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Abstract. Urinary tract infections (UTIs) affect more than 150 million
individuals worldwide each year. Escherichia coli is typically the
primary causative agent of UTIs, while Klebsiella pneumoniae and
Staphylococcus aureus are often implicated as secondary pathogens.
The rising prevalence of multidrug resistance and biofilm-associated
pathogenicity has made the treatment of UTIs increasingly challenging.
In this study, we evaluated the anti-biofilm potential of Andrographis
paniculata, a medicinal plant known for its anti-inflammatory and
antimicrobial properties, using an in silico approach. Phytocompounds
from A. paniculata were docked against three biofilm-associated target
proteins: extended-spectrum beta-lactamase (ESBL) from K
pneumoniae, fibronectin-binding protein from S. aureus, and
glycoprotein adhesin SasA from Staphylococcus saprophyticus.
Molecular docking was performed using the Glide module of
Schrodinger software, followed by molecular dynamics (MD)
simulations, density functional theory (DFT) analysis, and
pharmacokinetic profiling using ADMET. Among the compounds,
quinic acid and andrographiside exhibited the strongest binding
affinities towards ESBL (-7.948 and -7.825 kcal/mol, respectively),
forming multiple hydrogen bonds with active site residues. MD
simulations confirmed the stability of the quinic acid—fibronectin
protein complex. DFT and ADMET analyses further validated the
favorable electronic reactivity and low toxicity profiles of these
phytocompounds. Collectively, our computational findings highlight 4.
paniculata phytoconstituents, particularly quinic acid, as promising
lead candidates for the development of anti-biofilm therapies against
drug-resistant pathogens associated with UTIs.

Keywords: UTL, Andrographis Paniculate, Anti-biofilm,
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INTRODUCTION

Urinary tract infection (UTI) is one of the most common
bacterial illnesses, affecting nearly 150 million people
annually worldwide. UTIs typically occur due to
infections of the bladder (cystitis) or the kidney
(pyelonephritis), caused by bacterial colonization of the
urinary tract, including the bladder and kidneys
(Mancuso et al., 2023). Klebsiella pneumoniae and
Staphylococcus aureus are important causative agents of
UTIs, with a relatively higher capacity for biofilm
formation compared to many other uropathogens. The
ability to form biofilms contributes significantly to their
pathogenicity and persistence. Biofilms are structured
communities of bacteria encased within a self-secreted
extracellular polymeric substance (EPS) matrix that can
attach to both biotic and abiotic surfaces (Guerra MES,
et al, 2022). Within this protective matrix, bacteria are
shielded from antimicrobial agents and the host immune
response, thereby facilitating chronic infection. Biofilm
formation enhances antibiotic resistance, restricts drug
penetration, reduces therapeutic efficacy, and increases
the persistence and severity of UTIs. In urine, biofilm
formation may be induced; however, the direct
correlation between biofilms and UTI prevalence
remains an area of active investigation (Liu et al., 2024).

The clinical burden of biofilms is particularly evident in
catheterized patients, where continuous colonization
leads to recurrent infections, chronic inflammation, and
increased morbidity. K. pneumoniae is a major pathogen
associated with healthcare-associated and community-
acquired UTIs. Its resistance mechanisms include the
production of extended-spectrum beta-lactamases
(ESBLs), enzymes that hydrolyze beta-lactam antibiotics
such as penicillins and cephalosporins. ESBL-producing
K. pneumoniae strains exhibit high levels of resistance,
limiting therapeutic options, while the emergence of
carbapenemase-producing strains has further
exacerbated multidrug resistance (Paczosa et al., 2016) .

Biofilm development is a key survival strategy in such
pathogens. The polysaccharide-rich EPS matrix
stabilizes bacterial biofilms, protects cells from anti-
microbials and host defenses, and enhances bacterial
persistence and infectivity. In Escherichia coli, virulence
factors such as fimbriae, capsules, adhesins, and quorum-
sensing molecules contribute to biofilm structure and
adhesion to uroepithelial cells. Similarly, K. pneumoniae
utilizes virulence-associated genes such as mrkA
(fimbrial adhesin) and bssS (biofilm-stimulating signal),
which regulate biofilm maturation and bacterial
adhesion, thereby sustaining persistent urinary tract
infections (Singh et al., 2021).

Likewise,  Staphylococcus  aureus,  particularly
methicillin-resistant S. aureus (MRSA), is a common
opportunistic pathogen responsible for

urinary tract infections (UTIs), especially in hospitalized
and catheterized patients. S. aureus expresses
fibronectin-binding proteins (FnBPA and FnBPB), which
play a key role in biofilm formation by mediating
adhesion to host surfaces (via fibronectin) as well as
abiotic surfaces such as catheters. These fibronectin-
binding proteins enable S. aureus cells to adhere to
fibrinogen, elastin, and fibronectin, thereby diminishing
host immune responses and promoting bacterial
aggregation. This process results in the establishment of
stable, often irreversible biofilms. By facilitating
bacterial clustering and protection, FnBPs enhance the
survival capacity of S. aureus, enabling resistance against
both immune responses and antibiotic treatments, thus
contributing to chronic and recurrent infections (Tong et
al., 2015).

At the molecular level, S. aureus biofilm formation is
further regulated by the icaADBC operon, which encodes
polysaccharide intercellular adhesin (PIA). PIA promotes
intercellular attachment, thereby reinforcing biofilm
development and persistence. The drug delivery barriers
posed by biofilm-associated resistance mechanisms in
both K. pneumoniae and S. aureus present a significant
clinical challenge (Ahmad et al., 2022). The extracellular
polymeric substance (EPS) matrix acts as both a physical
and chemical shield, reducing antibiotic penetration and
limiting the effectiveness of antimicrobial therapies.
Consequently, conventional antimicrobial treatments,
including standard prescription regimens, often fail to
eradicate biofilms from colonized anatomical surfaces.
This underscores the urgent need for alternative
strategies to effectively disrupt biofilm growth (Gunn et
al., 2016).

Phytochemicals derived from medicinal plants, such as
Andrographis paniculata (commonly known as “King of
Bitters”), represent a promising avenue of investigation.
A. paniculata contains bioactive compounds with
documented antimicrobial, antiinflammatory, and anti-
biofilm properties (Alberts et al., 2025). In the present
study, we focused on the potential of A. paniculata
phytoconstituents to target biofilm-forming UTI
pathogens, with the aim of enhancing antimicrobial
efficacy. Specifically, we explored biofilm-associated
proteins, including extended-spectrum beta-lactamase
(ESBL) in K. pneumoniae and fibronectin-binding
proteins in S. aureus, to better understand resistance
mechanisms and identify new therapeutic leads.
Unraveling the molecular interactions between
phytocompounds and bacterial biofilm regulators may
provide a foundation for the development of plant-based
therapies to combat biofilm-associated UTIs (Sah et al.,
2019)
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MATERIALS AND METHODS

Retrieval of Phytocompounds

Phytochemical constituents of Andrographis paniculata
were retrieved from the Indian Medicinal Plants,
Phytochemistry and Therapeutics (VivekAnanth et al.,
2023) (IMMPAT) database
(https://cb.imsc.res.in/immpat/), a curated resource that
includes phytochemicals from over 1,700 Indian
medicinal plants. Compounds associated with A.
paniculata were downloaded in SMILES and SDF
formats for further analysis (Shreevatsa et al., 2024).
The list of phytobioactives of Andrographis Paniculate
are mentioned in Table 1.

Protein Selection and Preparation

The  three-dimensional  crystal  structures  of
Glycoprotein adhesin SasA (PDB ID: 3IRP),
Fibronectin (PDB ID: 4B60), and ESBL protein (PDB
ID: 30PL) were retrieved from the RCSB Protein Data
Bank (PDB). (Figure -1 shows the protein structures
retrieved from RCSB Protein Data Bank.These
structures were prepared using the protein preparation
wizard of Maestro v13.3 to fix all the problems in the
existing structures. The bond orders were assigned,
hydrogen bonds optimized, and missing loops and side
chains were filled using Prime. Additionally, water
molecules were removed (Frau et al., 2021).

Binding Site Prediction

The binding sites of proteins were retrieved using the
Sitemap tool of the Schrodinger Suite. The top-ranked
potential binding site was selected in the receptor grid
generation tool of the suite to generate a grid
surrounding the binding site amino acid residues for
both the proteins which generated grid zip files as the
output (Shreevatsa et al., 2024).

Molecular Docking

Schrodinger Glide software (version) was employed to
conduct the docking studies and visualize the docked
complexes, ensuring precise interaction analysis. The
phytobioactives were systematically docked against
three key protein targets: Glycoprotein adhesin SasA,
Fibronectin, and ESBL protein. These computational
analyses aimed to identify potential binding affinities
and interactions between the ligands

and the selected protein targets (Tsivileva et al., 2022)

ADMET

ADMET (Absorption, Distribution, Metabolism,
Excretion and Toxicity) analysis was used to obtain the
pharmacokinetic and safety profiles of Andrographis
paniculata’s major phytocompounds based on docking
score and number of H-bonds. The phytocompounds
were obtained from the IMMPAT database and the drug-
like properties were evaluated using SwissADME
based on Lipinski's Rule of Five.

Those compounds meeting the drug-likeness screening
were then analyzed utilizing pkCSM to predict critical
parameters for the assessment of absorption (intestinal
absorption, permeability over Caco2), distribution
(penetrating blood brain barrier, Volume of distribution),
metabolism (interacting with CYP450), excretion
(clearance, half-life), and toxicity (mutagenicity,
hepatotoxicity, LDso). This screening process was
critically important in identifying nontoxic drug-like
compounds that can be subject to further validation (Sah
etal., 2019).

Density Functional Theory

Density Functional Theory (DFT) calculations were
performed using the Schrodinger Suite to investigate the
electronic properties and binding interactions of
phytocompounds. The quantum mechanical calculations
were conducted using the Jaguar module with the B3LYP
hybrid functional and 6-31G basis set for geometry
optimization and energy calculations. The molecular
structures of phytocompounds were prepared using
LigPrep, ensuring proper protonation states and
tautomeric form (Lila et al., 2023).

Molecular Dynamic Simulations

In this study, molecular dynamics (MD) simulations were
performed using the Schrodinger Suite's Desmond
module to investigate the dynamic behavior and binding
interactions of Glycoprotein, and Fibronectin, with
Quinic Acid. The systems were prepared using the
OPLS4 force field, solvated in an explicit TIP3P water
model within an orthorhombic box, and neutralized with
counterions. Energy minimization and equilibration were
conducted under NPT and NVT ensembles at 300 K and
1 atm pressure, followed by a 200-ns production run to
analyze stability and ligand-protein interactions
(Pestana-Nobles et al., 2022).

Statistical Analysis

The selection of top phytocompounds for further analysis
was based on docking scores, number of significant
hydrogen bond interactions, and binding site plausibility.
Docking results with binding energies below -5.5
kcal/mol and multiple hydrogen bonds with key active
site residues were prioritized. Molecular dynamics
simulation stability was assessed using root mean square
deviation (RMSD) and root mean square fluctuation
(RMSF) analyses over a 200 ns trajectory. Stable protein-
ligand complexes exhibited RMSD deviations below 3.5
A for the protein backbone and consistent ligand
positioning. ADMET profiling employed established in
silico tools with default thresholds for drug-likeness,
absorption, distribution, metabolism, excretion, and
toxicity properties. Compounds meeting drug-likeness
criteria with acceptable predicted toxicity profiles were
considered promising leads.
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RESULTS

Protein-Ligand Interaction Analysis

A molecular docking study was carried out to analyze the binding interaction affinity and Hydrogen bond interactions
between the various phytocompounds and the target proteins involved in the biofilm formation in K. pneumoniae, S. aureus
and S. saprophyticus. The docking results indicated that, in the tested compounds of this study, D-(-)-Quinic acid had the
most binding affinity (-7.948 kcal/mol) with the ESBL protein (30PL) of K. pneumoniae with Hydrogen bond's interaction
with GLU171, HIS164, and ARG178. Whereas, Andrographiside had a slightly lower affinity (-7.852 kcal/mol) with
Hydrogen bond's interactions with GLU240, ARG241, and GLU171. Deoxyandrographolide had a binding of -6.915
kcal/mol and significant Hydrogen bond interaction with ARG178 and HIS164. But, the 14-Deoxyandrographoside showed
a lesser affinity (-5.607 kcal/mol) with interactions involving ASP176. The weakest interaction was 5,7-Dihydroxy-2-(4-
hydroxyphenyl)-4H-chromen-4-one (-2.373 kcal/mol) which had no significant Hydrogen bonds interaction. The standard
drug Ciprofloxacin had a binding of -3.671 kcal/mol with only one Hydrogen bond's with HIS164. Overall, D-(-)-Quinic
acid and Andrographiside displayed the most binding affinity (-7.948 and -7.852 kcal/mol respectively), with a very
extensive Hydrogen bonds interactions with ESBL protein. These two compounds may next be evaluated to verify as
inhibitors inhibitor of ESBL proteins. The docking results of ESBL protein of K. pneumoniae with phytocompounds of
Andrographis paniculata are mentioned in Table 2.

Interaction of Phytocompounds with Fibronectin Protein (4B60) of Staphylococcus aureus

The docking study of Fibronectin (4B60) exhibited significant interactions with the diverse phytocompounds. The standard
drug Linezolid had a binding energy of -7.348 kcal/mol forming 2 hydrogen bonds with TYR501 and HIS254. Quinic Acid
had six hydrogen bonds with SER351, ASN496, GLY497, and VAL499 yielding a binding energy of -6.928 kcal/mol, thus
emerging as a very candidate. Andrographiside had a binding energy of -6.641 kcal/mol via three hydrogen bonds with
GLY497, ASN496 and GLU353. Oroxylin A and Apigenin also exhibited binding affinities of -6.743 kcal/mol and -5.989
kcal/mol. Taken together, the analyses of Quinic Acid and Linezolid exhibited the greatest potentials to inhibit biofilm
formation in S. aureus. The docking result of Fibronectin protein of Staphylococcus aureus with phytocompounds of
Andrographis Paniculate are mentioned in Table 3.

Interaction of Phytocompounds with Glycoprotein Adhesin SasA (3IRP) of Staphylococcus saprophyticus

Molecular docking results for the Glycoprotein adhesin SasA (3IRP) revealed that Ampicillin, the standard drug, exhibited
a binding affinity of -5.816 kcal/mol, forming two hydrogen bonds with ASN466 and ASN752. Apigenin showed the
highest binding affinity (-7.886 kcal/mol), forming hydrogen bonds with TYR755, ASN467, and TYR481. Quinic Acid
displayed six hydrogen bonds with TYR755, ASN467, THR751, and ASN749, with a binding affinity of -6.223 kcal/mol.
These results suggest that Apigenin and Quinic Acid could be potential inhibitors of biofilm formation in S. saprophyticus.
The Docking result of Glycoprotein adhesin SasA of Staphylococcus saprophyticus with phytocompounds of Andrographis
paniculata are mentioned in Table 4.

The docking analysis presented in this study provided good interactions between the compounds and the target protein (eg.,
1EOI), and emphasizes their use in future studies as beneficial therapeutic agents. Andrographiside displayed three
hydrogen bonds with GLY-497, ASN-496, and GLU-353, it displayed a binding affinity of -6.641 kcal/mol. Quinic Acid
displayed six hydrogen bonds with SER-351, ASN-496, GLY-497, and VAL-499, and had a binding affinity of -6.928
kcal/mol and provided good lead against the complete typological structure. With Oroxylin A, it displayed a single
hydrogen bond with GLY-497, and a binding affinity of -6.743 kcal/mol, Apigenin displayed three hydrogen bonds with
PRO-219, VAL-499, and TYR-501 and a binding affinity of -5.989 kcal/mol. 5,2'Dihydroxy-6,7,8,6'-tetramethoxyflavone
two hydrogen bonds with GLY-497, and VAL-499 and had a binding affinity of -6.184 kcal/mol. Finally, Andrographidine
A, displayed three hydrogen bonds with HIS-254, GLU-353, and ARG-260 and a binding affinity of -5.831 kcal/mol.
Linezolid (standard) interacted with two hydrogen bonds with TYR-501 and HIS-254, with a binding affinity of -7.348
kcal/mol. Based on favorable binding affinity and effective hydrogen bonding, future studies should consider investigating
the molecules, Linezolid and Quinic Acid selectivity since they show potent hydrogen bonding and strong binding affinities.

ADMET studies of the selective phytocompounds

The ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity) studies were performed to examine the
pharmacokinetic properties and possible toxicity characteristics of the identified phytocompounds. Many drug development
efforts fail because of polymorphic ADMET properties, so to assess bioavailability and drug-likeness, in silico screening
was used, which showed the screened compounds had good ADMET profiles with small amounts of toxicity, making them
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relevant candidates to be selected for drug development studies. This detail is available in Table 5, which highlights the
ADMET analysis findings.

Density Functional Theory

In the current Density Functional Theory (DFT) analysis, the phytobioactive compound Quinic acid was subjected to
quantum chemical calculations in order to determine the electronic properties and chemical reactivity. Figure 2 represents.
The energy levels of the HOMO and LUMO were calculated to be -0.25671 eV and -0.0021 eV, respectively, yielding a
HOMO-LUMO energy gap of -0.297751 eV. This energy gap is relatively small and therefore implies only moderate
electronic stability of Quinic acid and higher potential chemical reactivity, which is favorable to biological interactions.
The HOMO localization shows electron-rich regions over the oxygenated functional groups, while the LUMO distribution
indicates that the concentrated charge density is at electrophilic centers suggesting active sites where nucleophilic and
electrophilic attacks may occur. Similarly, electrostatic potential (ESP) mapping shows charge distribution of the molecule
where red ESP zones represent high electron density regions and blue ESP zones represent electron-poor regions. Overall,
it appears that Quinic acid has electronic properties suitable for productive interaction with biological targets such as
topoisomerases.

Molecular Dynamics Simulation

The Root Mean Square Deviation (RMSD) and Root Mean Square Fluctuation (RMSF) analyses were conducted to assess
the structural stability and residue-level flexibility of both glycoprotein and fibronectin complexed with quinic acid over
the 200 ns molecular dynamics simulation. RMSD for glycoprotein (A) indicated stability with minimal deviations of
mostly < 3.5 A for the protein backbone; quinic acid, although it exhibited greater mobility at the start of the timeline (t =
0-100 ns), a significant deviation was observed at t = 150 ns, indicating a stable binding interaction. For fibronectin (B),
both the protein (with RMSD values varying ~2.0 - 2.5 A) and ligand (2.0 - 5.0 A) RMSD remain stable, indicating the
flexible, yet, stable interactions. The RMSF plots for glycoprotein (C) and fibronectin (D) presented regions of high
flexibility within specific regions, primarily in loop regions; the ligand contact points (green) generally appeared within
stable or moderately flexible sections of the protein backbone. Overall, these results show quinic acid has stable interactions
with both targets with particularly strong interactions in known ligand binding pockets contributing to overall stability and
conformational retention of the drug complex during the simulation. (Figure 3)

Table 1:List of phytobioactives of Andrographis Paniculate.
SI.No. Phytochemical Structure Part of Plants
01. Andrographiside Whole plant

OH

HO "“OH

02. Andrograpanin OH Aerial part, leaf,
whole plant
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03. Andrographolide Aerial part, leaf,
rhizome, root
04. 14-Deoxy- Aerial part
11,12didehydroandrographolide
05. Neoandrographolide Aerial part
06. Andrographin Leaf, Root
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07. Deoxyandrographolide Leaf, Rhizome

08. 5-Hydroxy-7,8-dimethoxyflavone Leaf, Root

09. Quinic acid 0 Leaf

HO" OH

OH
10. alphal-Sitosterol Leaf
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11,12.

13.

14.

15.

16.

903

Chlorogenic acid

Caffeic acid

Daucosterol

Andrographidine F

Andrographidine D

0
HQ, OH
o]
HO. N o .
H

HO

O% OH

="
HO
OH
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Leaf

Root

Root
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https://cb.imsc.res.in/imppat/phytochemical-detailedpage/IMPHY011933
https://cb.imsc.res.in/imppat/phytochemical-detailedpage/IMPHY014838
https://cb.imsc.res.in/imppat/phytochemical-detailedpage/IMPHY014838
https://cb.imsc.res.in/imppat/phytochemical-detailedpage/IMPHY000474
https://cb.imsc.res.in/imppat/phytochemical-detailedpage/IMPHY000474
https://cb.imsc.res.in/imppat/phytochemical-detailedpage/IMPHY000483
https://cb.imsc.res.in/imppat/phytochemical-detailedpage/IMPHY000483
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17. Andrographidine B Root

18. Andrographidin A Root
19. Skullcapflavone 1 Root
20. Andrographidine C Root
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https://cb.imsc.res.in/imppat/phytochemical-detailedpage/IMPHY000496
https://cb.imsc.res.in/imppat/phytochemical-detailedpage/IMPHY002527
https://cb.imsc.res.in/imppat/phytochemical-detailedpage/IMPHY002527
https://cb.imsc.res.in/imppat/phytochemical-detailedpage/IMPHY004375
https://cb.imsc.res.in/imppat/phytochemical-detailedpage/IMPHY004375
https://cb.imsc.res.in/imppat/phytochemical-detailedpage/IMPHY005047
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21.

22.

23.

24.
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alphal-Sitosterol Root

beta-Sitosterol Root

Andrographidine E Root

OH

Myristic acid Whole plant

W\/\/WYOH
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25.

26.

27.

28.
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14-Deoxy-12methoxyandrographolide Whole plant
Carvacrol Whole plant
HO
Eugenol S Whole plant
O
HO

Oroxylin A Whole plant

OH O

/O
HO O
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29. Wogonin Whole plant

30. Hentriacontane Whole plant

31. Andropanoside Whole plant

32. Apigenin Whole plant
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Table 2: Docking result of ESBL protein of K. pneumoniae with phytocompounds of Andrographis paniculata
Ligand Interaction

S1. Protein Molecule Name H- Binding H-bond
No. Name and Bond Energy Amino
ID (kcal/mol) Acids
1 ESBL Ciprofloxacin — Standard 1 -3.671 HIS - 2 .
Protein Drug 164 N
(30PL) /\ \/ % >
Ji
= /\(Cj
2 Quinic Acid 5 -7.948 GLU-
171,
HIS164,
ARG- @D
178
3 Andrographiside 5 -7.852 GLU-
240,

ARG-

241,

GLU-

171

4 14- 2 -5.607 ASP-
Deoxyandrographoside 176
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5,7-Dihydroxy-2- -
(4hydroxyphenyl)-

-2.373
4Hchromen-4-one
6 Deoxyandrographolide 3 -6.915 ARG-
178,
HIS-
164
Table 3: Docking result of Fibronectin protein of Staphylococcus aureus with phytocompounds of Andrographis
Paniculate.
Sl. Protein Molecule Name H- Binding Hbond Ligand Interaction
No. = Name and Bond Energy Amino
ID (kcal/mol) Acids
1 Fibronectin Linezolid — 2 -7.348 TYR -
(4B60) Standard Drug 501,
HIS254

3z — 23
55— 82
N
g
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2 Andrographiside 3 -6.641 GLY -
(44593583) 497,
ASN-
496
GLU -
353
3 Quinic Acid (6508) 6 -6.928 SER —
351,
ASN-
496,
GLY — by
497, {
VAL - o
499 ”{ -
4 Oroxylin A (5320315) 1 6743  GLY-
497
5 Apigenin (5280443) 3 5989  PRO-
219,
VAL-
499,
TYR —
501,
6 5,2'-Dihydroxy- 2 -6.184 GLY - il A
6,7,8,6'tetramethoxyflavone 497, J; Ng_o®
(124211) VAL - IR
m\ n ;’M
EAN ::\“3’\.“/"'\ g%
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7 Andographidine A 3 -5.831 HIS254,
(13963762) GLU- -
353, 4 "7\
ARG- 2 LQ\ e
260 Q" ) "X
R AN
> ;:\;\ \ / j/"_
Table 5: ADMET identified properties of top phytobioactives of Andrographics paniculata.
ADMET Entry Andrographi | Andrographil | Deoxyandrograph | Quin | Andrographi | Andropano
side ode olide ic dine side
acid
Drug Likeness
No Yes Yes Yes No Yes
Lipinski
0.17 0.55 0.55 0.56 0.55 0.55
Bioavailability Sc
ore
Solubility
Water Solubility Yes Yes Yes Yes Yes Yes
Absorption
Low High High Low High Low
Intestinal Absorp
tion
-9.41 -6.9 -6.28 -9.15 5.9 -8.74
Skin Permeability
No No Yes Yes No No
Pglycoprotein
Sub
strate
Distribution
No No Yes No No
BBB Permeabilit
y
No Yes Yes No No
CYP1SA2 Inhibi
tor
No No No No No
CYP12C19 Inhib
itor
No No No No No
CYP2C9 Inhibito
r
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No No No No No
CYP2D6
Inhibitor
No No No No No
CYP3A4 Inhibito
T
Toxicity
AMES Toxicity No No No No No
Figures:
A \
4
= oy

e

y

¢ ’L’

J T
o O /
¥ BT ey

g

Figure 1: 3D Structure of Protein; (A) Glycoprotein Adhesin SasA (PDB ID: 3IRP); (B) Fibronectin (PDB ID:
4B60); (C) ESBL (PDB ID: 30PL).

HOMO =-0.25671 eV LUMO =-0.0021 eV

C.

ESP=-023571 eV

Figure 2:

Representation of (A) HOMO; (B) LUMO; (C)Electrostatic Potential (ESP) properties of the quinin acid.
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Figure 3: Root Mean Square Deviation (RMSD) of (A) Glycoprotein, and (B) Fibronectin, protein (blue) and (C, D) Quinic
Acid ligand (red) in Angstroms (A) against time and (C, D) Root Mean Square Fluctuations (RMSF) of proteins (A) (blue)
and ligand contact with the amino acids (green) against residue index.

DISCUSSION

In this study, we employed an in silico approach to
investigate the potential anti-biofilm and antimicrobial
activities of phytochemicals derived from Andrographis

paniculata  (family Acanthaceae) against major
uropathogens implicated in urinary tract infections
(UTIs), including Klebsiella pneumoniae,
Staphylococcus aureus, and Staphylococcus

saprophyticus (Guan et al., 2018 ).Our analysis primarily
focused on biofilm formation, a critical virulence factor
that underlies chronic and catheterassociated UTIs.
Biofilms are regulated by quorum sensing (QS)
pathways, which govern bacterial communication,
adhesion, and biofilm maturation. Thus, disruption of

1913

QS-regulated proteins represents a promising therapeutic
strategy. Among the compounds screened, quinic acid
demonstrated the strongest binding affinity toward
biofilm-associated target proteins, surpassing both
standard antibiotics (e.g., ciprofloxacin, linezolid) and
structurally related phytochemicals (Withana et al., 2025)
Molecular docking revealed that quinic acid formed
stable and energetically favorable interactions with
proteins such as extended-spectrum [-lactamases
(ESBLs) and fibronectin-binding proteins. These
interactions suggest a potential mechanism of action
through the inhibition of bacterial adhesion and
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extracellular matrix formation, thereby impairing biofilm
development.

Molecular dynamics (MD) simulations further
substantiated the docking results by demonstrating the
stability of hydrogen bond interactions between quinic
acid and fibronectin-binding domains throughout the
simulation period. The minimal root mean square
fluctuation (RMSF) values observed in the Ca backbone
of the protein confirmed the structural stability of the
ligand—protein complex. Complementary Density
Functional Theory (DFT) analysis supported these
findings by highlighting the favorable electronic
reactivity and stability of quinic acid, reinforcing its
suitability as a potential bioactive molecule (Abdul-
Hammed et al., 2021).

Pharmacokinetic profiling using ADMET
(Absorption, Distribution, Metabolism, Excretion, and
Toxicity) revealed that quinic acid and andrographiside
possess acceptable drug-likeness and low predicted
toxicity. However, limitations in oral bioavailability were
noted for certain compounds, indicating the need for
optimization through formulation or structural
modification strategies. Taken together, these results
suggest that phytochemicals from 4. paniculata
particularly quinic acid exhibit strong potential to
interfere with QS-regulated pathways and adhesion
mechanisms in  biofilm-forming pathogens. By
preventing the establishment and persistence of biofilms,
these compounds may represent valuable leads for the
development of alternative or adjunct therapies to combat
chronic and catheter-associated UTIs. Importantly, this
aligns with growing evidence that plant-based
compounds offer a promising solution to the escalating
problem of antimicrobial resistance. Despite these
promising findings, this study is limited to computational
predictions. Experimental validation, including in vitro
and in vivo assays, is necessary to confirm the
bioactivity, safety, and therapeutic efficacy of the
identified compounds. Future research should also
examine potential synergistic interactions between A.
paniculata phytochemicals and conventional antibiotics,
as well as strategies to improve their pharmacokinetic
properties, particularly bioavailability.

CONCLUSION

This in silico investigation highlights quinic acid and
related phytoconstituents from Andrographis paniculata
as promising candidates for the development of
antibiofilm therapies against urinary tract infection (UTI)
pathogens. The computational analyses including
molecular docking, molecular dynamics, density
functional theory, and ADMET profiling collectively
suggest that these compounds possess favorable binding
affinities, stability, and acceptable pharmacokinetic

properties. By targeting biofilm -associated regulatory
proteins, such as extended-spectrum B-lactamases and
fibronectin-binding proteins, these phytochemicals
demonstrate the potential to disrupt bacterial adhesion
and biofilm persistence. Overall, this work underscores
the potential of 4. paniculata phytochemicals, especially
quinic acid, as lead molecules in the pursuit of next-
generation antimicrobial and anti-biofilm therapies
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