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Betanin (BT), a natural pigment with antioxidant, antimicrobial, and anticancer 
properties, was explored in combination with silica nanoparticles (SiNPs) to develop 
a biocompatible formulation with enhanced bioactivity. This study reports the 
synthesis and characterization of BT-SiNPs using UV-Vis spectroscopy, SEM, FTIR, 
and XRD techniques. The antioxidant activity of BT-SiNPs was evaluated through 
superoxide and hydroxyl radical scavenging assays, demonstrating significant dose-
dependent activity. The antimicrobial potential of BT-SiNPs was assessed against 
major respiratory pathogens, including Salmonella typhi, Listeria monocytogenes, 
and Escherichia coli, using minimum inhibitory concentration (MIC) and zone of 
inhibition assays. The results showed significant antimicrobial efficacy, with an MIC 
of 50 µg/mL. Molecular docking studies revealed strong interactions between BT and 
pathogen receptors, suggesting inhibition of quorum sensing and antibiotic resistance 
mechanisms. In conclusion, BT-SiNPs exhibit antioxidant and antimicrobial activity 
making them potential candidates for therapeutic applications against oxidative 
stress, respiratory infections, and lung cancer.
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1. Introduction
The rapid emergence and global spread of multidrug 

resistant pathogens is one of the most serious challenges in 
modern medicine. Infections caused by multidrug resistant 
bacteria are associated with prolonged illness, higher rates 
of morbidity and mortality, and increased economic burden 
due to extended hospital stays and costly treatment regimens 
(Alara and Alara, 2024). According to the World Health 
Organization, antimicrobial resistance has reached alarming 
levels in both developed and developing nations, threatening 
the efficacy of available antibiotics. The situation is particularly 
concerning in the case of opportunistic bacterial pathogens 
such as Salmonella typhi, Listeria monocytogenes, and 
Escherichia coli, which are major contributors to foodborne 
and systemic infections (Kim et al., 2014; Robi et al., 2024). 
S. typhi is the causative agent of typhoid fever, a systemic 
infection that continues to pose a significant health burden 
in many low- and middle-income countries. The organism 

has developed resistance to multiple first-line antibiotics 
including chloramphenicol, ampicillin, and trimethoprim-
sulfamethoxazole, and more recently to fluoroquinolones 
and third-generation cephalosporins (Klemm et al., 
2018). Similarly, L. monocytogenes, a foodborne pathogen 
responsible for listeriosis, exhibits natural resistance to 
several antibiotics and has shown growing resistance to 
commonly used antimicrobials such as tetracycline and 
erythromycin (Conter et al., 2009). Listeriosis is of particular 
concern in immunocompromised individuals, neonates, 
and pregnant women, where it can cause severe systemic 
infections, meningitis, and even fetal loss (Schlech, 2019). E. 
coli, one of the most widely studied bacterial species, includes 
both commensal and pathogenic strains. The prevalence of 
extended-spectrum beta-lactamase (ESBL)-producing E. 
coli strains highlights the magnitude of resistance (Padmini 
et al., 2017), making standard antibiotics such as penicillins 
and cephalosporins ineffective.
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The treatment challenges associated with these 
pathogens highlight the need for novel therapeutic 
agents that can overcome multidrug resistance. Natural 
bioactive compounds derived from plants have attracted 
increasing attention as potential alternatives or adjuvants to 
conventional antibiotics. Betanin (BT) is the major pigment 
found in red beetroot (Beta vulgaris), and it is well recognized 
for its antioxidant, anti-inflammatory, and antimicrobial 
properties (Starzak et al., 2021). Studies have demonstrated 
that BT can interfere with bacterial growth by inducing 
oxidative stress, disrupting cell membrane integrity, and 
inhibiting essential enzymes (Mbae and Umesha, 2020). In 
addition, BT possesses the ability to modulate host immune 
responses, thereby enhancing the overall defense mechanism 
against infections. However, the clinical application of BT is 
limited due to its poor stability, susceptibility to degradation 
under environmental conditions such as light and heat, and 
low bioavailability. These limitations hinder its therapeutic 
efficacy when used in free form. To address these challenges, 
nanotechnology-based approaches have been explored to 
improve the delivery, stability, and bioactivity of natural 
compounds like BT. Among various nanocarriers, silica 
nanoparticles (SiNPs) have emerged as highly versatile 
and biocompatible delivery systems. They are non-toxic at 
appropriate concentrations, biodegradable, and have been 
widely studied for biomedical applications including drug 
delivery, imaging, and biosensing (Hoang Thi et al., 2019; 
Hosseinpour et al., 2020). The conjugation of BT with SiNPs 
offers a promising strategy to overcome the limitations of 
free betanin while enhancing its antimicrobial potential. By 
encapsulating or attaching betanin onto the surface of SiNPs, 
the compound can be protected from premature degradation, 
thereby prolonging its stability and activity. This approach 
also improves solubility and bioavailability, ensuring that 
therapeutic concentrations of BT can be achieved at the site 
of infection. The present study explores the synthesis and 
evaluation of BT-SiNPs as a novel therapeutic strategy against 
multidrug resistant S. typhi, L. monocytogenes, and E. coli. 
By integrating the natural antimicrobial activity of BT with 
the advanced delivery capabilities of SiNPs, this research 
aims to establish a foundation for alternative therapeutic 
approaches to combat multidrug resistant opportunistic 
pathogens. The findings from this study could contribute 
to the growing field of nano-bioactive conjugates, offering 
a safe, effective, and sustainable solution to the pressing 
problem of antimicrobial resistance.

2. Materials and Methods
2.1. Synthesis of BT-SiNPs

The synthesis of BT-SiNPs was performed through a green 

synthesis method. Initially, 0.1 M tetraethyl orthosilicate 
(TEOS) was hydrolyzed in ethanol under constant stirring, 
followed by the addition of 0.1 M ammonium hydroxide as a 
catalyst to promote SiNPs formation. Separately, an aqueous 
BT solution was prepared, and it was slowly introduced 
into the SiNPs suspension under continuous stirring to 
allow functionalization. The mixture was incubated at room 
temperature for 24 hours to ensure uniform coating. The 
resulting BT-SiNPs were centrifuged, washed with deionized 
water to remove unbound BT, dried at 60 °C, and stored for 
further analysis (Henrique Vieira de Almeida Junior et al., 
2024). 

2.2. Characterization of Synthesized BT-SiNPs
The optical properties of the BT-SiNPs were analyzed 

using UV–Vis spectrophotometry (UV-1800, Shimadzu) to 
confirm nanoparticle synthesis. Functional groups present 
in the BT-SiNPs were identified through Fourier-transform 
infrared (FT-IR) spectroscopy (Perkin Elmer, USA), within 
the frequency range of 400–4000 cm⁻¹. The average size, 
morphology, and crystal structure of the BT-SiNPs were 
examined using X-ray Diffraction (XRD) and scanning 
electron microscopy (SEM) (JEOL JSM-. 7800F, Japan) (Babu 
et al., 2018).

2.3. Superoxide anion and Hydroxyl Radical Scavenging 
Assay for BT- SiNPs

For the superoxide radical scavenging assay, 1 mL of 0.1 
mM nitroblue tetrazolium (NBT) solution was mixed with 1 
mL of the test sample (BT-SiNPs) at varying concentrations. 
Then, 1 mL of 0.1 mM phenazine methosulfate (PMS) solution 
and 1 mL of 0.1 mM NADH were added. The mixture was 
incubated at 25 °C for 10 minutes in the dark. The reaction 
was stopped by adding 1 mL of 2 M HCl, and absorbance was 
measured at 560 nm using a spectrophotometer (Pradhan 
et al., 2021).

The hydroxyl radical scavenging assay for BT-SiNPs was 
performed utilizing the Fenton reaction to generate hydroxyl 
radicals (Hassan et al., 2024). The procedure included 
mixing 1 mL of 0.1 mM iron (II) sulfate solution with 1 mL 
of 1 mM hydrogen peroxide (H₂O₂) and 1 mL of BT-SiNPs at 
various concentrations. The reaction was triggered by the 
addition of 1 mL of deionized water, followed by incubation 
at 37 °C for 30 minutes. Subsequently, 1 mL of 0.75 mM 
salicylic acid was added, and the mixture was incubated at 
room temperature for 1 hour to allow complex formation. 
The scavenging activity of the BT-SiNPs against hydroxyl 
radicals was assessed by measuring the absorbance of the 
solution at 510 nm using a microplate reader.
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2.4. Antimicrobial activity of BT-SiNPs
To evaluate the antimicrobial activity of BT-SiNPs, 

the Minimum Inhibitory Concentration (MIC) assay and 
the zone of inhibition assay were performed. For the MIC 
assay, respiratory tract bacterial strains, such as S. typhi, L. 
monocytogenes, and E. coli were cultured in Mueller-Hinton 
broth (MHB) and adjusted to 1.5 × 10⁸ CFU/mL. Serial 
dilutions of BT-SiNPs were prepared in 96-well microplates, 
with concentrations ranging from 5 µg/mL to 100 µg/mL. 
Each well was inoculated with 100 µL of bacterial suspension, 
and the plates were incubated at 37°C for 24 hours. After 
incubation, the MIC was determined by observing the lowest 
concentration of BT-SiNPs that completely inhibited visible 
bacterial growth, indicated by the absence of turbidity in the 
wells. Control wells without BT-SiNPs and those containing 
Ciprofloxacin as a positive control were also included for 
comparison (Parvekar et al., 2020).

For the zone of inhibition assay, the agar well diffusion 
method was used. Bacterial cultures were uniformly spread 
onto Mueller-Hinton agar (MHA) plates using sterile cotton 
swabs. Wells (6 mm in diameter) were produced in the 
agar, and 100 µL of BT-SiNPs at varying concentrations 
(e.g., 50 µg/mL, 100 µg/mL) were added to each well. 
The plates were incubated at 37° C for 24 hours, and the 
zones of inhibition were measured in millimeters using a 
caliper. Ciprofloxacin was used as a positive control, and 
sterile distilled water was used as a negative control. The 
antimicrobial effectiveness of the BT-SiNPs was assessed by 
comparing the size of the inhibition zones across different 
bacterial strains (Ahmad et al., 2024).

2.5. Molecular Docking
Molecular docking simulations were carried out using 

AutoDock to determine the binding affinity of betanin with 
proteins from respiratory pathogens. The 3D structures 
of target proteins from S. typhi, L. monocytogenes, and 
E. coli were retrieved from the Protein Data Bank (PDB) 
and assessed using PyMOL for structural evaluation and 
preparation. Protein structures were prepared by eliminating 
water molecules and non-essential ligands, followed by the 
addition of polar hydrogens. The BT ligand was obtained 
from the PubChem database in SDF format and converted to 
mol2 format using OpenBabel for compatibility. AutoDock 
Tools were used to prepare the ligand and receptor by adding 
Gasteiger charges and setting up the grid box parameters. 
Docking was performed with AutoDock Vina, and binding 
affinities were calculated in kcal/mol. Multiple binding 
poses were generated, with the best pose selected based on 

the lowest binding energy. The docked complexes were 
analyzed using Discovery Studio Visualizer to identify key 
interactions, such as hydrogen bonding and hydrophobic 
contacts, between betanin and the amino acid residues of 
the target proteins, supporting its potential as an inhibitor 
of respiratory pathogens (Aytar et al., 2024).

2.6. Statistical analysis 
The results are expressed as the mean ± standard 

deviation from three independent experiments. Graphs 
were generated using GraphPad Prism software. Statistical 
analysis was conducted using one-way ANOVA, followed 
by post-hoc tests to assess significant differences between 
the control and treatment groups. 

3.  Results
3.1. Characterization of synthesized BT-SiNPs

The UV-Vis absorption spectrum of the synthesized 
BT-SiNPs exhibited a distinct absorption peak in the range 
of 200–250 nm, which validates the effective synthesis of 
the NPs. The sharp peak indicates the presence of uniform 
NPs, which is consistent with the predicted optical 
properties of SiNPs. The lack of significant absorption 
further than 250 nm implies reduced aggregation, 
confirming that the NPs retain their optical characteristics 
(Figure 1). The SEM result was observed with uniformed 
spherical shape NPs (Figure 2). The XRD analysis of BT-
SiNPs reveals a predominantly amorphous nature (71.5%) 
with a minor crystalline phase (28.5%). The broad hump 
in the pattern confirms the amorphous silica matrix, while 
sharp peaks at 31.619°, 42.232°, and 45.457° indicate 
some retained crystallinity, possibly from residual betanin 
or silica interactions (Figure 3). The FTIR analysis of 
BT-SiNPs identified key functional groups linked to the 
bioactive coating and confirmed the successful synthesis 
of NPs. Prominent peaks were observed at 3279 cm⁻¹, 
corresponding to O-H stretching vibrations, and at 2932 
cm⁻¹, indicative of C-H stretching. The bands at 1563 cm⁻¹ 
and 1404.9 cm⁻¹ were linked to aromatic C=C stretching 
and symmetric/asymmetric vibrations of carboxylate 
groups, respectively. Additional bands at 1337 cm⁻¹ and 
1020.5 cm⁻¹ confirm C-O stretching, while peaks below 
927 cm⁻¹ represent Si-NP interactions (Figure 4).  These 
functional groups confirm the presence of BT on the NP's 
surface, indicating successful coating. 

3.2. Antioxidant potential of BT-SiNPs
The hydroxyl radical scavenging activity of BT-

SiNPs was evaluated and compared with ascorbic acid 
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Figure 1: UV-Vis absorption spectrum of the synthesized BT-SiNPs complexes shows a distinct peak in the 200–250 nm range, 
confirming nanoparticle synthesis. 

Figure 2: SEM analysis of nanoparticle showing spherical shape
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Figure 3: XRD analysis of BT-SiNPs complexes indicating the presence of both crystalline and amorphous phases.

Figure 4: FT-IR spectrum demonstrates the characteristic vibrational modes of the functional groups present in the BT-
SiNPs complexes

as a standard antioxidant. The results demonstrated a 
concentration-dependent increase in scavenging activity 
for both BT-SiNPs and ascorbic acid. At the lowest 
concentration of 5 µg/mL, BT-SiNPs exhibited 5 % activity, 
while ascorbic acid showed higher activity at 8.5 %. This 
trend was consistent across all tested concentrations, with 
BT-SiNPs showing a scavenging activity of 61.5 % at 100 µg/
mL, which was comparable to the 69.5 % scavenging activity 

of ascorbic acid at the same concentration (Figure 5A). 
The results demonstrate that BT-SiNPs display significant 
hydroxyl radical scavenging activity, especially at higher 
concentrations, highlighting their potential as powerful 
antioxidant agents. While ascorbic acid consistently 
exhibited higher activity, the comparable performance 
of BT-SiNPs at elevated concentrations validates their 
potential for mitigating oxidative stress.
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Figure 5. Antioxidant activity of BT-SiNPs was evaluated using (A) superoxide anion radical and (B) Hydroxyl radical 
scavenging activity of BT-SiNPs was tested at doses of 5, 25, 50, and 100 μg/mL. Ascorbic acid was used as a positive control.

The superoxide anion radical scavenging activity 
of BT-SiNPs was assessed and compared to ascorbic acid 
as a standard antioxidant. The results demonstrated a 
concentration-dependent increase in scavenging activity 
for both BT-SiNPs and ascorbic acid. At 5 µg/mL, BT-
SiNPs exhibited 6.5% scavenging activity, while ascorbic 
acid showed 14%. At higher concentrations of 25, 50, and 
100 µg/mL, BT-SiNPs achieved 28.5%, 53.5%, and 77.5% 

activity, respectively, compared to 31.5%, 62%, and 86.5% 
for ascorbic acid (Figure 5B). Although slightly lower 
than ascorbic acid, the BT-SiNPs demonstrated significant 
antioxidant potential, indicating their ability to scavenge 
superoxide radicals effectively.
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3.3. Antimicrobial potential of BT-SiNPs
The minimum inhibitory concentration (MIC) of 

BT-SiNPs against S. typhi, L. monocytogenes, and E. coli 
was evaluated at concentrations ranging from 5 µg/mL 
to 100 µg/mL. The antimicrobial efficacy of BT-SiNPs 
increased in a dose-dependent manner across all tested 
pathogens. At the highest concentration (100 µg/mL), BT-
SiNPs demonstrated significant inhibition, with efficacy 
comparable to the standard antibiotic Ciprofloxacin (100 
µg/mL).  In particular, the inhibition percentages for S. 
typhi, L. monocytogenes, and E. coli were 79%, 81%, and 
65.5%, respectively. At the lowest concentration (5 µg/
mL), BT-SiNPs exhibited moderate activity, with inhibition 
rates of 18%, 21%, and 19.5%, respectively, against S. typhi, 
L. monocytogenes, and E. coli (Figure 6A).

The zone of inhibition assay demonstrated that BT-
SiNPs exhibited a dose-dependent antibacterial effect. At a 
concentration of 50 µg/mL, the inhibition zones recorded 
were 4 mm for S. typhi, 7 mm for L. monocytogenes, and 3 
mm for E. coli. When the concentration was increased to 
100 µg/mL, the inhibition zones increased significantly, 
measuring 9 mm for S. typhi, 13 mm for L. monocytogenes, 
and 6 mm for E. coli (Figure 6B). In comparison with 
ciprofloxacin (100 µg/mL), which served as the positive 
control, BT-SiNPs showed comparable activity, particularly 
against L. monocytogenes. These results demonstrate the 
potential of BT-SiNPs as a promising antimicrobial agent, 
capable of inhibiting bacterial growth effectively at higher 
concentrations.

Figure 6: A) Minimum inhibitory concentrations of BT-SiNPs against S. typhi, L. monocytogenes, and E. coli were determined, 
with ciprofloxacin used as the positive control. Data are presented as the mean ± standard error based on results from three 
independent experiments. B)  Antimicrobial activity of BT-SiNPs against various respiratory tract pathogens including S. typhi, 

L. monocytogenes, and E. coli. Inhibition zones are measured in millimeters (mm). 
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3.4. Molecular Docking and Binding Affinity Analysis of 
BT with Multidrug Resistant Pathogen Receptors

The molecular docking study investigated the 
binding affinity of BT with receptors from multidrug 
resistant pathogens. Table 1 represents the binding affinity 
values and amino acid interactions between BT and the 
receptors of key multidrug resistant pathogens, with a 
focus on the interaction dynamics at the molecular level. 
Binding affinity values, expressed in kcal/mol, indicate the 
strength of the interaction between BT and each receptor. 
Lower values suggest a stronger binding interaction, with 
the receptor-ligand complex being more stable. Table 1 
demonstrates that BT interacts with the respiratory tract 
pathogens' receptors, which may have implications for 
the development of therapeutic interventions targeting 
these pathogens. Specifically, the receptor proteins in 
S. typhi (outer membrane protein F; PDB ID: 4KR4), L. 
monocytogenes (Listeriolysine-O; PDB ID: 4CDB), E. coli 
(DNA Polymerase II; PDB ID: 1Q8I) show varying degrees 
of binding affinity, each involving distinct amino acid 
residues.

The binding affinity of BT with S. typhi (outer 
membrane protein F; PDB ID: 4KR4) is -4.2 kcal/mol, 
which indicates a relatively moderate interaction with 
this receptor. The amino acid residues involved in the 
interaction are ARG, ASP, TYR, LYS, and ARG (Figure 7). In 
contrast, the interaction between BT and L. monocytogenes 
(Listeriolysine-O; PDB ID: 4CDB) exhibits a stronger 
binding affinity of -4.9 kcal/mol, indicating a more stable 
complex. The amino acid interactions, including SER, VAL, 
GLU, ASP, TYR, and LYS, are distributed across different 
regions of the receptor, indicating that BT could potentially 
inhibit Listeriolysine-O. Finally, the binding interaction of 
BT with E. coli (DNA Polymerase II; PDB ID: 1Q8I) reveals 
a weaker binding affinity of -3.1 kcal/mol. The key amino 
acids involved in the interaction include ILE, VAL and GLY, 
suggesting a more limited interaction compared to the other 
two receptors. This relatively weaker interaction may imply 
that BT could be less effective in CIFA modulating metabolic 
pathways critical for bacterial survival and growth. This 
strong interaction could lead to the development of BT 
derivatives as effective antimicrobial agents against E. coli.

Figure 7: Interaction of BT with the receptors of multidrug resistant pathogens illustrated in both 3D and 2D visualizations. (A) 
S. typhi: Outer membrane protein F, (B) L. monocytogenes: Listeriolysine-O, and (C) E. coli: DNA Polymerase II

A

B

C
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4. Discussion
The present study demonstrated that BT-SiNPs 

possess strong antioxidant and antimicrobial activities 
against multidrug resistant opportunistic pathogens 
such as S. typhi, L. monocytogenes, and E. coli. The results 
suggest that combining a natural bioactive pigment like 
BT with a nanocarrier such as SiNPs provides a promising 
therapeutic strategy for combating antimicrobial resistance. 
The findings are significant, as these pathogens continue 
to cause severe infections globally and are increasingly 
resistant to first-line antibiotics. The physicochemical 
characterization confirmed the successful synthesis of BT-
SiNPs. UV–Vis spectroscopy revealed a sharp absorption 
peak between 200–250 nm, indicating well-dispersed 
NPs with minimal aggregation. SEM imaging confirmed 
a spherical and uniform morphology, which is important 
because particle shape and size strongly influence biological 
interactions and antimicrobial activity. The XRD pattern 
demonstrated a predominantly amorphous nature of the 
NPs, with some minor crystalline phases. Amorphous SiNPs 
are known to have higher surface reactivity, which enhances 
functionalization and bioactive loading. FTIR analysis 
identified functional groups of betanin such as O–H, C–H, 
carboxylates, and aromatic C=C bonds, proving that BT was 
successfully coated onto the SiNPs surface. These results 
support earlier studies showing that SiNPs are excellent 
carriers for natural compounds due to their high surface 
area, stability, and ease of surface modification (AbouAitah 
et al., 2018).

The antioxidant potential of BT-SiNPs was demonstrated 
through hydroxyl radical and superoxide anion scavenging 
assays. Both assays showed concentration-dependent 
activity. While ascorbic acid consistently performed better, 
BT-SiNPs achieved comparable scavenging capacity at 
higher concentrations. This finding is particularly important 
because oxidative stress plays a major role in infection 
progression. MDR bacteria often produce reactive oxygen 
species (ROS) as part of their pathogenesis, and excessive 
ROS can damage host cells, suppress immune function, and 
worsen clinical outcomes (Song et al., 2025). BT, being a 
betalain pigment, contains phenolic hydroxyl groups capable 
of donating hydrogen atoms to neutralize free radicals 

(Gliszczyńska-Świgło et al., 2006). However, free BT has low 
stability and bioavailability in biomedical application. The 
conjugation with SiNPs appears to have protected BT from 
degradation and allowed sustained antioxidant activity. 
Similar results have been reported with curcumin-loaded 
SiNPs, which showed enhanced stability and stronger 
antioxidant effects compared to free curcumin (Elbialy et 
al., 2020; Kong et al., 2019). This suggests that SiNPs-based 
delivery systems can extend the pharmacological potential 
of natural antioxidants.

The antimicrobial results demonstrated that BT-
SiNPs effectively inhibited the growth of S. typhi, L. 
monocytogenes, and E. coli in a dose-dependent manner. 
At 100 µg/mL, BT-SiNPs displayed inhibition comparable 
to ciprofloxacin, especially against L. monocytogenes. This 
strong activity against L. monocytogenes is significant, 
as listeriosis is notoriously difficult to treat due to its 
intracellular lifestyle and resistance to several antibiotics 
(Baquero et al., 2020). The zone of inhibition assay further 
confirmed these findings, showing larger inhibition zones 
with higher concentrations of BT-SiNPs. Interestingly, E. 
coli was less sensitive than the other pathogens, which may 
reflect differences in outer membrane composition or efflux 
mechanisms (Masi et al., 2017). The antimicrobial effect 
of BT-SiNPs can be explained by multiple mechanisms. 
BT itself possesses antimicrobial activity, attributed to 
its ability to disrupt bacterial cell membranes, inhibit 
enzymes, and induce oxidative stress (Mbae and Umesha, 
2020). Meanwhile, SiNPs can directly interact with bacterial 
membranes, leading to structural damage, leakage of 
cellular contents, and increased permeability (Mathelié-
Guinlet et al., 2017). When BT is conjugated to SiNPs, these 
effects are amplified. The SiNPs act as carriers that facilitate 
the transport of BT across bacterial barriers and ensure 
sustained release at the site of action. Furthermore, SiNPs 
can penetrate bacterial biofilms, which are highly resistant 
to conventional antibiotics. Previous studies have shown 
that plant-derived compounds such as quercetin and rutin 
exhibit enhanced antimicrobial activity when loaded onto 
SiNPs (Abbasi et al., 2023; Yi et al., 2024), supporting the 
findings of the current study.

Table 1: Binding affinity value and amino acid interaction between the BT and multidrug resistant pathogens receptors. The 
amino acid interactions are TYR (Tyrosine), SER (Serine), LYS (Lysine), GLU (Glutamic acid), VAL (Valine), ARG (Arginine), ILE 

(Isoleucine), GLY (Glycine), and ASP (Aspartic acid)

Receptor (PDB ID) Ligand Binding affinity 
(kcal/mol)

Amino acid interaction

1 Pseudomonas aeruginosa: LasB (3DBK) Betanin -4.2 ARG, ASP, TYR, LYS, ARG
2 Klebsiella pneumoniae:  β-lactamase (1N9B) Betanin -4.9 SER, VAL, GLU, ASP, TYR, LYS
3 Staphylococcus aureus: ClFA (1N67) Betanin -3.1 ILE, VAL and GLY
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The molecular docking analysis provided additional 

insights into the potential molecular targets of BT. Docking 
studies revealed that BT interacts with outer membrane 
protein F in S. typhi, listeriolysin-O in L. monocytogenes, and 
DNA polymerase II in E. coli. The binding affinities varied, with 
the strongest interaction observed for L. monocytogenes. 
Listeriolysin-O is a pore-forming toxin essential for the escape 
of L. monocytogenes from the phagosome into the cytoplasm 
(Schnupf and Portnoy, 2007). By binding to this protein, 
BT may inhibit its activity, thereby reducing virulence. The 
moderate binding to S. typhi outer membrane protein F 
suggests interference with nutrient uptake or membrane 
integrity (Roy Chowdhury et al., 2022). The weaker binding 
to E. coli DNA polymerase II correlates with the lower 
antimicrobial activity observed experimentally, suggesting 
that BT is less effective at targeting essential enzymes in E. 
coli. These findings are consistent with recent computational 
studies that demonstrated selective binding of plant-derived 
bioactives to bacterial virulence proteins, which can explain 
pathogen-specific effects.

5. Conclusion
This study demonstrates that BT-SiNPs combine the 

antioxidant and antimicrobial potential of a natural pigment 
with the stability and delivery benefits of nanotechnology. 
The strong activity against L. monocytogenes and S. typhi and 
moderate effects against E. coli highlight their potential as 
alternative therapeutics for MDR infections. The dual action 
of BT-SiNPs suggests they could play a role not only in direct 
bacterial inhibition but also in reducing oxidative stress-
related damage during infection. With further optimization 
and validation, BT-SiNPs may represent a safe and effective 
nanoplatform for managing multidrug resistant bacterial 
infections.
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