was 

adjusted to 0.08 - 0.13 at a wavelength of 600 nm 

(~1×10⁸ CFU/mL) by UV-VIS spectrophotometer. 

Suspensions were diluted to 5×105 CFU/mL and 

inoculated into 96-well plates containing serial dilutions 

of test agents. Wells that presented no antibacterial 

agent were determined as positive, and no bacteria in 

wells were determined as negative controls, 

respectively. After overnight incubation, bacterial 

growth was measured by absorbance. The lowest 

concentration with no visible growth was recorded as 

the MIC. 

 

 Detection of β-lactam antibiotic resistance 

genes in A. baumannii 

 This study used primer sets specifically targeting 

β-lactamase genes, including those from the blaampC 

family [35], the blaESBL family [3], and various 

carbapenemase genes [3]. The primer sequences and 

concentrations used are detailed in Tables S1 - S3, 

respectively. Genotypic resistance testing was 

performed using PCR, following the method by 

Teethaisong et al. [36]. Briefly, DNA was extracted 

from overnight cultures (5 mL) using the GF-Bacterial 

DNA Extraction Kit (Vivantis, Malaysia). DNA quality 

was assessed by a NanoDot microspectrophotometer. 

PCR was performed in 50 µL reactions containing 200 

ng template, 1 µM primers, 25 µL of GoTaq Green 

Master Mix (Promega, USA), and nuclease-free water. 

The tube containing DNase-free water in place of 

template DNA was used as a negative control. Cycling 

conditions consisted of initial denaturation (95 °C, 5 

min), followed by 30 cycles of denaturation, annealing 

(60 or 64 °C depending on primers), and extension (72 

°C, 1 min), with a final extension at 72 °C for 7 min. 

 

 Checkerboard assay 

 The synergistic interaction between CTX and 

QUE was assessed by checkerboard microdilution. 

Two-fold serial dilutions of CTX and QUE starting from 
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the MIC were combined in 96-well plates containing 

5×105 CFU/mL bacterial inoculum. Then, the reaction 

was incubated overnight. The interaction was 

determined as previously described by Bonapace and 

co-workers’ method [37]. The result was calculated by 

the Fractional Inhibitory Concentration  index (FICI) as 

described by Marques et al. [38] following this formula; 

 

FICI = FIC(A) + FIC(B)  

 = 
Conc. of A in MICs of A + B

MIC of A alone
+

Conc. of B in MICs of A + B

MIC of B alone
 

 

 The FICI ≤ 0.5 indicates synergy, > 0.5 to < 1.0 

denotes partial synergy, 1.0 denotes additive effect, > 

1.0 to < 4.0 denotes indifference, and > 4.0 denotes 

antagonism. The strain with the lowest FICI was 

selected for further assays. 

 

 Time-killing curve determination 

 Synergistic activity was confirmed by time-kill 

kinetics. The bacterial strain with the lowest FICI was 

selected to study the time-kill assay, as previously 

described by Michael et al. [39]. Cultures (5×105 

CFU/mL) were exposed individually to sub-MIC 

concentrations of CTX, QUE, or their combination. 

Viable counts were determined at 0, 1, 2, 4, 6, 8, and 24 

h by plating serial dilutions. A ≥ 2 log10 CFU/mL 

reduction at 24 h for the combination compared with the 

most active single agent (CTX or QUE) was defined as 

synergy. 

 

 Cytoplasmic membrane (CM) permeability 

 To monitor total nucleic acids (DNA and RNA) 

leakage across the bacterial cell using a UV-VIS 

spectrophotometer at OD260. This method was 

performed as previously described by Teethaisong et al. 

[40]. Shortly, Bacteria (5×10⁵ CFU/mL) were 

suspended individually in sodium hydroxyethyl 

piperazineethanesulfonic acid buffer (2.5 mM, pH 7.2) 

with 100 mM glucose and treated with sub-MIC 

concentrations of CTX, QUE, or their combination. 

Nisin was used as a positive control. Supernatants were 

collected at 0 - 4 h, filtered (0.2 µm), and analyzed. Each 

condition at a different time point was measured at 

OD260. All measurements were conducted in triplicate, 

and data were graphically presented using SigmaPlot 

version 12.0 software. 

 

 Anti-biofilm formation  

 Biofilm is an extracellular polymeric substance 

that is challenging to eliminate, including proteins, 

nucleic acids, and polysaccharides. The effect of anti-

biofilm formation was studied following the method of 

Gopal et al. [41]. Bacteria (5×105 CFU/mL) were 

incubated in CAMHB with CTX, QUE, or their 

combination for 48 h at 37 °C. Subsequently, the wells 

were washed, stained with 0.4% (w/v) crystal violet for 

30 min, rinsed, and air-dried. The stain was solubilized 

with 95% ethanol, and absorbance at 600 nm was 

measured. All assays were performed in triplicate to 

ensure accuracy and reproducibility. 

 

 Ultrastructure damage comparison using 

scanning and transmission electron microscopes 

(SEM & TEM) 

 The SEM and TEM were employed to compare the 

impact of the test compounds on bacterial morphology, 

as previously described by Teethaisong et al. [42]. To 

evaluate ultrastructural changes, bacteria were 

incubated separately with sub-MIC concentrations of 

CTX, QUE, or their combination for 4 h. Cells were 

harvested, fixed with 2.5% glutaraldehyde in 0.1 M 

phosphate buffer overnight, and post-fixed with 1% 

OsO4. Samples were dehydrated in graded acetone, 

stained with 3% uranyl acetate, and prepared for SEM 

(Auriga, Zeiss, Germany). For TEM, these samples 

were fixed for 15 min using 2% (w/v) uranyl acetate and 

0.25% (w/v) lead citrate. Then, the specimens were 

subsequently observed and captured using a 120 kV 

electron microscope. Images were acquired randomly to 

minimize bias. 

 

 Comparative biomolecular alterations using 

Fourier-transform infrared spectroscopy (FTIR) 

 To determine the effect of QUE and CTX, either 

alone or in combination, on A. baumannii DMST 45378 

on biochemical change. The FTIR measurement was 

performed, and this study followed the previous 

researchers [30,43,44]. Biochemical alterations were 

analyzed using synchrotron-based FTIR (Hyperion 

2000, Bruker Optics) at beamline 4.1, Synchrotron Light 

Research Institute, Thailand. Spectra were collected in 

the 3,000 - 900 cm⁻¹ range. Integrated peak areas of lipid 

(3,000 - 2,800 cm⁻¹), protein (1,800 - 1,400 cm⁻¹), 
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carbohydrate, and nucleic acid (1,300 - 950 cm⁻¹) 

regions were calculated. Amide I/II ratios were 

determined, and second derivative spectra were plotted 

using OriginPro 9.0 and SigmaPlot 12.0. 

 

 Assessment of cytotoxicity in human 

keratinocyte (HaCaT) cells  

 The cytotoxic effects and safe dosage ranges of 

CTX, QUE, and their combination were assessed using 

HaCaT through the MTT assay. The assay was 

conducted following methods previously described by 

Dunkhunthod et al. [45]. Briefly, HaCaT cells (CLS 

Cell Lines Service, Germany) were cultured in 

Dulbecco’s modified Eagle medium (DMEM) with 10% 

fetal bovine serum, 1% of 100 units of penicillin, and 

streptomycin (100 µg/mL). Cells were seeded at 1.5×10⁴ 

cells per well in 96-well plates and incubated overnight. 

Varying concentrations of CTX, QUE, and 

combinations were applied for 24 h, followed by 

incubation with MTT (0.5 mg/mL) for 4 h. Formazan 

crystals were solubilized with 100% DMSO, and 

absorbance was measured at 540 nm. Cell viability was 

calculated relative to untreated controls. All assays were 

performed in triplicate to ensure accuracy and viability. 

 

 

 Statistical analysis  

 All experiments were performed in triplicate. Data 

from permeability, biofilm, and FTIR assays were 

analyzed by 1-way ANOVA with Tukey’s HSD post-

hoc test (p < 0.05). Cytotoxicity was analyzed by 

ANOVA with LSD post-hoc test (p < 0.01). Analyses 

were performed with SPSS v26 (IBM, USA). 

 

Results and discussion 

 MICs, MBCs, and checkerboard determination 

 The results indicated that A. baumannii strains 

(DMST 43250, 44689 and 45378) displayed resistance 

to CTX, with the MICs at 1,024 µg/mL, while the 

reference strain of E. coli ATCC 25922 exhibited 

susceptibility to CTX with a MIC of 0.12 µg/mL [33]. 

Similarly to IPM, all bacterial strains were resistant to 

IPM with MICs of 32 - 64 µg/mL, while the reference 

strain of E. coli ATCC 25922 exhibited susceptibility 

with a MIC of 0.25 µg/mL. QUE demonstrated high 

MICs (1,024 µg/mL) against all 3 A. baumannii strains. 

The checkerboard assay revealed the synergistic activity 

of QUE plus CTX against A. baumannii, with the FICI 

between 0.31 and 0.625 (synergism to partial 

synergism), in which CTX concentrations were greatly 

reduced compared to using CTX alone (Table 1).  

 

Table 1 Minimum inhibitory concentrations (MICs), Fraction Inhibitory Concentrations (FICs), and FIC index (FICI) of 

cefotaxime (CTX), imipenem (IPM), and quercetin (QUE) against A. baumannii spp. 

Bacterial Strains 
MIC (µg/mL) 

  CTX           IPM           QUE 

FIC 

CTX + QUE 

(µg/mL) 

FIC index Interpretation 

A. baumannii DMST 45378 1024R 32R 1024N/D 256 + 64 0.31 Synergy 

A. baumannii DMST 44689 1024R 64R 1024N/D 256 + 256 0.5 Synergy 

A. baumannii DMST 43250 

E. coli ATCC 25922* 

1024R 

0.12S 

64R 

0.25S 

1024N/D 

1024N/D 

512 + 128 

0.12 + 32 

0.625 

1.125 

Partial synergism 

Indifference 

S = Susceptible; R = Resistant; N/D, not determined; * = A quality control strain for Acinetobacter spp. Susceptibility profiles 

were interpreted based on CLSI guidelines. 

 

 The emergence of MDR A. baumannii presents 

major healthcare challenges worldwide, limiting 

treatment options and complicating infection control 

[6,46]. The present study evaluated the antibacterial 

property and investigated the mechanism of action of 

CTX, a β-lactam antibiotic, combined with QUE, a 

natural flavonoid, against cefotaxime-resistant A. 

baumannii strains. 

 Currently, third-generation cephalosporins are still 

used for treating A. baumannii infections [15,16,47]. In 

this study, initial susceptibility testing revealed high 

resistance to CTX (MIC = 1,024 µg/mL) in strains 

DMST 43250, 44689, and 45378, which is consistent 
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with β-lactamase–mediated hydrolysis [6,48]. QUE 

alone also exhibited antibacterial activity, with an MIC 

of 1,024 µg/mL. Notably, in strain DMST 45378, the 

combination of CTX and QUE reduced the MIC of CTX 

by 4-fold and that of QUE by 16-fold, resulting in a 

synergistic FIC index of 0.31. This finding is consistent 

with previous reports suggesting that flavonoids can 

enhance antibacterial activity through β-lactamase 

inhibition or by increasing membrane permeability 

[7,49]. Furthermore, earlier studies have shown that 

cefoperazone-sulbactam achieves higher clinical cure 

rates when used in combination with other antibiotics, 

such as carbapenems, polymyxins, or 

tigecycline/minocycline, compared with monotherapy 

in A. baumannii infections [47]. These findings are 

restricted to the 3 β-lactam-resistant A. baumannii 

strains examined and therefore cannot be generalized to 

all β-lactam-resistant A. baumannii isolates. 

 

 Detection of β-lactamase-specific genes by PCR 

 This study utilized PCR methodology to target 3 

significant -lactamase gene families, including blaampC, 

blaESBL, and carbapenemase family genes, in 

Acinetobacter baumannii species. The PCR analysis 

revealed that all tested isolates (A. baumannii DMST 

43250, 44689, and 45378) contained the ESBLs (blaTEM) 

gene, while none exhibited the presence of blaampC and 

carbapenemase family genes (Figure 1).  

 PCR analysis confirmed acquired β-lactam 

resistance genes. Among blaampC, blaESBL, and 

carbapenemase families, only blaTEM (blaESBL) was 

detected. These results align with MIC data and prior 

studies showing TEM variants confer resistance to 

penicillins, cephalosporins, and monobactams [50]. 

Paterson and Bonomo [51] emphasized the clinical 

significance of ESBLs, particularly blaTEM and blaSHV, in 

Gram-negative bacteria, with frequent detection in 

Enterobacteriaceae and occasional occurrence in 

Pseudomonas spp. and A. baumannii. The blaTEM is 

highly transmissible via mobile elements [52]. 

Detection of only blaTEM confirms the presence of a β-

lactamase gene, serving as preliminary screening. As 

only selected resistance genes were assessed, additional 

mechanisms may contribute to the observed cefotaxime 

and imipenem resistance, underscoring the need for 

further investigation. 

 

 

Figure 1 PCR for the identification of -lactamase gene families in 3 strains of A. baumannii. blaESBL family gene (A); 

blaampC (B); carbapenemase (C). (M) DNA ladder. E. coli ATCC 25922 was used as the quality control strain for assessing 

the susceptibility profiles of Acinetobacter spp. following CLSI guidelines.  

 

 Time-killing curve 

 The time-killing curve (Figure 2) illustrates the 

time-dependent antibacterial activity of CTX and QUE, 

both alone and combined, against A. baumannii DMST 

45378. Untreated bacterial cells (CON) rapidly grew 

over 24 h. CTX alone at 512 µg/mL initially reduced 
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bacterial counts, but regrowth occurred after 8 h, 

indicating incomplete inhibition. QUE alone at 512 

µg/mL demonstrated limited inhibition throughout the 

experiment. Notably, the combination treatment (CTX 

at 256 µg/mL plus QUE at 64 µg/mL) showed a 

significant and sustained reduction in bacterial counts ≥ 

2 log10 CFU/mL compared with treatment using QUE 

alone over 24 h, without evidence of bacterial regrowth, 

highlighting strong synergistic antibacterial activity 

(Figure 2). 

 Time-kill assays supported sustained antibacterial 

efficacy. Monotherapies caused temporary suppression 

followed by regrowth, while combination therapy 

achieved ≥ 2 log10 reduction in viable counts with no 

regrowth at 24 h. This effect likely stems from enhanced 

CTX accumulation via QUE-induced membrane 

disruption [7,30].  

 

Figure 2 Time-kinetic inhibition of A. baumannii DMST 45378 after exposure to quercetin (QUE) alone and in 

combination with cefotaxime (CTX) at different time points. CON; untreated cells, CTX (512); cefotaxime at 512 µg/mL, 

QUE (512); quercetin at 512 µg/mL, and CTX (256) + QUE (64); cefotaxime at 256 µg/mL plus quercetin at 64 µg/mL. 

The values plotted are the means of 3 observations (n = 3), and the vertical bars indicate standard deviation (S.D.). 

 

 CM permeability  

 The lowest FIC index strain was chosen for further 

investigation of the antibacterial mode of action. Figure 

3 presents data on the leakage of intracellular 

constituents (such as DNA and RNA) from A. 

baumannii DMST 45378 after exposure to CTX, QUE, 

and their combination. PMB was used as a positive 

control. The untreated control cells (CON) showed 

minimal leakage throughout the experiment, reflecting 

intact cell integrity. QUE and the combination 

significantly increased leakage from 0.5 h compared to 

other treatments (p < 0.05). CTX alone (512 µg/mL) and 

PMB alone (2 µg/mL) induced moderate increases in 

leakage, with PMB exhibiting greater leakage effects 

than CTX alone. In addition, the combination of CTX 

(128 µg/mL) and QUE (32 µg/mL) resulted in a 

significant increase in intracellular constituent leakage 

compared to other treatments from 1 h through to the 

end of the experiment (p < 0.05), surpassing the effects 

observed with each agent individually and approaching 

the stronger effect than PMB (Figure 3).  

 CM permeability testing showed that CTX or 

QUE alone caused moderate leakage of intracellular 

constituents, whereas their combination produced 

significantly greater leakage, even exceeding PMB [53]. 

QUE’s disruption of membrane integrity appears to 

facilitate CTX penetration, resulting in extensive 

cellular breakdown [7,49]. Such synergistic membrane 

damage aligns with prior reports of flavonoid-antibiotic 

combinations [30,54].  
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Figure 3 The effect of CTX, QUE alone, and combined on intracellular constituents (DNA, RNA, enzyme, and ATP) 

leakage of A. baumannii DMST 45378. CON; untreated control, PMB (2); polymyxin B at 2 µg/mL, CTX (512); 

cefotaxime at 512 µg/mL, QUE (512); quercetin at 512 µg/mL, and CTX (128) + QUE (32); cefotaxime at 128 µg/mL 

plus quercetin at 32 µg/mL. Polymyxin B was used as a positive control. The values plotted are the means of 3 

observations (n = 3). Data are expressed as mean ± S.D. Means that share the same superscript are not significantly 

different from each other (Tukey’s HSD, p < 0.05). 

 

 Anti-biofilm formation 

 The inhibitory effects on biofilm formation of A. 

baumannii DMST 45378 after treatment with 

cefotaxime (CTX) and quercetin (QUE) individually 

and in combination at 24 and 48 h (Figure 4). The 

untreated control bacteria (CON) formed significant 

biofilm, as shown by the highest OD600 values. Single 

treatments with either CTX (512 µg/mL) or QUE (512 

µg/mL) significantly reduced biofilm formation 

compared to controls. Notably, the combined sub-FIC 

treatment of CTX (128 µg/mL) plus QUE (32 µg/mL) 

showed the most pronounced anti-biofilm effect, 

significantly outperforming both single-agent 

treatments at 48 h (p < 0.05).  

 

Figure 4 Anti-biofilm formation A. baumannii DMST 45378 after treatment with either sub-MIC of CTX or QUE alone 

and in combination at sub-FIC. CON; untreated control, CTX (512); cefotaxime at 512 µg/mL, QUE (512); quercetin at 

512 µg/mL, and CTX (128) + QUE (32); cefotaxime at 128 µg/mL plus quercetin at 32 µg/mL. The values plotted are 

the means of 3 observations (n = 3). Data are expressed as mean ± S.D. Means sharing the same superscript are not 

significantly different from each other (Tukey’s HSD, p < 0.05). 
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 This highlights the synergistic potential of QUE 

combined with CTX in effectively preventing biofilm 

formation by A. baumannii. Biofilms contribute to 

virulence and antibiotic resistance [55]. While 

individual treatments modestly reduced biofilm 

formation, the CTX-QUE combination inhibited > 70%, 

likely through QUE’s effects on adhesion, quorum 

sensing, and matrix disruption  [56].  

 

 Scanning and transmission electron 

microscopes (SEM & TEM) 

 SEM analysis was employed to investigate 

alterations in cell morphology. Untreated A. baumannii 

DMST 45378 cells displayed intact morphology with 

smooth and uniform surfaces, indicating healthy 

bacterial cells (Figure 5(A)). Treatment with QUE at 

512 µg/mL led to noticeable cell damage, characterized 

by abnormal morphology, cell membrane disruption 

(arrow with square tail), and irregular shapes (solid 

arrow), along with cell debris formation (arrow with star 

tail) (Figure 5(B)). CTX treatment at 512 µg/mL caused 

significant morphological disruptions, including 

elongated cell shapes (solid arrow), cell debris 

formation (arrow with star tail), and substantial cellular 

aggregation (Figure 5(C)). Remarkably, the 

combination of CTX (128 µg/mL) and QUE (32 µg/mL) 

resulted in extensive morphological deformities, 

exhibiting severe cell elongation (solid arrow), 

pronounced membrane damage (arrow with square tail), 

and considerable cell debris (arrow with star tail), 

representing more extensive cellular damage compared 

to either QUE or CTX alone (Figure 5(D)).  

 

 

Figure 5 Scanning electron microscope images of untreated A. baumannii DMST 45378 (A), A. baumannii treated with 

QUE at 512 µg/mL (B), A. baumannii treated with CTX at 512 µg/mL (C), and A. baumannii treated with CTX at 128 

µg/mL plus QUE at 32 µg/mL (D); (Magnification: A-D = 5,000×, bar = 1 µm; inset magnification: A-D = 20,000×, bar 

= 200 nm). 

 

 TEM analysis was conducted to examine 

ultrastructural changes within bacterial cells. Untreated 

A. baumannii DMST 45378 cells displayed intact 

cytoplasm and clearly defined cell envelopes, indicating 

healthy bacterial morphology (Figure 6(A)). Cells 

treated with QUE at 512 µg/mL showed moderate 

intracellular damage, including partial disruption of 

cytoplasmic density (arrow with square tail), and 

elongated cells (solid arrow) (Figure 6(B)). Treatment 

with CTX at 512 µg/mL resulted in substantial 

intracellular disturbances, characterized by noticeable 

cytoplasmic leakage (arrow with star tail) and elongated 

cell shapes (solid arrow) (Figure 6(C)). Remarkably, 

combined treatment with CTX (128 µg/mL) and QUE 
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(32 µg/mL) exhibited extensive and severe 

ultrastructural damage, including significant 

cytoplasmic content leakage (arrow with square tail), 

complete disruption and deformation of cell membranes 

(arrow with star tail), and pronounced intracellular 

irregularities, reflecting greater bacterial damage 

compared to either single agent alone (Figure 6(D)).  

 

 

Figure 6 Transmission electron microscope images of untreated A. baumannii DMST 45378 (A), A. baumannii treated 

with QUE at 512 µg/mL (B), A. baumannii treated with CTX at 512 µg/mL (C), and A. baumannii treated with CTX at 

128 µg/mL plus QUE at 32 µg/mL (D); (Magnification: A - D = 6,900×, bar = 1 µm; inset magnification: A, C, and D = 

20,000×, B = 17,000×, bar = 500 nm). 

 

 Morphological and biochemical analyses 

corroborated these findings. SEM and TEM revealed 

moderate structural disruption with CTX or QUE alone, 

but severe damage, including membrane rupture and 

cytoplasmic leakage, with the combination [54,57,58]. 

This visual evidence strongly supports the synergistic 

mechanism of action, demonstrating how the 

combination profoundly compromises bacterial 

structure compared to either agent alone. 

 

 Fourier-transform infrared spectroscopy 

(FTIR) 

 The summary quantitative FTIR spectral analyzes 

by integrating key biochemical regions (lipids, proteins, 

nucleic acids, carbohydrates, and amide bands) in A. 

baumannii DMST 45378 after exposure to CTX, QUE, 

and their combination compared to untreated controls 

(CON) (Figure 7). Treatment significantly altered 

biochemical constituents: QUE treatment notably 

decreased integrated areas for lipids and carbohydrates, 

but increased protein and nucleic acids levels, compared 

to CTX and control (p < 0.05; Figure 7(A)). Similarly, 

amide I, II, and III bands were significantly affected by 

the QUE therapy, causing the most pronounced increase 

compared to CTX and control (p < 0.05; Figure 7(B)). 

Additionally, analysis of amide I/amide II ratios (Figure 

7(C)) indicated substantial conformational changes in 

protein secondary structures, a significant decrease in 

the QUE group compared to other groups (p < 0.05).             
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Figure 7 The integrated areas of remarkable lipid and esters, proteins, nucleic acids, carbohydrate, and other regions of 

A. baumannii DMST 45378. (A), the integrated area of protein derivatives (amide I, II, and III) (B), and the amide I/amide 

II ratio of 2nd derivative spectra (C). CON; untreated control, CTX (512); cefotaxime at 512 µg/mL, QUE (512); quercetin 

at 512 µg/mL, CTX (128) + QUE (32); cefotaxime at 128 µg/mL plus quercetin at 32 µg/mL. Data are represented as 

means ± S.D. in triplicate (n = 3). One-way ANOVA was performed for the comparison, and means sharing the same 

superscript are not significantly different from each other (Tukey’s HSD, p < 0.05). 

 

 FTIR spectra confirmed these alterations, showing 

significant changes in lipid, carbohydrate, and protein 

regions, consistent with membrane destabilization, 

protein denaturation, and metabolic impairment [59,60]. 

The results may be inconsistent with the previous one 

that  QUE can disrupt nucleic acid synthesis in both 

Gram-positive and Gram-negative bacteria by 

disturbing glycolytic, protein translation-elongation, 

and protein folding pathways [61,62]. 

 Moreover, the integral area of the combination 

group suggests that a significant increase in lipid 

spectral regions underscores severe membrane 

disruptions, aligning closely with the morphological 

damage observed under electron microscopy. 

Furthermore, a decrease in carbohydrate spectral 

regions further suggests compromised bacterial cell-

wall integrity or metabolic disruptions, reinforcing the 

notion of extensive cellular damage at the biochemical 

level and emphasizing the robust flavonoid-antibiotic 

synergistic action [63].  

 

 Cytotoxicity test 

 The cytotoxic effects of CTX and QUE, alone and 

in combination, were assessed using the MTT assay on 

cell viability. Cells were treated with varying 

concentrations of CTX (Figure 8(A): 0 - 1,024 µg/mL) 

and QUE (Figure 8(B): 0 - 1,024 µg/mL). The results 

demonstrated that CTX and QUE exhibited no 

significant cytotoxicity against HaCaT cells at 

concentrations up to 256 and 128 µg/mL, respectively, 

compared to negative (NA) and vehicle (VH) control 

groups (p > 0.01). The combination treatments (Figure 

8(C): CTX + QUE at 512 + 128, 256 + 64 and 128 + 32 

µg/mL) also resulted in negligible cytotoxicity, 

maintaining viability close to untreated negative 

controls (NA) and vehicle (VH) control groups. Neither 

cefotaxime (CTX), quercetin (QUE), nor their 
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combination at antibacterial concentrations exhibited 

appreciable cytotoxicity under the tested in vitro 

conditions. Nonetheless, broader evaluation of safety 

and therapeutic applicability remains warranted. 

 

 

Figure 8 The cytotoxic effects of CTX and QUE, either individually or in combination, on HaCaT cells were evaluated 

using the MTT assay. HaCaT cells were treated with varying concentrations of cefotaxime (A) and quercetin (B), ranging 

from 0 to 1,024 µg/mL, and the combination of CTX and QUE at concentrations corresponding to the FICI values: 512 

+ 128, 256 + 64 and 128 + 32 µg/mL (C) for 24 h. Negative (NA) and vehicle (VH) controls consisted of cells in DMEM 

alone and cells in DMEM containing 0.2% (v/v) DMSO, respectively.  Data are presented as the mean ± S.D. of triplicate 

(n = 3). Statistical comparisons were conducted using one-way ANOVA, with means sharing the same superscript 

considered not significantly different (LSD, p < 0.01).  

 

 Cytotoxicity assays on HaCaT cells demonstrated 

that CTX and QUE, alone or combined at ≤ 128 µg/mL, 

were non-toxic after 24 h. The combination even 

showed lower cytotoxicity compared to single agents, 

consistent with reports of QUE’s low toxicity at 

concentrations up to 90 µg/mL, as well as studies 

confirming QUE’s non-toxicity across a wide range 

from 3.0223 to 778 µg/mL [64,65]. Importantly, the 

synergistic combination of CTX and QUE showed 

reduced cytotoxicity compared to the agents used singly.  

 This study demonstrates that quercetin (QUE) 

potentiates the antibacterial activity of cefotaxime 

(CTX) against β-lactam-resistant A. baumannii. 

Synergy, confirmed by time kill assays and mechanistic 

analyses, underscores the novelty of combining a 

conventional β-lactam with a natural compound to 

counter resistance. Mechanistic investigations revealed 

that QUE enhances CTX efficacy through cell envelope 

disruption, inhibition of biofilm formation, and 

biomolecular alterations, while exhibiting no detectable 

cytotoxicity in human keratinocytes at the tested 

concentrations. 

 The findings indicate that natural compounds may 

restore or augment β-lactam activity, representing a 

potential adjunctive approach to combat multidrug 

resistance. Methodologically, the combined use of time 

kill assays, electron microscopy, and FTIR spectroscopy 

provided convergent evidence of synergy and 

mechanism, thereby enhancing the robustness of the 

results. However, the study was limited to 3 resistant 

strains, restricting generalizability. Detection of blaTEM 

offered only preliminary evidence of β-lactamase-
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mediated resistance, and additional mechanisms may 

underlie cefotaxime and imipenem resistance. Potential 

biases include strain selection and reliance on in vitro 

assays, which may not fully reflect clinical complexity. 

 Future studies should include larger and more 

diverse clinical isolates, investigate additional resistance 

determinants, and assess pharmacological, 

pharmacokinetic, in vivo efficacy, and safety. 

Addressing these aspects will strengthen scientific rigor 

and credibility, while clarifying the broader therapeutic 

potential of CTX–QUE combinations against WHO 

critical priority pathogens, particularly β-lactam-

resistant A. baumannii. 

 

Conclusions 

 This study demonstrates the strong synergistic 

activity of flavonoid–antibiotic combinations against 

multidrug-resistant pathogens, with pronounced 

efficacy against β-lactam-resistant A. baumannii. The 

synergy was mediated through complementary 

mechanisms, including disruption of the cell envelope 

and increased membrane permeability, leading to 

leakage of intracellular DNA, RNA, and enzymatic 

contents. Furthermore, these combinations markedly 

inhibited biofilm formation, underscoring their potential 

to address persistent and refractory infections. 

Importantly, in vitro cytotoxicity assays revealed 

minimal toxicity, supporting a favorable safety profile. 

 These findings provide compelling evidence that 

flavonoids can potentiate conventional antibiotics by 

disrupting bacterial cell integrity and interfering with 

essential biomolecular processes. Owing to their robust 

synergistic activity and low cytotoxicity, flavonoid–

antibiotic combinations represent a promising 

adjunctive therapeutic strategy. This approach offers an 

innovative avenue to address infections caused by WHO 

critical priority pathogens, particularly β-lactam-

resistant A. baumannii. Nonetheless, further studies are 

required to comprehensively assess efficacy, safety, and 

clinical applicability before these combinations can be 

advanced as viable adjunct therapies against WHO 

critical priority pathogens. 
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Supplementary Materials 

 

Table S1 Primer sequences for detection of blaampC family genes [32]. 

Target Genes Sequences (5′→3′) 
Primer concentration 

(µM) 

Product 

Size (bp) 

blaMOXM (F) GCT GCT CAA GGA GCA CAG GAT 0.5 
520 

blaMOXM (R) CAC ATT GAC ATA GGT GTG GTG C 0.5 

blaCITM (F) TGG CCA GAA CTG ACA GGC AAA 0.5 
462 

blaCITM (R) TTT CTC CTG AAC GTG GCT GGC 0.5 

blaDHAM (F) AAC TTT CAC AGG TGT GCT GGG T 0.5 
405 

blaDHAM (R) CCG TAC GCA TAC TGG CTT TGC 0.5 

blaACCM (F) AAC AGC CTC AGC AGC CGG TTA 0.5 
346 

blaACCM (R) TTC GCC GCA ATC ATC CCT AGC 0.5 

blaEBCM (F) TCG GTA AAG CCG ATG TTG CGG 0.5 
302 

blaEBCM (R) CTT CCA CTG CGG CTG CCA GTT 0.5 

blaFOX-M (F) AAC ATG GGG TAT CAG GGA GAT G 0.5 
190 

blaFOX-M (R) CAA AGC GCG TAA CCG GAT TGG 0.5 

 

 

Table S2 Primer sequences for detection of blaESBL family genes [3]. 

Target Genes Sequences (5′→3′) 
Primer 

concentration (µM) 

Product 

Size (bp) 

Multiplex I  

blaTEM (F) CAT TTC CGT GTC GCC CTT ATT C 0.5 

800 
blaTEM (R) CGT TCA TCC ATA GTT GCC TGA C 0.5 

blaSHV (F) AGC CGC TTG AGC AAA TTA AAC 0.5 

713 
blaSHV (R) ATC CCG CAG ATA AAT CAC CAC 0.5 

Multiplex II 

blaCTX-M group 1 (F) TTA GGA ART GTG CCG CTG YAa 0.5 

688 
blaCTX-M group 1 (R) CGA TAT CGT TGG TGG TRC CATa 0.5 

blaCTX-M group 2 (F) CGT TAA CGG CAC GAT GAC 0.5 

404 
blaCTX-M group 2 (R) CGA TAT CGT TGG TGG TRC CATa 0.5 

blaCTX-M group 9 (F) TCA AGC CTG CCG ATC TGG T 0.5 

561 
blaCTX-M group 9 (R) TGA TTC TCG CCG CTG AAG 0.5 

blaCTX-M group 8/15 (F) AAC RCR CAG ACG CTC TACa 0.5 

326 
blaCTX-M group 8/15 (R) TCG AGC CGG AAS GTG TYA Ta 0.5 

a = Y = T or C; R = A or G; S = G or C. 
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Table S3 Primer sequences for detection of carbapenemase family genes [3]. 

Target Genes Sequences (5′→3′) 
Primer 

concentration (µM) 

Product 

Size (bp) 

blaNDM-type (F) CCT CAA CTG GAT CAA GCA GG 0.4 
341 

blaNDM-type (R) CCT TGC TGT CCT TGA TCA GG 0.4 

blaKPC-type (F) CAT TCA AGG GCT TTC TTG CTG C 0.4 
538 

blaKPC-type (R) ACG ACG GCA TAG TCA TTT GC 0.4 

blaVIM-type (F) GAT GGT GTT TGG TCG CAT A 0.5 
390 

blaVIM-type (R) CGA ATG CGC AGC ACC AG 0.5 

blaOXA-48-like (F) GCT TGA TCG CCC TCG ATT 0.6 
281 

blaOXA-48-like (R) GAT TTG CTC CGT GGC CGA AA 0.6 

blaIMP-type (F) TTG ACA CTC CAT TTA CDGa 0.6 
139 

blaIMP-type (R) GAT YGA GAA TTA AGC CAC YCTa 0.6 

a = Y = T or C; D = A or G or T. 
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