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Abstract: This study focuses on the antibacterial activity of a series of quercetin analogs against 

Escherichia coli using both in vitro and in silico methods. A combinatorial library of 1475 quercetin 

analogs was generated using SmiLib software, and all analogs were subjected to rigorous virtual 

screening to evaluate their toxicity and ADMET properties. Three candidates with the lowest toxicity 

and the most favorable ADMET profiles were selected for further evaluation using molecular docking 

and dynamics simulations to assess their antibacterial efficacy. In vitro results confirmed quercetin’s 

significant antibacterial activity, while in silico simulations provided insights into the strong binding 

interactions and structural stability of quercetin analogs with the Estrogen receptor of the bacterial 

targets ″Escherichia coli″. The study demonstrated that selected analogs possessed promising potential 

as antibacterial agents. 
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1. Introduction  

Antibiotic resistance is a big global health issue that is growing over time, which has 

made it hard to treat patients with bacterial infections using normal antibiotics [1,2]. The 

prevailing practices of irrational usage or abuse of antibiotics in healthcare and farming have 

facilitated the emergence of superbugs, creating an urgent need for novel treatment options [3]. 

The World Health Organization stated that out of the threats to human health facing the world 

in recent years, antibiotic resistance is the greatest, at least in the twenty-first century [4]. This 

is particularly worrisome as it raises the importance of identifying new classes of antibiotics, 

especially those from natural products, that would be safer and more environmentally 

considerate than synthetic ones. 

Flavonoids, which are polyphenolic compounds from plants, have at their disposal a 

very fair range of biological activities for which they have been read: antioxidants [5], anti-

inflammatory [6,7], and antimicrobial activities [8,9]. Quercetin is one of the best-known 

classes of advanced and studied flavonoids [10-14]. Quercetin-rich compounds are widely 

available throughout fruits, vegetables, and certain functional foods, such as onions, apples, 

berries, and leafy greens [15]. There is ample evidence to support the claim that quercetin’s 

pharmacological effects are health-promoting, such as scavenging of free radicals [16-18], 

inhibition of inflammatory response, and prevention of cancer cell proliferation [19-22]. The 
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recent and current efforts have also shown the use of quercetin as an antibacterial agent, and 

this opens a possibility of quercetin in a new application of solving the problem of antibiotic 

resistance [23,24]. 

Notably, the action of quercetin on bacterial cells remains obscure, yet most researchers 

acknowledge its antibacterial value [25]. Even so, it is taken into the body after being 

administered treatment, and movement to specific localized areas is a barrier. In order to 

overcome these challenges and improve its antibacterial activity, scientists have begun 

studying the structural modifications of quercetin, aiming at the creation of new derivatives 

with better pharmacological profiles [26]. Through changing its chemical profile, it is possible 

to enhance its effectiveness in targeting bacterial agents while minimizing potential side 

effects. 

With respect to this nagging concern, the present work emphasizes the biodelimiting 

action of quercetin polyphenol and its derivatives against Escherichia coli, a generally 

associated pathogen linked with various forms of infections. Review of quercetin derivatives 

for their capacity to inhibit the bacterial activity of microorganisms combines these techniques 

in vitro and in silico. In vitro assays like the disc diffusion assay, which employs agar plates, 

were also performed to directly test the antibacterial property of quercetin. Whereas in silico 

molecular docking and molecular dynamics simulations, which target the relative binding 

positions of the compounds and the stability of their structures in contact with bacterial 

proteins, are applied. 

By systematically modifying the chemical structure of quercetin and evaluating the 

resulting derivatives, we aim to identify compounds with enhanced antibacterial properties. 

Additionally, the integration of in silico simulations provides valuable insights into the 

molecular interactions between quercetin analogs and bacterial targets, helping to elucidate 

their mechanisms of action. This combined approach offers a promising strategy for the 

discovery and development of new antibacterial agents that could potentially address the 

growing issue of antibiotic resistance. 

2. Materials and Methods 

2.1. Chemicals. 

Quercetin, Dimethyl sulfoxide, sodium chloride, Agar medium, Nutrient broth, 

Mueller-Hinton agar, and gentamicin were obtained from Sigma-Aldrich and used as received. 

All other reagents and solvents used in the research were analytical grade and procured from 

different commercial sources without any further purification. All solutions used here were 

prepared using doubly distilled water. All results shown in this study are the average of three 

independent experimental measurements. 

2.2. Biological materials, instruments, and software. 

The microorganism used for antimicrobial activity evaluation was Escherichia coli 

(ATCC 25922), a Gram-negative bacillus from the Enterobacteriaceae family. UV 

spectrophotometer (UV-1800 SHIMADZU) with a 2 mL cell of 10 mm optical path length, 

Centrifuge, Water bath, LAB TECH type incubator, Antibiotic discs. The tools used for in 

silico screening include Gauss View 6.0, Smilib 2, with web servers SwissADME and pkcsm.  

  

https://doi.org/10.33263/LIANBS143.175
https://nanobioletters.com/


https://doi.org/10.33263/LIANBS143.175 

 https://nanobioletters.com/ 3 of 15 

 

2.3. In vitro evaluation of antibacterial activity. 

2.3.1. Preparation of test sample and research protocol. 

Quercetin was dissolved in DMSO to prepare solutions with concentrations ranging 

from 0.0125 to 2 mg/mL. The antibacterial activity was determined using the disc diffusion 

method. The surface of the agar plates was inoculated with the bacterial strains under study. 

After incubation, the maximum inhibitory concentration of Escherichia coli was determined by 

observing the growth inhibition on the medium with the lowest quercetin concentration.  

2.3.2. Strain preservation and preparation of pre-cultures. 

Strains were preserved at 5°C in sterile tubes containing 10 mL of inclined nutrient agar 

medium. Microbial strains were cultured on Petri dishes containing nutrient agar and incubated 

for 24 hours at 37°C to obtain young cultures and isolated colonies. 

2.3.3. Preparation of discs and bacterial suspensions. 

Discs were prepared using 6 mm diameter Whatman filter paper, sterilized for 30 

minutes at 120°C in the autoclave, and stored until use. Several well-isolated colonies were 

picked with a Pasteur pipette and placed in 10 mL of sterile physiological saline (0.9% NaCl). 

The bacterial suspension was standardized to 0.5 McFarland (1.5×108 CFU/ml) using a 

densitometer. 

2.3.4. Antibacterial activity test. 

Sterile Mueller-Hinton agar was poured into Petri dishes to a 4 mm thickness and 

allowed to solidify. The bacterial suspension was spread evenly over the surface using a sterile 

swab and left for 30 minutes. Antibacterial activity was determined by measuring the inhibition 

zone diameter using a ruler, compared with DMSO (negative control) and antibiotics (positive 

control, Gentamicin 120 μg/disc), and by measuring absorbance using UV-vis spectroscopy. 

2.4. In silico evaluation of antibacterial activity. 

The in silico antibacterial activity of selected quercetin analogs was carried out using 

receptor ID: PDB 1R20 and was performed on a personal computer with the following 

specifications: Intel(R) Core (TM) i5-6440HQ CPU @ 2.60GHz, 8.00 GB RAM, running 

Windows 10 Pro. 

2.5. Generation of combinatorial library. 

SmiLib v2.0 software [27] was used to numerate quercetin analogs using the quercetin 

structure as a scaffold and the functional groups (NO2, Cl, C2H5, NH2, and F) along with vacant 

linkers.  

2.6. Molecular docking simulations. 

Molecular docking simulations were carried out using the Schrödinger Maestro 

software package [28]. This is a rather involved process of predicting the binding modes and 

affinities of ligands to protein targets. 
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3. Results and Discussion 

The antimicrobial activity of quercetin is assessed by the minimum inhibitory 

concentration (IC50) in μM, where a lower IC50 value indicates stronger antimicrobial activity, 

comparable to amoxicillin as a reference drug Table 1.  

Table 1. Diameters of zones of inhibition and absorbency of bacteria. 

C (mg/ml) 2 1 0.8 0.6 0.4 0.2 0.025 0.0125 

Diameter (mm) 10 9.5 9 9 9 10 9.5 8.5 

Absorbance (u.a) 0.321 0.323 0.338 0.449 0.459 0.517 0.868 0.988 

Inhibition (%) 83.96 83.86 83.11 77.57 77.07 74.17 56.54 50.54 

The IC50 was calculated from the equation obtained from the regression plot of the 

percent of inhibition versus quercetin concentration presented in Figure 1. The IC50 value, 

which represents the concentration of quercetin required to inhibit 50% of bacterial growth, 

was calculated based on the data provided for the percentage of inhibition at varying 

concentrations of quercetin. The regression equation was derived from the plot of percentage 

inhibition versus quercetin concentration (as shown in Figure 1). 

The calculated IC50 value is 12.8 µM, indicating a highly potent inhibitory effect of 

quercetin at a relatively low concentration. This value is in line with the trend observed in the 

experimental data [29,30], where inhibition remains consistently high across most 

concentrations, gradually decreasing at lower quercetin concentrations. The strong correlation 

between concentration and inhibition percentage further supports the robustness of this IC50 

calculation. 
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Figure 1. Plot of percentage of inhibition versus quercetin concentration used to calculate IC50. 

The IC50 value of the reference drug amoxicillin was also measured under the same 

experimental conditions as that of quercetin (data not presented), ensuring a reliable and 

consistent comparison between the two compounds. The fact that both compounds were 

evaluated using the same methodology confirms that the observed difference in potency is due 

to their inherent biological activity rather than experimental variability. 

The IC50 value of quercetin (12.8 µM) compared to that of the reference drug 

amoxicillin (8.1 µM) indicates that quercetin has a somewhat lower but comparable 

antibacterial potency against the tested bacterial strain. While amoxicillin, a well-established 

antibiotic, exhibits stronger inhibitory activity with a lower IC50 value, quercetin's value is still 

within a reasonable range for antibacterial agents derived from natural compounds. 

This slight difference in IC50 may be attributed to the distinct mechanisms of action 

between the two compounds. Amoxicillin disrupts bacterial cell wall synthesis, which is a 
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highly effective and targeted mechanism. In contrast, quercetin exerts its antibacterial effects 

through multiple pathways, such as disruption of the bacterial membrane, inhibition of 

enzymes, or interference with bacterial DNA, which may result in a slightly higher IC50. 

Despite the higher IC50 value, quercetin's broad-spectrum biological activities, 

including its antioxidant and anti-inflammatory properties, make it an attractive natural 

alternative or adjunct to traditional antibiotics like amoxicillin, especially in the context of 

increasing antibiotic resistance. Further modifications of quercetin derivatives may improve 

their antibacterial efficacy and bring their IC50 value closer to or even higher than that of 

amoxicillin. 

The binding constant Kb was determined from the absorption data according to the 

Benesi-Hildebrand equation (1) [31,32]. 
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1

𝐾𝑏𝐶
     (1) 

 

In equation (1), A0 and A are the absorbencies of Escherichia coli in the presence and 

absence of quercetin, respectively, while ɛf and ɛb are their extinction coefficients. A plot of 

A0/(A-A0) versus 1/C gave a slope of ɛf /(ɛb-ɛf)Kb and a ‘y’ intercept equal to ɛf/(ɛb-ɛf), where 

Kb is the ratio of the slope to the y intercept, Figure 2. The obtained value of the binding 

constant is 6.48×10⁴ M-¹, and its corresponding free binding energy calculated using the 

equation (ΔG = -nRT lnKb) is equal to -6.53 kcalmol-1. These values suggest a strong binding 

affinity between quercetin and the bacterial receptor EcR. 
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Figure 2. Plot of 1/C versus A0/(A-A0)  used to calculate the binding constant between quercetin and 

Escherichia coli.  

3.1. Virtual screening. 

The building blocks used were the scaffold structure shown in Figure 3. The SMILES 

structures of both the scaffold and the functional groups were added to the SmiLib interface. 

Using this method, a large library of compounds was constructed in SMILES format, 

containing 1475 quercetin analogs.  
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Figure 3. Scaffold structure used for the enumeration of quercetine analogues. 

All enumerated molecules underwent thorough virtual screening to determine their 

lethal dose (LD50) using the pkCSM online web server [33]. Molecules exhibiting lower 

toxicity compared to quercetin were selected for further analysis. The selected analogues then 

underwent comprehensive ADMET virtual screening to assess their physicochemical 

properties, drug-likeness, pharmacokinetics, and medicinal chemistry profiles. Molecules that 

exhibit unfavorable properties were eliminated from further investigation. This screening 

identified analogs Q4, Q7, and Q8 as promising candidates, meriting further investigation 

through molecular docking and molecular dynamics studies. ADMET profiles of the promising 

candidates and the reference drug amoxicillin are presented in Figure 4. 
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Figure 4. ADMET profiles of analogs Q4, Q7, Q8, and the reference drug amoxicillin.  

3.2. Molecular docking. 

The crystal structure of the protein of the heterodimer EcR chosen for investigation in 

molecular docking studies was obtained from the protein data bank (RCSB, PDB ID: 1R20), 

Figure 5. The Receptor Grid was then created to define the interaction area of the protein and 

the ligand. This was done with the Receptor Grid Generation tool of Maestro, by specifying 
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the box around the active site using its (x,y,z) coordinates. For the receptors, the number of 

grid points was 20 along each of the x, y, and z dimensions, which correspond to the x, y, and 

z axes, respectively. All docking analysis was performed using the Glide program in Maestro 

[34]. 

 
Figure 5. Three-dimensional structure of EcR receptor of  Escherichia coli (1R20) bound to the synthetic 

agonist BYI06830. 

3.2.1. Ramachandran plot results. 

The Ramachandran plot and its corresponding statistics were obtained from the web 

server (https://saves.mbi.ucla.edu/) [35,36]. The protein 1R20 A plots were analyzed, and their 

statistical details are provided in Table 2. Based on the Ramachandran plot statistics, the three-

dimensional structure with PDB ID: 1R20 has 80% of its residues in favorable regions, 17.6% 

in additionally allowed regions, 1.4% in generously allowed regions, and 0.0% in disallowed 

regions. These values strongly support the quality and the stability of the protein chosen for 

molecular docking and molecular dynamics simulations, which is suitable to provide the 

highest docking score and lowest RMSD values with quercetin. The plot is illustrated in Figure 

6. 

 
Figure 6. Structure authentication using the (A) Ramachandran strategy; (B) Ramachandran plot indicators of 

the 1R20 protein. 

Table 2. Ramachandran plot statistics of residues of 1R20. 

Residues in the 

most favored 

regions 

Residues in 

additional 

allowed regions 

Residues in 

generously 

allowed regions 

Residues in 

disallowed 

regions 

Number of non-

glycine and non-

proline residues 

No of 

end-

residues 

No of glycine 

residues 

No of 

proline 

residues 

Total no of 

residues 

341=80.0% 74=17.6% 6= 1.4% 0=0.0% 421=100.0% 8 17 21 467 
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3.2.2. Geometry optimization. 

Obtaining the optimized structure of small molecules is very crucial for elucidating 

their exact binding behavior. Therefore, to comprehensively understand this behavior, the 

structures of the highly potent analogs Q4, Q7, and Q8, along with quercetin, were fully 

optimized using the DFT/B3LYP method as outlined in the experimental and computational 

details section. The resulting optimized ground state geometries of these compounds are 

depicted in Figure 7. 

  
(a) (b) 

  
(c) (d) 

Figure 7. The optimized 3D-structure of analog (a) Q4; (b) Q7; (c) Q8; (d) quercetin at the DFT/B3LYP 

method. 

3.2.3. Molecular docking results. 

In order to explain how the most active quercetin analogs, Q4, Q7, and Q8, along with 

the parent compound quercetin, interact with the receptors EcR of Escherichia coli, molecular 

docking studies were carried out; these simulations are used to determine the most stable 

conformation of the compounds when docked to the chosen target receptor. The docking 

analysis depicted in Figure 8 provides deeper insights into the 2D interaction modes of the 

tested compounds within the binding site of the EcR receptor. The key amino acid residues that 

interact with quercetin and its analogs include ASN504 and THR340, which are conserved 

binding sites. The red lines are hydrogen bonds between the ligands and the receptor. As shown 

in Figure 8, quercetin and all of the other analogs make two hydrogen bonds with the residues 

ASN504 and THR340 of the receptor EcR, except for analog Q7. Other nearby residues 

(VAL416, CYS508, and MET381) are also positioned to make hydrophobic and van der Waals 

interactions, which could also help to stabilize the ligand-receptor complex. 

Table 3 presents an analysis of the bond interactions and binding free energies for three 

quercetin analogs (Q4, Q7, and Q8) and quercetin itself, in their interactions with the EcR 

receptor. All ligands consistently interact with two key residues, ASN504 and THR340, 

suggesting these residues are crucial for ligand binding. Analog Q7 shows an additional 

interaction with SER377, which may contribute to its slightly higher binding affinity. The bond 

distances between the ligands and interacting residues are given in angstroms (Å), with shorter 

distances generally indicating stronger interactions. 
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Analog Q4-EcR Analog Q7-EcR 

  

Analog Q8-EcR Quercetin-EcR 

Figure 8. 2D interaction of quercitin analogues with the target EcR of Escherichia coli, where the red lines 

represent the H-bonds. 

 

The shortest bond distance (1.40 Å) is seen between analog Q4 and THR340, implying 

a strong interaction. In contrast, the bond distances between SER377 in analog Q7 and THR408 

in analog Q8 are longer, suggesting comparatively weaker interactions. The binding free 

energies reflect the strength of the ligand-receptor interactions, with more negative values 

corresponding to stronger affinities. Quercetin (-9.78 kcalmol-1) demonstrates a slightly 

stronger binding affinity than analog Q4 (-9.23 kcalmol-1) and analog Q8 (-8.88 kcalmol-1), 

while analog Q7 exhibits the strongest binding affinity (-9.63 kcalmol-1), likely due to its 

additional interaction with SER377. 

Table 3. Bond interactions analysis and binding free energies of Analogs Q4, Q7, Q8, and quercetin, candidates 

with the receptor EcR. 

Ligand Interacting residues Distance (Å) -ΔG(kcalmol-1) 

Analog Q4 
ASN504 2.00 

9.23 
THR340 1.40 

Analog Q7 

ASN504 2.48 

9.63 THR340 1.96 

SER377 2.44 

Analog Q8 
THR340 2.00 

8.88 
THR408 1.75 

Quercetin 
ASN504 2.11 

9.78 
THR340 1.74 

3.2.4. Docking validation. 

The docking procedure was validated by redocking the co-crystallized ligand named N-

(tert-butyl)-3,5-dimethyl-N'-[(5-methyl-2,3-dihydro-1,4-benzodioxin-6-yl) carbonyl]benzo-

hydrazide to the EcR protein structure using the same approach that was used for quercetin and 

its analogs. 
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The co-crystallized ligand was first separated from the protein structure and then 

docked into the same protein. To this end, the redocked co-crystallized ligand and its crystalline 

form were superimposed. Figure 9 presents a superimposed view of the redocked conformation 

(golden color) and the original ligand (green color); the calculated RMSD value between them 

is 0.33 Å. The clear superimposition between both ligands and the RMSD value is less than 2 

Å, which confirms the correctness of the grid box determined for the docking and how effective 

the algorithms are at performing the molecular docking protocol.  

 
Figure 9. Superimposed crystal ligand (in green) and redocked ligand (in gold) with an RMSD value of 0.33 Å. 

3.3. Molecular dynamics simulation study. 

Molecular Dynamics simulations were carried out using the Desmond software to 

rigorously examine the stability of the protein-ligand complexes in a physiological 

environment. The duration of the molecular dynamic simulations spanned 100 nanoseconds, 

allowing for a comprehensive analysis of the behavior exhibited by the candidate ligand 

molecules within the binding sites of the EcR receptor. During the molecular dynamics 

simulations, many important parameters such as Root Mean Square Deviation (RMSD), Root 

Mean Square Fluctuation (RMSF), and radius of gyration were tracked from trajectory data. 

These parameters served as indispensable metrics for meticulously evaluating the stability and 

binding affinity of the protein-ligand complexes within dynamic environments. 

3.3.1. Root mean square deviation. 

To determine the stability of the protein-ligand complexes that formed with the chosen 

quercetin analogs, the root mean square deviation of the carbon alpha atoms was computed, 

and the results are shown in Figure 10. The RMSD values of all studied complexes remain 

below 2 angstroms, but for the complexes analog Q4-EcR and analog Q7-EcR, the RMSD 

values increased to values above 3 angstroms and stayed at that level for the rest of the 

simulation. The RMSD of the complex analog Q8-EcR exhibited significant deviations 

throughout the simulation, which indicates the instability of this analog Q8-EcR complex. 

From the resulting RMSD values, all analogues are most likely candidates as anti-bacterial 

agents, and they are even more stable than the control quercetin.  

3.3.2. Root mean square fluctuation. 

To assess the mobility of the protein when in complex with the ligands, we determined 

the root mean square fluctuations (RMSF). These values represent the amount of flexibility 

and movement of individual protein residues over the entire length of the simulation. 

When we looked at the RMSF values for the protein EcR, we found that most of the 

residues in the protein barely moved more than 2 angstroms during the entire simulation. This 
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suggests that these residues maintained a relatively rigid and stable conformation in the 

presence of the studied ligands. However, the loop regions of the protein demonstrated higher 

RMSF values, peaking at approximately 3.5 Å Figure 11. 
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Figure 10. The RMSD plots of protein complexes during a 100 ns simulation of the selected candidates, along 

with the quercetin. 
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Figure 11. The fluctuation of protein residues of EcR during simulations as determined by RSMF values. 

3.3.3. Radius of gyration. 

To evaluate the structural compactness of the EcR protein in complex with the selected 

compounds, along with quercetin, we conducted an analysis of the radius of gyration (Rg). The 

Rg values provide insights into the overall compactness of the protein structure, where lower 

values indicate a more compact structure and higher values suggest unfolding events during 

the simulation. The Rg plots of the ligands-EcR complexes revealed that the Rg values 
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remained stable within the range of 3.8 to 4.3 Å throughout the simulation (Figure 12. This 

indicates that the protein structure maintained its compact conformation when bound to the 

studied compounds. The consistent Rg values further support the notion of structural stability 

during the simulation period. 
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Figure 12. The Rg plots of quercetin-EcR-, analog Q4-EcR, analog Q7-EcR, and analog Q8-EcR complexes as 

a function of simulation time. 

The outcomes of the virtual screening investigation and molecular docking study 

revealed the ranking of antibacterial activity as follows: anlong Q7 > analog Q4 > analog Q8. 

Conversely, molecular dynamics simulation also indicated the same order of complex stability: 

analog Q7-EcR > analog Q4-EcR > analog Q8-EcR. Taking into account these collective 

findings, the analog Q7 emerges as a noteworthy candidate. 

4. Conclusions 

In this work, we investigated the antibacterial efficacy of quercetin and its analogs 

against Escherichia coli, combining in vitro and in silico approaches. The obtained results 

showed that quercetin has substantial inhibitory activity (IC50 = 12.8 μM), almost comparable 

to that of the reference drug amoxicillin (IC50 = 8.1 μM). Molecular docking analysis revealed 

that quercetin and its selected analogs have strong binding affinities, mainly attributed to the 

important interactions they have with the residues ASN504 and THR340 of the receptor EcR 

of  Escherichia coli (1R20). Among the tested analogs, Q7 exhibited the highest binding 

affinity due to its additional hydrogen bond formation with SER377. The integration of 

molecular dynamics simulations provided critical insights into the structural stability of the 

quercetin analog-receptor complexes. The findings suggest that quercetin derivatives hold 

potential as alternative antibacterial agents, offering a natural solution to combat antibiotic 

resistance. 
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