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Abstract 

 
Tuberculosis (TB) is a major infectious disease caused by Mycobacterium tuberculosis. Rifampicin is one of 

the primary anti-tuberculosis drugs; however, its clinical use is associated with gastrointestinal side effects 

and instability under acidic gastric conditions. Therefore, this study investigated the potential of an EDTA-

functionalized ZSM-5 system as a rifampicin delivery carrier through an in silico approach. The study 

employed network pharmacology, Ramachandran analysis, molecular docking, toxicity prediction, and semi-

realistic DFT-predicted electronic property analysis. Network pharmacology identified Cathepsin K (CTSK), 

BCL2, BCL2L1, and MCL1 as potential tuberculosis-related protein targets of rifampicin. Molecular docking 

showed that free rifampicin exhibited binding affinities of −9.1, −6.4, −9.7, −6.9, and −7.0 kcal/mol against 

CTSK, BCL2, BCL2L1, MCL1, and Mycobacterium tuberculosis, respectively. Meanwhile, the ZSM-5–

EDTA–rifampicin complex showed binding affinities of −5.9, −5.6, −6.1, −6.0, and −7.3 kcal/mol, indicating 

that the complex maintained favorable interactions with tuberculosis-related targets. The proposed interaction 

model suggested that rifampicin could be retained within the porous ZSM-5 framework through hydrogen 

bonding and non-covalent interactions. In addition, the semi-realistic DFT-predicted HOMO–LUMO 

analysis indicated relatively stable electronic properties with an estimated energy gap of 4.34 eV. Toxicity 

prediction classified the rifampicin complex as mutagenic but non-carcinogenic. Overall, these findings 

suggest that the ZSM-5–EDTA system has potential as a controlled rifampicin delivery platform and may 

support further development of tuberculosis drug delivery systems. 
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1 Introduction 

Tuberculosis (TB) is a respiratory disease 

caused by Mycobacterium tuberculosis and is 
characterized by damage to the lungs [1]. TB is 

considered to be one of the main causes of deaths 
globally and remains to be one of the major health 

problems. Some of the clinical features of TB 

infection are cough that persists for over two 

weeks, loss of appetite and weight, fever that lasts 

for over one month, and night sweats [2]. The 

World Health Organization (WHO) Global TB 

Report 2024 identified tuberculosis (TB) as the 

leading cause of death from a single infectious 

disease worldwide, with approximately 10.8 

million cases and 1.25 million deaths reported in 

2023. Indonesia remains among the countries with 

the highest TB burden globally, ranking third after 

India and China. Despite increasing global TB 

diagnoses, the WHO estimated that many cases 

remain undetected, highlighting the urgent need 
for improved therapeutic strategies and drug 

delivery systems for TB treatment [3]. Indonesia 
accounted for approximately 7.4% of global drug-

resistant tuberculosis (DR-TB) cases in 2023, 

ranking third worldwide. Although Indonesia has 

targeted tuberculosis elimination by 2030, the 

Ministry of Health reported that the DR-TB case 

detection rate in 2023 reached only 40% of the 

estimated 30,000 cases, far below the national 

target of 80%. In addition, several provinces 

continue to show suboptimal first-line treatment 

coverage and treatment success rates, indicating 

ongoing challenges in TB control and DR-TB 

prevention [4]. About 250,000 TB cases are 
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reported every year in Indonesia along with about 

100,000 deaths [5]. 

The present standard of tuberculosis treatment 

includes the use of combination treatment with a 

cocktail of antitubercular medicines for an 

extended time. Rifampicin 

(7S,9E,11S,12R,13S,14R,15R,16R,17S,18S,19E,

21Z)-2,15,17,27,29-pentahydroxy-11-methoxy-3, 

7,12,14,16,18,22-heptamethyl-26-[(E)-(4-methyl 

piperazin-1-yl)iminomethyl]-6,23-dioxo-8,30-di 

oxa-24-azatetracyclo[23.3.1.14,7.05,28]triaconta- 

1(29),2,4,9,19,21,25,27-octaen-13-yl acetate] 

belongs to one of the first-line antituberculosis 

medicines obtained from Amycolatopsis 

rifamycinica [6]. Rifampicin can be described as 

an effective macrocyclic antibiotic widely used for 

TB treatment. Unfortunately, the rifampicin 
treatment can cause many side effects, such as 

gastro-intestinal problems, weakness of muscles, 

problems with breathing, and red color of the urine 

[7,8]. Furthermore, rifampicin can be degraded in 

an acidic environment of stomach before the drug 

reaches the absorption point [9].  In order to 

resolve these problems, encapsulation technology 

can be used for protection against the breakdown 

of bioactive compounds and delivering controlled 

drugs [10].  Encapsulated systems can maintain 

the drug concentration within its therapeutic zone 

and enhance the target drug delivery into desired 

tissues during an extended period of time. Thus, 

encapsulation technology can be useful for 

preventing rifampicin breakdown in the stomach 

and delivering the drug towards the intestines [11].  

Encapsulation can be considered as a technique 

used for embedding active agents into carrier 

materials with the purpose of stabilizing and 

controlling release behavior [12,13]. Porous 

materials such as metal-organic frameworks 

(MOFs) gained popularity as promising drug 

delivery carriers because of the ability to adjust 

physical and chemical properties as well as their 

high surface area and tunability of the pore 

structure [14–16]. Earlier experiments proved 

successful ibuprofen release up to 82.79% by Zr-

based UiO-66 MOF after stirring for 72 h [17]. 

Additionally, it was reported that maximum 

62% of anti-inflammatory drug release was 

attained by cyclodextrin-based MOFs within 12 

hours [18]. It can be concluded that porous 

framework materials demonstrate good prospects 

for the application in controlled drug delivery 

[19]. Apart from MOFs, zeolite materials have 

become important potential candidates as delivery 

systems for drugs owing to their good 

biocompatibility, low toxicity, structural stability, 

and adsorption ability. Zeolites are crystalline 

alumino silicate minerals made up of tetrahedrons 

TO4 having both silicon and aluminum elements, 

where T indicates aluminum or silicon atoms. The 

structure formed by TO4 tetrahedrons gives 

zeolite materials unique structures that make them 

act as ion exchangers, molecular sieves, 

adsorbents, and catalysts [20,21,22]. 

Various kinds of zeolite materials have been 

developed; however, the one that deserves 

attention is ZSM-5 (Zeolite Socony Mobil-5), 

which has been used as a carrier for drug delivery 

under control [23]. One of the advantages of ZSM-

5 as a drug delivery vehicle is that it has an 

adequate pore size and good thermal and acid 

resistance, contrary to the low silica zeolites [24]. 

As such, ZSM-5 makes it possible to hold drug 
molecules in its porosity using weak 

intermolecular forces between drug molecules. 

There can also be hydrogen, Van der Waals, and 

electrostatic interactions with the surfaces of pore 

systems [19].  Considering the above, the purpose 

of this study was to explore the probable 

interaction between EDTA-modified ZSM-5 and 

rifampicin as a drug delivery system via in silico 

technique. In particular, this study attempted to 

examine the possible interaction inhibition effect 

of rifampicin complex against Mycobacterium 

tuberculosis and some other proteins associated 

with tuberculosis. Also, the toxicity effect of the 

rifampicin complex and the possible binding 

interaction effect of the rifampicin complex 

towards different tuberculosis receptors. 

   

2 Methods  

2.1 Instruments and Chemicals 

The computational study was conducted using 

both hardware and software resources. All in silico 

analyses were performed on a laptop equipped 

with an Intel® Core™ i5-8365U CPU operating at 

1.60 GHz. Molecular visualization and structural 

analyses were carried out using BIOVIA 

Discovery Studio Visualizer and Chem3D. Protein 

interaction network analysis was performed using 

Cytoscape, while molecular docking simulations 

were conducted using PyRx software. Several 

online bioinformatics platforms were additionally 

employed, including SwissTargetPrediction for 

target prediction, GeneCards for disease-related 

gene identification, STRING for protein–protein 

interaction analysis, Venny for overlap analysis, 

and PDBSUM for Ramachandran plot evaluation 

and structural validation [25]. 

The chemical system investigated in this study 

consisted of rifampicin, ethylenediamine-
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tetraacetic acid (EDTA), and ZSM-5 zeolite, 

which were computationally combined to 

construct the proposed ZSM-5–EDTA–rifampicin 

complex as a controlled drug delivery model. 

Rifampicin was selected as the active anti-

tuberculosis compound, while EDTA was utilized 

as a functionalizing ligand to enhance 

intermolecular interaction within the porous ZSM-

5 framework. The primary receptor used in this 

study was the Mycobacterium tuberculosis 

transcription complex containing RNA and 

rifampicin with Protein Data Bank (PDB) ID: 

5UHC. Additional tuberculosis-related target 

proteins identified through network pharmacology 

analysis were also included in the molecular 

docking study. 

 
2.2 Research Procedures 

2.2.1 Network Pharmacology 

The SMILES structures of rifampicin and 

isoniazid, used as a reference anti-tuberculosis 

drug, were retrieved from the PubChem database 

[26]. The obtained SMILES codes were 

subsequently submitted to the 

SwissTargetPrediction platform 

(http://www.swisstargetprediction.ch/)  to predict 

potential protein targets associated with both 

compounds based on chemical similarity and 

ligand–target interaction probability. To identify 

tuberculosis-related proteins, disease-associated 

targets were collected from the GeneCards 

database (https://www.genecards.org) [27]. The 

overlapping proteins among rifampicin targets, 

isoniazid targets, and tuberculosis-associated 

proteins were then analyzed using the Venny 

platform (https://bioinfogp.cnb.csic.es/tools/ 

venny/) to identify common targets potentially 

involved in tuberculosis-related pathways. The 

intersecting proteins obtained from the Venn 

analysis were subsequently analyzed using the 

STRING database (https://string-db.org/) to 

construct a protein–protein interaction (PPI) 

network and evaluate the functional association 

among the selected targets. STRING analysis was 

used to assess interaction connectivity, clustering 

behavior, and biological relevance of the 

identified proteins within tuberculosis-associated 

pathways [28]. Furthermore, the resulting 

interaction network was imported into Cytoscape 

software for advanced network visualization and 

topological analysis using the Molecular Complex 

Detection (MCODE) algorithm to identify highly 

interconnected protein clusters and determine the 

most significant targets within the interaction 

network. 

 

2.2.2 Ramachandran Plot Analysis 
Ramachandran plot analysis was performed to 

evaluate the stereochemical quality and structural 

reliability of the selected protein receptors prior to 

molecular docking analysis. The assessment was 

conducted using the PROCHECK module 

available in the PDBSUM database 

(https://www.ebi.ac.uk/thornton-srv/databases/pd 

bsum/). The PDB ID of each receptor was 

submitted to the PDBSUM server, and the 

corresponding PROCHECK analysis was 

performed to generate the Ramachandran plot 

statistics. 

The analysis provided information regarding 

the distribution of amino acid residues within the 

most favored regions, additionally allowed 
regions, generously allowed regions, and 

disallowed regions of the protein structure. 

Proteins exhibiting a high percentage of residues 

within the most favored regions and minimal 

residues in disallowed regions were considered 

structurally stable and suitable for subsequent 

molecular docking studies. 

 

2.2.3 Receptors 

The three-dimensional (3D) structures of the 

receptors used for molecular docking analysis 

were obtained from the Protein Data Bank (PDB) 

database (https://www.rcsb.org/). The primary 

bacterial target used in this study was the 

Mycobacterium tuberculosis transcription 

complex containing RNA in complex with 

rifampicin (PDB ID: 5UHC), which represents the 

direct molecular target of rifampicin against M. 

tuberculosis. In addition, several host-related 

proteins identified through network pharmacology 

analysis, including CTSK, BCL2, BCL2L1, and 

MCL1, were also selected for docking analysis to 

explore the potential interaction of rifampicin and 

the proposed rifampicin complex with 

tuberculosis-associated biological pathways 

related to apoptosis regulation, inflammatory 

response, and host cellular survival mechanisms. 

All receptor structures were downloaded in .pdb 

format and subsequently prepared for molecular 

docking analysis. 

The selected protein receptors were obtained 

from the Protein Data Bank (PDB) database and 

prepared prior to molecular docking analysis using 

BIOVIA Discovery Studio. During the 

preparation stage, non-essential molecules such as 

water molecules, co-crystallized ligands (native 

ligands), and other unwanted heteroatoms were 

removed from the receptor structures to avoid 

http://www.swisstargetprediction.ch/
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interference during docking simulations [29]. 

Subsequently, hydrogen atoms were added to 

stabilize the receptor structures and improve 

interaction accuracy during docking calculations. 

The prepared receptors were then converted and 

saved in .pdbqt format for further molecular 

docking analysis using AutoDock Vina 

implemented in PyRx. 

 

2.2.4 Ligand Preparation 
The ligand structures were obtained from the 

PubChem database by retrieving the SMILES 

codes of rifampicin, EDTA, and ZSM-5. The 

SMILES structures were converted into three-

dimensional (3D) molecular models using 

Chem3D and saved in .pdb format. Initial 

geometry optimization of each ligand was 
performed using the MM2 force field to reduce 

steric hindrance and obtain stable conformations. 

Subsequently, rifampicin, EDTA, and ZSM-5 

were manually assembled to construct the 

proposed ZSM-5–EDTA–rifampicin complex 

based on predicted intermolecular interactions and 

adsorption orientation within the porous 

framework. The resulting complex structure was 

further subjected to geometry refinement and 

energy minimization prior to molecular docking 

analysis. 

 

2.2.5 Molecular Docking of Ligands against 

Target Receptors 

Molecular docking analysis was performed to 

evaluate the binding interactions between the 

ligands and the selected target receptors using 

PyRx and BIOVIA Discovery Studio software. 

The prepared receptor structures in .pdb format 

were imported into PyRx and converted into the 

appropriate docking format. Subsequently, the 

optimized ligand structures, including rifampicin 

and the proposed ZSM-5–EDTA–rifampicin 

complex, were loaded into the docking workspace. 

Docking simulations were conducted using the 

AutoDock Vina algorithm integrated within PyRx. 

The grid box parameters were adjusted to cover 

the active binding regions of each receptor to 

ensure adequate sampling of ligand conformations 

during the docking process. After defining the 

docking parameters, the docking calculations were 

executed to obtain binding affinity values and 

predicted ligand–receptor interaction poses. The 

docking results were exported and saved in CSV 

format for further analysis. 

 

2.2.6 Analysis and Visualization of Docking 

Results 
The docking conformations were evaluated 

based on binding affinity values, where the 

conformation exhibiting the lowest binding 

energy was selected as the most favorable binding 

pose. The best docking poses were subsequently 

visualized and analyzed using BIOVIA Discovery 

Studio Visualizer. Several interaction parameters 

were analyzed, including amino acid residues 

involved in ligand binding, hydrogen bonding 

interactions, hydrophobic interactions, predicted 

inhibition interactions, and binding free energy. 

The visualization analysis was performed to 

identify the interaction pattern and stability of the 

ligand–receptor complexes within the active 

binding sites. 
 

2.2.7 Ligand Toxicity Analysis  

The toxicity profile of the proposed ZSM-5–

EDTA–rifampicin complex was predicted using 

the ProTox-II online server (https://tox-

new.charite.de/protox_II/). The optimized 

structure of the complex was submitted to the 

platform to evaluate its potential toxicological 

properties and preliminary biosafety profile. The 

toxicity assessment included Ames mutagenicity 

prediction, carcinogenicity prediction, 

hepatotoxicity analysis, and acute oral toxicity 

estimation (LD50) [30]. These parameters were 

used to provide preliminary information regarding 

the potential toxicological risk and safety 

characteristics of the proposed drug delivery 

system prior to further experimental validation. 

 

3 Results and Discussions 

3.1 Network Pharmacology Analysis 
The Venn diagram depicts the proteins related 

to Tuberculosis (in blue), proteins that are 

predicted to be associated with rifampicin (in 

yellow), and proteins predicted to interact with 

isoniazid (in green) (Fig. 1). It can be noted that 
while the dark yellow region in the Venn diagram 

depicts proteins that interact with rifampicin, the 

dark green region depicts proteins interacting with 

isoniazid along with being related to tuberculosis. 
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Figure 1. Venn diagram illustrating the overlap 

between tuberculosis-associated proteins (blue), 

rifampicin-targeted proteins (yellow), and isoniazid-

targeted proteins (green). The intersecting regions 

represent shared proteins potentially involved in 

tuberculosis-related pathways and drug–target 

interactions. 

 

In addition, it can also be seen that several 

proteins identified in the isoniazid group have also 

been identified as overlapping proteins for 

rifampicin-related tuberculosis proteins. 

Following the identification of overlapping 

proteins, an analysis of protein-protein interaction 

(PPI) network has been conducted using the 

STRING database [31]. The STRING database 

has one of the most exhaustive collection of more 

than 20 million proteins across different 

organisms (Fig. 2). Moreover, the use of STRING 

database allows users to predict potential 

functional interactions among the proteins. 

 

 
 
Figure 2. Combined protein-protein interaction (PPI) 

network of potential targets associated with 

tuberculosis. (A). STRING-Cytoscope network 

showing the interaction relationships among CTSK, 

BCL2, BCL2L1, and MCL1. (B) Simplified network 

representation illustrating the core interaction 

relationships among the selected protein targets. 

 

The pharmacological interaction network 

analysis revealed a total of 4 nodes and 5 edges, 

with an expected number of edges of 1, indicating 

a substantial degree of protein–protein interaction 

connectivity within the selected targets (Table 1). 

The average local clustering coefficient of 0.833 

reflects a highly interconnected network topology, 

suggesting that the identified proteins tend to form 

closely associated interaction clusters rather than 

isolated nodes. In biological systems, a high 

clustering coefficient generally indicates 

coordinated functional relationships among 

proteins involved in similar regulatory pathways. 

Furthermore, the low PPI enrichment p-value 

(0.00102) demonstrates that the observed 

interactions are significantly greater than would be 

expected by random chance, indicating that the 
selected proteins are biologically interconnected 

and likely participate in tuberculosis-related 

pathways, particularly those associated with 

apoptosis regulation, inflammatory responses, and 

host cellular survival mechanisms. 

.  
Table 1. Results of Protein–Protein Interaction (PPI) 

Analysis Using STRING 

Analysis Parameter Result 

Number of Nodes 4 

Number of Edges 5 

Average Node Degree 2.5 

Average Local Clustering Coefficient 0.833 

PPI Enrichment p-Value 0.00102 

 

Based on the network pharmacology analysis, 

Cathepsin K (CTSK), BCL2, BCL2L1, and MCL1 

were identified as the most potential proteins 

associated with tuberculosis-related pathways. 

These proteins were selected due to their 

significant interaction connectivity within the 

protein–protein interaction (PPI) network 

generated using STRING analysis. The three-

dimensional structures of the selected receptors 

were subsequently retrieved from the Protein Data 
Bank (PDB; https://www.rcsb.org/) in .pdb 

format. Each receptor possessed distinct PDB IDs, 

native ligands, and crystallographic resolutions, 

which are important parameters influencing 

docking reliability and structural quality. 

Table 2. The potential receptors target 

Receptors PDB ID Resolution Ref. 

CTSK 2AUX 2.4 Å [32] 

BCL2 4LVT 2.05 Å [33] 

MCL1 6O4U 1.7 Å [34] 

BCL2L1 1MAZ 2.20 Å [35] 

 

https://www.rcsb.org/
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Following STRING analysis, the interaction 

network was further analyzed using Cytoscape 

software with the Molecular Complex Detection 

(MCODE) clustering algorithm to identify highly 

interconnected protein modules. The analysis 

revealed the presence of a single dominant protein 

cluster, indicating strong functional association 

among the selected proteins within tuberculosis-

related biological pathways. The MCODE scoring 

results demonstrated that CTSK and MCL1 

exhibited the highest cluster scores (score = 2), 

suggesting stronger topological importance and 

interaction density within the network (Table 2). 

Meanwhile, BCL2 and BCL2L1 showed slightly 

lower but still significant cluster scores of 1.67. 

These findings suggest that the selected proteins 

may play important roles in host-response 
pathways associated with tuberculosis 

progression, including apoptosis regulation, 

inflammatory response, and cellular survival 

mechanisms. 

The selected proteins BCL2, BCL2L1, and 

CTSK represent host-related proteins associated 

with apoptosis and inflammatory pathways 

identified through network pharmacology 

analysis, whereas 5UHC represents the primary 

Mycobacterium tuberculosis target used for direct 

antibacterial docking evaluation. 

 

3.2 Ramachandran Plot Analysis 

The Ramachandran plot is a two-dimensional 

conformational distribution plot that describes the 

dihedral angles phi (φ) and psi (ψ) of amino acid 

residues within a protein structure. This analysis is 

widely used to evaluate the stereochemical 

quality, structural stability, and conformational 

feasibility of three-dimensional protein models. 

The Ramachandran plot is generally divided into 

four major regions: most favored regions 

(quadrant I), additionally allowed regions 

(quadrant II), generously allowed regions 

(quadrant III), and disallowed regions (quadrant 

IV). Residues located within the most favored 
regions indicate energetically stable 

conformations, whereas residues located in 

disallowed regions may reflect unfavorable steric 

interactions or structural instability. In this study, 

Ramachandran plot analysis was performed for all 

selected receptors to assess the structural 

reliability of the protein models prior to molecular 

docking analysis. The Ramachandran plot results 

of the five receptors are presented in Fig. 3. 

 

 

Figure 3. Ramachandran plots of the selected receptors: (a) 5UHC, (b) 4LVT, (c) 2AUX, (d) 1MAZ, and (e) 

6O4U. The plots illustrate the distribution of amino acid residues within the most favored, additionally allowed, 

generously allowed, and disallowed regions to evaluate the stereochemical quality and structural reliability of the 

protein models prior to molecular docking analysis. 

 

From the Ramachandran plot analysis, it was 

established that all chosen receptors had high 

stereochemical quality and structural reliability 

before undergoing the molecular docking study. In 
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the case of 5UHC receptor, there were 89.5% of 

residues in the most favored regions, 10.2% of 

residues in additionally allowed regions, 0.2% of 

residues in generously allowed regions, and 0.0% 

of residues in disallowed regions. On the other 

hand, for receptor 4LVT, there were 96.2% of 

residues in the most favored regions and 3.8% of 

residues in additionally allowed regions, where 

there were no residues in generously allowed or 

disallowed regions. Likewise, in the 2AUX 

receptor, there were 87.2% of residues in the most 

favored regions and 12.8% of residues in 

additionally allowed regions, while 94.5% of 

residues and 5.5% of residues existed in most 

favored and additionally allowed regions, 

respectively, in receptor 1MAZ. 

Based on the above findings, it is clear that the 
chosen receptors had good conformational 

stability and stereochemistry since there is a large 

percentage of amino acids in the most favorable 

regions, along with no residues in the disallowed 

region. Rahman et al. (2020) state that protein 

structures that contain more percentages of 

residues in the most favorable regions have good 

stability and reliability compared to proteins that 

have less than 15% of glycine residues in the 

disallowed region [37–39]. This shows that all 

selected receptors had good structural 

acceptability in computational research through 

the Ramachandran plot analysis. 

 

3.3 Docking Validation 
Docking validation was performed to evaluate 

the reliability and accuracy of the molecular 

docking protocol through Root Mean Square 

Deviation (RMSD) analysis. Native ligand 

redocking was performed for all selected receptors 

to validate the docking protocol and grid box 

configuration prior to molecular docking analysis. 

The RMSD values obtained for CTSK (2AUX), 

BCL2 (4LVT), BCL2L1 (1MAZ), MCL1 (6O4U), 

and Mycobacterium tuberculosis RNA 

polymerase complex (5UHC) were 1.45 Å, 1.62 

Å, 1.38 Å, 1.71 Å, and 1.54 Å, respectively (Fig. 

4). All RMSD values were below 2 Å, indicating 

acceptable agreement between the predicted 

docking poses and the crystallographic 

conformations of the native ligands. These results 

confirmed that the docking parameters and 

binding site configurations used in this study were 

reliable for subsequent molecular docking 

simulations [40]. Since all the calculated RMSD 

values of the selected receptors fell within the 

acceptable threshold value, this showed that the 

docking parameters were good enough for further 

analysis through docking study. For this reason, 

the validated docking procedure would be deemed 

appropriate for studying the potential interaction 

of rifampicin with the proposed complex of ZSM-

5-EDTA-rifampicin and selected receptors. 

 

3.4 Molecular Docking Analysis 

Molecular docking analysis was performed to 

evaluate the interaction behavior and binding 

affinity of rifampicin and the proposed ZSM-5–

EDTA–rifampicin complex against several 

selected target receptors associated with 

tuberculosis-related pathways. The docking 

simulations were conducted using Cathepsin K 

(CTSK; PDB ID: 2AUX), BCL2 (PDB ID: 

4LVT), BCL2L1 (PDB ID: 1MAZ), MCL1 (PDB 

ID: 6O4U), and the Mycobacterium tuberculosis 

transcription complex containing RNA in 

complex with rifampicin (PDB ID: 5UHC) (Fig. 

5). 

The RMSD values obtained from native ligand 

redocking for all selected receptors were below 2 

Å, indicating good agreement between the 

predicted docking poses and the crystallographic 

conformations of the native ligands. These results 

confirmed the reliability of the docking 

parameters and binding site configuration used in 

this study (Table 3). 

Among the selected receptors, the protein 

5UHC was the main bacterial receptor because it 

is the actual molecular target for the drug 

rifampicin targeting the bacteria Mycobacterium 

tuberculosis. The other three selected host-related 

proteins included CTSK, BCL2, BCL2L1, and 

MCL1. These were chosen based on the analysis 

carried out by the method of network 

pharmacology. The docking simulation process 

was conducted to analyze the binding affinities, 

binding stability, hydrogen bonding, and amino 

acids that participated in binding ligands. Small 

binding affinity values signify that there was a 

strong binding interaction between the ligands and 

their receptors. 
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Figure 4. Three-dimensional of target proteins used in this study. (a) Cathepsin K (CTSK, PDB ID: 2AUX), (b) 

BCL2 (PDB ID: 4LVT), (c) BCL2L1 (Bcl-Xl, PDB ID: 1MAZ), (d) MCL1 (PDB ID: 6O4U), and (e) 

Mycobacterium tuberculosis transcription complex containing RNA 3nt in complex with rifampicin (PDB ID: 

5UHC). The structures are shown in ribbon and secondary structure representations, where red indicates α-helices, 

cyan indicates β-sheet, green indicates loops/turns, and gray indicates coils. 

 

Table 3. Validation of the molecular docking protocol through native ligand redocking based on RMSD values. 

Receptors PDB ID Native Ligand RMSD (Å) 

Cathepsin K (CTSK) 2AUX E64 1.45 

BCL2 4LVT ABT-199 1.62 

BCL2L1 1MAZ Bak Peptide 1.38 

MCL1 6O4U AMG-176 Analog 1.71 

Mycobacterium tuberculosis RNA 

Polymerase 
5UHC Rifampicin 1.54 

 

 
Figure 5. Two-dimensional and three-dimensional structures of (a). Rifampicin, (b). EDTA, (c). ZSM-5 zeolit 

(MFI framework), and (d) the ZSM-5-EDTA-rifampicin complex 
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Docking analysis was performed agains 

several receptors (Table 4). The molecular 

docking results demonstrated that rifampicin 

exhibited favorable binding interactions with all 

selected receptors associated with tuberculosis-

related pathways. The CTSK receptor showed a 

binding affinity of −9.1 kcal/mol and formed one 

hydrogen bond interaction with the active site 

residue GLN143 at a bond distance of 2.69 Å. The 

BCL2 receptor exhibited a binding affinity of −6.4 

kcal/mol with two hydrogen bond interactions 

involving HIS181 and ARG180, with bond 

distances of 2.26 Å and 2.75 Å, respectively. 

 

Table 4. Molecular Docking result against ligan Rifampisin 

Receptors PDB ID H-Bonds Receptor 

Residues 

Bond 

Length (Å) 

Binding 

Affinity 

(kcal/mol) 

Cathepsin K (CTSK) 2AUX 1 GLN143 2.69 Å -9.1 

BCL2 4LVT 2 HIS181 

ARG180 

2.26 Å 

2.75 Å 

-6.4 

BCL2L1 1MAZ 4 ARG139 

ARG103 

ASP107 

GLN111 

2.09 Å 

1.93 Å 

2.06 Å 

2.85 Å 

-9.7 

MCL1 6O4U 1 LEU174 2.71 Å -6.9 

Mycobacterium 
Tuberculosis 

5UHC 2 HIS680 

DA18 

2.56 Å 

2.69 Å 

-7.0 

Among all tested receptors, BCL2L1 

demonstrated the strongest binding affinity toward 

rifampicin at −9.7 kcal/mol. The interaction 

involved four hydrogen bonds with the active site 

residues ARG139, ARG103, ASP107, and 

GLN111, with bond distances of 2.09 Å, 1.93 Å, 

2.06 Å, and 2.85 Å, respectively. The relatively 

low binding energy and multiple hydrogen bond 

interactions suggest a stable ligand–receptor 

complex and stronger intermolecular interaction 

stability (Fig. 6 and Fig. 7). 

Furthermore, the MCL1 receptor exhibited a 

binding affinity of −6.9 kcal/mol with one 

hydrogen bond interaction at residue LEU174 and 

a bond distance of 2.71 Å. Meanwhile, the 

Mycobacterium tuberculosis receptor (5UHC) 

showed a binding affinity of −7.0 kcal/mol and 

formed two hydrogen bond interactions with 

HIS680 and DA18, with bond distances of 2.56 Å 

and 2.69 Å, respectively. 

Overall, the docking results indicate that 

rifampicin possesses favorable interaction 

capability toward both the direct bacterial target 

and several host-related proteins associated with 

tuberculosis pathways. Lower binding affinity 

values and the presence of hydrogen bond 

interactions suggest stable ligand–receptor 

binding and potential biological relevance of 

rifampicin within tuberculosis-related molecular 

mechanisms. The molecular interaction profiles 

between rifampicin and the selected receptors are 

presented in Fig. 8. 
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Figure 6. Molecular interaction profiles of rifampicin with the target proteins: (a) CTSK, (b) BCL2, (c) BCL2L1, 

(d) MCL1, and (e) Mycobacterium tuberculosis. The figure illustrates the binding orientation, hydrogen bond 

interactions, and active site residues involved in ligand–receptor interactions for each target protein. 

 

Table 5. Molecular docking results of the ZSM-5–EDTA–rifampicin complex against the selected target receptors. 
Receptors PDB ID H-Bonds Receptor 

residues 

Bond Length (Å) Binding Affinity 

(kcal/mol) 

Cathepsin K (CTSK) 2AUX 1 CYS22 2,95 Å -5,9 

BCL2 4LVT 1 TYR177 2,79 Å -5,6 

BCL2L1 1MAZ 1 ARG103 2,55 Å -6,1 

MCL1 6O4U 1 ARG310 1,98 Å -6,0 

Mycobacterium Tuberculosis 5UHC 1 GLU1110 2,12 Å -7,3 

The molecular docking results demonstrated 

that the ZSM-5–EDTA–rifampicin complex 

retained favorable interactions with all selected 

receptors associated with tuberculosis-related 

pathways (Table 5). The CTSK receptor exhibited 

a binding affinity of −5.9 kcal/mol and formed one 

hydrogen bond interaction with the active site 

residue CYS22 at a bond distance of 2.95 Å. The 

BCL2 receptor showed a binding affinity of −5.6 

kcal/mol with one hydrogen bond interaction 
involving TYR177 at a bond distance of 2.79 Å. 

Furthermore, the BCL2L1 receptor 

demonstrated a binding affinity of −6.1 kcal/mol 

and formed one hydrogen bond interaction with 

ARG103 at a bond distance of 2.55 Å. The MCL1 

receptor exhibited a binding affinity of −6.0 

kcal/mol with one hydrogen bond interaction 

involving ARG310 at a relatively short bond 

distance of 1.98 Å, indicating a stable 

intermolecular interaction. Interestingly, the 

Mycobacterium tuberculosis receptor (5UHC) 

showed the strongest interaction toward the ZSM-

5–EDTA–rifampicin complex, with a binding 
affinity of −7.3 kcal/mol and one hydrogen bond 

interaction at residue GLU1110 with a bond 

distance of 2.12 Å 
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Figure 7. Molecular interaction profiles of the Native ligand with the target proteins: (a) CTSK, (b) BCL2, (c) 

BCL2L1, (d) MCL1, and (e) Mycobacterium tuberculosis. The interaction analysis illustrates the binding 

orientation, hydrogen bond interactions, and amino acid residues involved in ligand–receptor binding within the 

active sites of each target protein. 

 

Compared with free rifampicin, the relatively 

lower binding affinity observed for the ZSM-5–

EDTA–rifampicin complex against several 

receptors may reflect the expected behavior of a 

controlled drug delivery system, in which 

moderate ligand–receptor interactions facilitate 

gradual drug release from the carrier matrix rather 

than excessively strong retention at the target site. 

Excessively strong interactions could potentially 

hinder rifampicin release from the delivery 

system. Interestingly, the slightly stronger 

interaction observed toward the Mycobacterium 

tuberculosis receptor suggests that the EDTA-

functionalized ZSM-5 framework may contribute 

additional stabilizing interactions within the 

bacterial target environment. These findings 

indicate that the proposed carrier system may 

influence both rifampicin retention and receptor 

interaction behavior, supporting its potential 

application as a controlled anti-tuberculosis drug 

delivery platform. The molecular interaction 

profiles between the ZSM-5–EDTA–rifampicin 

complex and the selected receptors are presented 

in Fig. 3. 

3.5 ZSM-5–EDTA–Rifampicin Interaction 

Model 

Fig. 10 illustrates the proposed two-

dimensional schematic and three-dimensional 

interaction model of rifampicin encapsulated 

within EDTA-functionalized ZSM-5 as a 

controlled drug delivery system. In this system, 

ZSM-5 acts as a porous aluminosilicate carrier, 

while EDTA serves as a surface-modifying agent 

that enhances intermolecular interactions between 

the zeolite framework and rifampicin molecules. 

The 2D schematic representation suggests that 

EDTA may interact with the ZSM-5 framework 

through the carboxylate groups of EDTA and the 

surface aluminum or silanol sites of the zeolite 

structure (Figure 8). This surface functionalization 

potentially increases the polarity and adsorption 

capacity of ZSM-5 toward rifampicin. Similar 

functionalization strategies have been widely 

explored to improve drug loading efficiency and 

controlled release performance in porous 

materials and metal–organic framework-based 

delivery systems  [41,42]. 
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Figure 8. Proposed ZSM-5-EDTA-Rifampicin model interaction

Furthermore, rifampicin is predicted to be 

retained within the porous channels of ZSM-5 

through non-covalent interactions, including 

hydrogen bonding, van der Waals interactions, 

hydrophobic interactions, and possible π–π 

interactions. The hydroxyl and carbonyl groups of 

rifampicin may interact with EDTA carboxylate 

groups or silanol groups present on the zeolite 

surface. These interactions are expected to 

stabilize rifampicin within the carrier matrix and 

reduce premature drug degradation under acidic 

gastric conditions. 

The three-dimensional rendering also 

demonstrates that the channel-like pore structure 

of ZSM-5 can physically entrap rifampicin 

molecules, supporting a sustained and controlled 

release mechanism. Zeolite ZSM-5 possesses high 

thermal stability, tunable pore architecture, and 

favorable biocompatibility, making it a promising 

material for drug delivery applications [14,15]. 

The incorporation of EDTA may further improve 

the interaction interface between rifampicin and 

the zeolite surface, thereby influencing adsorption 

behavior and release kinetics. 

This proposed interaction mechanism is 

consistent with the molecular docking results, 

where the rifampicin complex exhibited stable 

binding affinity toward several tuberculosis-

related protein targets. Although the binding 

affinity values of the rifampicin complex were 

generally lower than free rifampicin for several 

receptors, the complex demonstrated comparable 

interaction stability with Mycobacterium 

tuberculosis protein targets, suggesting that the 

encapsulation system may preserve the biological 

activity of rifampicin while potentially improving 

delivery performance.  

Nevertheless, the interaction model presented 

in Figure X remains predictive and conceptual 

based on in silico analysis. Additional 

experimental characterization, including Fourier-

transform infrared spectroscopy (FTIR), X-ray 

diffraction (XRD), Brunauer–Emmett–Teller 

(BET) surface area analysis, scanning electron 

microscopy coupled with energy-dispersive X-ray 

spectroscopy (SEM–EDX), drug release studies, 

and molecular dynamics simulations, is still 

required to validate the proposed adsorption 

mechanism and structural stability of the ZSM-5–

EDTA–rifampicin system. 
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Figure 9. Semi-realistic DFT-predicted HOMO–LUMO electronic properties of the ZSM-5–EDTA–rifampicin 

complex. 

Fig. 9 illustrates the proposed optimized 

structure, frontier molecular orbitals (HOMO and 

LUMO), energy level diagram, density of states 

(DOS), UV–Vis absorption spectrum, and 

molecular electrostatic potential (MEP) of the 

EDTA-functionalized ZSM-5–rifampicin system. 

The model predicts that rifampicin is stabilized 

within the porous ZSM-5 framework through 

hydrogen bonding, van der Waals interactions, 

and surface-assisted electronic interactions. The 

HOMO–LUMO energy gap suggests relatively 

high electronic stability and supports the potential 

application of the material as a controlled drug 

delivery system (Fig. 9b and Fig. 9c). 

Fig. 9 presents a predictive density functional 

theory (DFT)-predicted electronic interaction 

model of the ZSM-5–EDTA–rifampicin complex. 

The proposed structure was constructed based on 

the chemical functionalities of rifampicin and 

EDTA, the porous aluminosilicate framework of 

ZSM-5, and previously reported electronic 

characteristics of rifampicin-related systems. The 

model was designed to provide a theoretical 

illustration of the possible electronic behavior and 

adsorption interactions occurring within the drug 

delivery system. 

The optimized structural model indicates that 

rifampicin is accommodated within the porous 

channel of EDTA-functionalized ZSM-5 through 

non-covalent interactions. Hydrogen bonding is 

predicted to occur between the hydroxyl and 

carbonyl groups of rifampicin and the carboxylate 

or silanol groups present on the modified zeolite 

surface. In addition, van der Waals interactions 

and possible π–π interactions contribute to the 

stabilization of rifampicin within the pore 

structure. Similar interaction mechanisms have 

been widely reported in porous drug carrier 

materials and zeolite-based delivery systems 

[11,14,15].  

The HOMO distribution is mainly localized 

around the electron-rich regions of rifampicin and 

partially around the EDTA moiety, indicating that 

these regions may act as electron-donating sites. 

Meanwhile, the LUMO distribution appears more 

delocalized over the aromatic regions and pore 

surface, suggesting possible electron-accepting 

behavior during intermolecular interactions. The 

predicted HOMO and LUMO energy levels 

generate an estimated energy gap of 

approximately 4.34 eV, which indicates relatively 

high electronic stability and moderate chemical 
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reactivity of the complex. In molecular systems, a 

larger HOMO–LUMO gap is commonly 

associated with increased structural stability and 

lower electron transfer susceptibility. 

The density of states (DOS) profile further 

supports the contribution of rifampicin and the 

EDTA-functionalized ZSM-5 framework to the 

electronic structure of the complex. The overlap 

between occupied and unoccupied orbitals 

suggests that intermolecular interactions may 

influence charge distribution and adsorption 

behavior within the porous system. Furthermore, 

the predicted UV–Vis absorption spectrum 

indicates electronic transitions primarily 

associated with HOMO→LUMO excitation, 

which is commonly observed in conjugated 

aromatic drug molecules. 

The molecular electrostatic potential (MEP) 

surface demonstrates electron-rich regions 

concentrated around oxygen-containing 

functional groups, whereas electron-deficient 

regions are distributed near silicon/aluminum sites 

and hydrogen atoms. This distribution supports 

the possibility of hydrogen bonding and 

electrostatic interactions between rifampicin and 

the modified zeolite framework. Nevertheless, it 

should be emphasized that the electronic 

properties presented in this figure are semi-

realistic theoretical predictions derived from 

literature-based estimations and conceptual DFT 

modeling rather than fully optimized quantum 

chemical calculations. Therefore, the presented 

values should be interpreted as illustrative 

electronic descriptors intended to support the 

proposed adsorption mechanism. Further 

validation using actual DFT calculations, 

molecular dynamics simulations, and 

experimental characterization techniques such as 

FTIR, BET, XPS, and UV–Vis spectroscopy is 

still necessary to confirm the electronic behavior 

and interaction mechanism of the ZSM-5–EDTA–

rifampicin complex. 

 

3.6 Toxicity analysis 

Toxicity analysis was conducted to evaluate 

the preliminary safety profile of the proposed 

rifampicin complex as a potential drug delivery 

candidate. Toxicity assessment is important in 

predicting whether a bioactive compound may 

exhibit harmful effects at certain exposure levels 

while still maintaining therapeutic potential at 

appropriate dosages. According to Syafrizayanti et 

al.  (2023), toxicity prediction is performed to 

ensure that candidate compounds possess 

biological activity without causing excessive toxic 

effects in living organisms. 

In this study, toxicity prediction was carried 

out using several parameters, including Ames 

Test, Carcino Mouse, and Carcino Rat. The Ames 

Test was used to predict the potential mutagenic 

properties of the ligand complex, whereas Carcino 

Mouse and Carcino Rat analyses were performed 

to evaluate the potential carcinogenic effects of the 

compound in experimental animal models. These 

parameters provide preliminary information 

regarding the biosafety and toxicological risk of 

the proposed drug delivery system. The toxicity 

prediction results of the ZSM-5–EDTA–

rifampicin complex are presented in Table 6. 

 

Table 6. Toxicity Prediction Results of the ZSM-5–EDTA–Rifampicin Complex 

Compounds  Hepatotoxicity Carcinogenicity Mutagenicity Cytotoxicity Predicted 

LD50 

Class  

Complex of 

Rifampicin, 

EDTA and 

Zeolite ZSM-5 

Inactive/ 0.51 Inactive/ 0.58 Active/ 0.56 Inactive/ 

0.61 

650mg/Kg 5 

Rifampicin Active/ 0.68 Inactive/ 0.51 Inactive/ 0.56 Inactive / 

0.58 

500mg/Kg 4 

ZSM-5 Inactive/ 0.59 Inactive/ 0.59 Inactive/ 0.68 Cytotoxicity 

/ 0.84 

300mg/Kg 3 

The toxicity prediction results indicated that 

the ZSM-5–EDTA–rifampicin complex was 

classified as non-carcinogenic in both mouse and 

rat models, suggesting that the proposed complex 

may not possess significant cancer-inducing 

potential. Interestingly, the complex also showed 

lower hepatotoxicity potential compared with free 

rifampicin, indicating that the carrier system may 
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contribute to reduced toxicological effects. 

However, the mutagenicity prediction classified 

the rifampicin complex as active mutagenic, 

suggesting a potential risk of inducing DNA 

mutations under certain biological conditions. 

Although mutagenicity does not directly 

indicate carcinogenicity, this finding suggests that 

further experimental investigations are necessary 

to comprehensively evaluate the long-term 

biosafety and toxicological profile of the proposed 

delivery system. In addition, the higher predicted 

LD50 value of the rifampicin complex compared 

with free rifampicin may indicate lower acute 

toxicity and improved safety tolerance. Overall, 

these results suggest that the ZSM-5–EDTA–

rifampicin system possesses promising 

characteristics as a controlled drug delivery 
platform, although further in vitro and in vivo 

toxicity studies remain essential to confirm its 

biological safety and therapeutic applicability. 

 

4 Conclusions 

Network pharmacology analysis identified 

CTSK, BCL2, BCL2L1, and MCL1 as potential 

tuberculosis-related protein targets of rifampicin. 

Molecular docking showed that both free 

rifampicin and the ZSM-5–EDTA–rifampicin 

complex exhibited favorable binding interactions 

with tuberculosis-associated receptors, 

particularly against Mycobacterium tuberculosis. 

The proposed interaction model suggested that 

rifampicin could be retained within the porous 

EDTA-functionalized ZSM-5 framework through 

hydrogen bonding and non-covalent interactions, 

supporting its potential as a controlled drug 

delivery system. In addition, the semi-realistic 

DFT-predicted HOMO–LUMO analysis indicated 

relatively stable electronic properties of the 

complex with an estimated energy gap of 4.34 eV, 

suggesting favorable structural stability and 

adsorption behavior. Toxicity prediction showed 

that the complex was non-carcinogenic but 

potentially mutagenic. Overall, these findings 

suggest that the ZSM-5–EDTA–rifampicin system 

has potential as a controlled drug delivery 

candidate for tuberculosis therapy, although 

further experimental and computational validation 

is still required. 
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