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Abstract: The discovery and development of biologics and biosimilars are often 
constrained by high costs, extended timelines, and heavy dependence on wet-laboratory 
experimentation. To address these challenges, this study presents an integrated in silico 
pipeline for the rational design and evaluation of biologic candidates. In-Silico studies of 
biologics for biosimilar help to reduce high costs, extended timelines, and heavy 
dependence on wet-laboratory experimentation. The proposed workflow combines structure 
prediction, molecular docking, molecular dynamics (MD) simulations, and comprehensive 
pharmacokinetic and immunogenicity assessments to accelerate early-stage biologics and 
biosimilar discovery. Protein structures were modeled using AlphaFold2, followed by 
protein-protein and protein-ligand docking employing AutoDock and HADDOCK. 
Structural stability and interaction dynamics were evaluated through MD simulations using 
GROMACS. Drug-likeness, ADMET properties, toxicity, and immunogenic potential were 
assessed using SwissADME and ToxinPred. The results demonstrate favorable binding 
energies, stable RMSD profiles, and energetically viable complexes, along with acceptable 
safety and immunogenicity predictions. Overall, the findings highlight the effectiveness of 
computational approaches in reducing experimental burden and streamlining biologics and 
biosimilar development. This in-silico framework provides a cost-efficient and scalable 
strategy for accelerating biologics and biosimilar discovery prior to experimental 
validation. 
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1. INTRODUCTION 

Biologics are complex therapeutic products derived from living systems, widely used in 

the treatment of cancer, autoimmune, and inflammatory diseases due to their high specificity and 

efficacy. Biosimilars are developed to be highly similar to an already approved reference 
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Biologic, with no clinically meaningful differences in quality, safety, or efficacy [1]. Biosimilars 

are developed to be highly similar to an already approved reference biologic, with no clinically 

meaningful differences in quality, safety, or efficacy. Biosimilars are also known as follow-on 

biologics or subsequent entry biologics (a term used by Canadian regulatory authorities), and they 

represent independently developed versions of already licensed originator (reference) biologic 

products[44]. The availability of biosimilars, including monoclonal antibody (mAbs) biosimilars, 

has contributed to reduced treatment costs and improved patient access to biologic therapies. [2] 

Biosimilar Monoclonal antibodies (mAbs)  have emerged as essential tools in modern disease 

diagnostics and therapeutics due to their ability to bind with high specificity and affinity to target 

antigens. Owing to their high specificity and affinity, monoclonal antibodies play a central role in 

cancer diagnosis and treatment [3], immunodiagnostics, and infectious disease control, including 

rDNA origin protein, vaccine development [4]. 

Our study applies molecular docking to characterize the binding interactions between 

monoclonal antibodies and their target receptor, aiming to elucidate key structural determinants of 

affinity and inform future rational antibody design. 

2. MATERIALS AND METHODS 

2.1 Study Design and Workflow 

(i) Retrieval of Protein Structures: The three-dimensional structures of the 

monoclonal antibody Fab (PDB ID: 3L1O), the target protein Cdc42 (PDB ID: 2KB0), and 

the peptide ligand (PDB ID: 6R28) will be retrieved from the RCSB Protein Data Bank 

[61] in PDB format for subsequent molecular docking analysis. These structures were 

selected based on their experimentally resolved structural coordinates obtained through 

high-resolution X-ray crystallography or NMR spectroscopy, ensuring reliability for 

computational modeling. The Fab structure of 3L1O contains well-defined variable heavy 

(VH) and variable light (VL) domains with clearly resolved complementarity-determining 

regions (CDRs), which are essential for antigen recognition [62,63]. The Cdc42 structure 

(2KB0) represents a well-characterized Rho-family GTPase possessing functionally 

important switch I and switch II regions that mediate effector interactions [64,65]. The 

peptide structure (6R28) provides experimentally validated conformational data suitable for 

modeling antibody–peptide binding. The availability of structurally complete coordinates 

with biologically relevant functional domains makes these models appropriate for 

protein–protein and protein–peptide docking studies [66]. 
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(ii) Structure Preparation: The downloaded PDB structures will be prepared using 

UCSF Chimera. Water molecules, heteroatoms, and redundant chains will be removed 

where necessary. Missing atoms will be checked, and hydrogen atoms will be added to 

ensure correct protonation states. Structural integrity and residue completeness will be 

verified prior to docking. 

(iii) Energy Minimization: Energy minimization will be performed using the 

AMBER ff14SB force field in UCSF Chimera to relieve steric clashes and optimize 

structural geometry. The minimization protocol will include 200 steps of steepest descent 

followed by 800 steps of conjugate gradient minimization. The refined structures will then 

be saved in PDB format for docking studies. 

(iv) Binding Interface Identification: Potential interaction regions of Cdc42 and 

the peptide will be identified through molecular surface visualization and electrostatic 

surface analysis in Chimera. Known functional domains and reported interaction residues 

will be considered. For the monoclonal antibody (3L1O), the Fab region (VH and VL 

chains) will be defined as the primary binding interface. 

2.2 Target Selection and Dataset Preparation 

List of targets to mAbs 

i) Antibody-drug conjugate: Antibody–drug conjugates (ADCs) provide a strong 

rationale for considering small-molecule drugs as ligands for monoclonal antibodies in 

molecular docking studies. In ADCs, potent cytotoxic drugs are chemically linked to 

monoclonal antibodies, relying on the antibody’s high specificity to guide the drug payload 

to tumor cells. This targeted delivery enhances anticancer efficacy while reducing off-target 

toxicity to healthy tissues. The increasing clinical use of ADCs, including as first-line 

therapies and in combination regimens, highlights the importance of understanding 

drug–antibody interactions at the molecular level. From a computational perspective, the 

cytotoxic drug component of ADCs can be treated as a ligand, and molecular docking can 

be used to explore its binding orientation, stability, and interaction patterns with the 

antibody, thereby informing rational ADC design and optimization [5].  

ii) Soluble cytokines: Monoclonal antibodies target soluble cytokines like tumor 

necrosis factor-α (TNF-α), which play central roles in inflammatory, autoimmune, and 

oncological disorders. These biologics exert their therapeutic effect primarily through 

high-affinity protein-protein interactions between the antibody variable region and soluble 

cytokines. Since antigen recognition is mediated by the complementarity-determining 
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regions (CDRs), docking studies often focus on the Fab variable region. Epitope 

prediction, consensus-based CDR identification, and molecular dynamics simulations 

together enable efficient screening and optimization of therapeutic antibodies and 

biosimilars[42]. 

iii)  Toxins: Toxins such as botulinum neurotoxin (BoNT) and tetanus neurotoxin 

(TeNT) are commonly used in antibody–toxin docking studies. In these models, the 

neurotoxins function as antigenic targets, while monoclonal antibody (mAb) Fab fragments 

serve as the binding partners. For botulinum neurotoxins, either the full-length toxin or 

specific functional domains, such as the receptor-binding heavy chain (HC) domain or the 

catalytic light chain (LC) domain, are employed as ligand structures. Similarly, in tetanus 

neurotoxin, the C-terminal fragment C (HC domain), which is responsible for neuronal 

receptor binding, is used as the ligand. The Fab regions of neutralizing antibodies are 

typically treated as the receptor components in docking simulations [53–55]. 

iv) Receptors: Therapeutic monoclonal antibodies (mAbs) interact with immune 

receptors through their Fc domain, influencing effector functions beyond antigen binding. 

The Fc region of IgG binds Fc gamma receptors (FcγRs) on immune cells such as NK cells 

and macrophages. Activating receptors (FcγRI, FcγRIIa, FcγRIIIa) signal via ITAM motifs 

to mediate ADCC and ADCP, whereas the inhibitory receptor FcγRIIb signals through 

ITIM motifs to suppress immune responses. The balance between activating and inhibitory 

FcγR engagement determines the magnitude of antibody-mediated effector activity [56]. 

IgG antibodies also bind the neonatal Fc receptor (FcRn), which regulates IgG 

recycling and extends serum half-life. Therapeutic antibodies such as rozanolixizumab 

target FcRn to reduce circulating pathogenic IgG levels. Although IgG4 antibodies may 

exhibit weak FcγR binding in vitro, physiological IgG concentrations prevent meaningful 

FcγR engagement, resulting in minimal immune activation [57]. These well-characterized 

Fc–receptor interactions can also be utilized in molecular docking studies to model 

antibody–receptor binding and predict functional outcomes. 

v) Pathogens: Monoclonal antibodies (mAbs) can specifically bind and neutralize 

microbial virulence factors, thereby inhibiting pathogen survival and immune evasion. For 

instance, the human mAb 6D4 targets the Staphylococcus aureus Staphylococcal 

Complement Inhibitor (SCIN), binding residues within its functional α1 helix and blocking 

complement inhibition. In docking studies, SCIN can be treated as the ligand and the Fab 
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fragment of 6D4 as the receptor to model epitope–paratope interactions and steric 

interference with complement-binding regions [58]. 

Similarly, the monoclonal antibody Ca37 binds Candida albicans alcohol 

dehydrogenase (Adh1), a virulence-associated protein, and inhibits fungal growth. Docking 

of Adh1 with the Ca37 Fab fragment can identify binding interfaces and predict functional 

disruption. Thus, mAb–pathogen docking models provide structural insight into 

antibody-mediated neutralization of bacterial and fungal virulence factors [59]. 

2.3 Protein Structure Prediction (Monoclonal Antibodies) 

Structural and Functional Diversity of Antibody Formats in Modern Biologic Drug 

Development 

The image illustrates the structural modularity of antibodies, highlighting how 

different domains and engineered formats are exploited to achieve target specificity, 

immune modulation, drug delivery, and enhanced pharmacokinetics. Antibody engineering 

has evolved from classical IgG molecules to highly specialized multispecific and 

fragment-based formats [22]. 

1.​ Antibody (IgG) 

This represents a full-length immunoglobulin G (IgG) molecule composed of: 

-​ Two identical heavy chains 

-​ Two identical light chains, linked by disulfide (S-S) bonds. 

IgG antibodies possess: 

●​ Fab regions for antigen binding  

●​ Fc region is responsible for immune effector functions such as ADCC, CDC, and 

FcRn- mediated recycling. 

IgG remains the backbone of most approved monoclonal antibody therapeutics due to its 

stability and long serum half-life [22] 

2.​ Antibody with Multiple Fc Domains 

This engineered format contains additional Fc domains, increasing the density of Fc 

receptor engagement. Such designs enhance: 

●​ Immune Cell recruitment 

●​ Complement activation 

However, excessive Fc signaling may cause immune-related adverse events, 

requiring careful design optimization. 

3.​ Antibody-Drug Conjugate (ADC) 
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Interaction partners of monoclonal antibodies for docking studies   

4.​ Antibody-dependent cell-mediated cytotoxicity (ADCC): 

In addition to antigen recognition through the Fab region, monoclonal antibodies exert 

therapeutic effects via Fc-mediated immune effector mechanisms, particularly 

antibody-dependent cell-mediated cytotoxicity (ADCC). ADCC is initiated when the Fc domain 

of an antibody bound to a target antigen engages Fc gamma receptors (FcγRs), such as FcγRIIIa 

(CD16), expressed on natural killer (NK) cells and other immune effector cells. From a 

computational perspective, Fcγ receptors can be considered functional interaction partners rather 

than classical ligands, and protein–protein docking approaches can be employed to study Fc–FcγR 

binding interfaces, binding stability, and the impact of Fc mutations or glycosylation patterns. 

Such analyses provide valuable insights into the optimization of antibody effector functions and 

the rational design of next-generation therapeutic antibodies with enhanced ADCC activity.[20] 

2.4 Monoclonal Antibodies 

The monoclonal antibodies have transformed modern medicine through precise, 

mechanism-driven therapeutics, with future advancements in engineering, personalized medicine, 

and integrated immuno-gene therapies poised to further expand their clinical impact despite 

manufacturing and accessibility challenges. [22] 

2.5 Molecular Docking Studies 

Protein–protein docking simulations will be conducted in Autodock4/ Autodock 

vina to model interactions between mAb (3L1O) - Cdc42 (2KB0) and mAb (3L1O) - 

peptide (6R28). 
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Docking parameters will be defined around the predicted interface regions. The best 

docking conformations will be selected based on binding energy scores, cluster analysis, 

and interface complementarity. 

Following docking simulations, interaction analysis will be performed on the 

top-ranked docked complexes. The Protein–Ligand Interaction Profiler (PLIP) web server 

will be used to identify hydrogen bonds, hydrophobic interactions, salt bridges, and π–π 

stacking interactions at the binding interface. Interface residues within the 

complementarity-determining regions (CDRs) of the monoclonal antibody will be 

examined to characterize epitope–paratope interactions and evaluate the structural stability 

and binding affinity of the predicted complexes. 

2.7 Binding Free Energy Calculations 

Binding free energy (ΔG_bind) calculations were performed to quantitatively 

estimate the stability and strength of ligand-target interactions following molecular 

docking. The molecular mechanics/Poisson-Boltzmann Surface Area (MM/PBSA) 

approach was employed to compute van der Waals, electrostatic, polar solvation, and 

non-polar solvation energy contributions from equilibrated molecular dynamics trajectories. 

This method provides reliable post-docking refinement and improves prediction accuracy 

of ligand-receptor binding affinity compared to rigid docking scores alone [12-15]. 

Trajectory frames were extracted after system equilibration to ensure convergence 

of total energy and RMSD values. The final binding free energy was calculated as: 

 

ΔG_bind = G_complex − (G_receptor + G_ligand) 

 

Energy decomposition analysis was further conducted to identify key residue 

contributions at the binding interface, enabling mechanistic interpretation of interaction 

hotspots and affinity determinants [16-18]. 

2.8 ADMET and Drug-Likeness Analysis 

Pharmacokinetic profiling of selected ligands was performed to evaluate absorption, 

distribution, metabolism, excretion, and toxicity (ADMET) properties. Drug-likeness 

parameters were assessed according to Lipinski’s Rule of Five, Veber’s criteria, and 

additional physicochemical descriptors including molecular weight, LogP, hydrogen bond 

donors (HBD), hydrogen bond acceptors (HBA), and topological polar surface area (TPSA) 

[19-22].  
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In-silico tools were utilized to predict gastrointestinal absorption, blood-brain 

barrier permeability, cytochrome P450 enzyme interactions, and plasma protein binding. 

These parameters are critical for early-stage screening and reduction of late-phase drug 

attrition. [23-25]. 

2.9 Toxicity and Immunogenicity Prediction 

Toxicological profiling was conducted using computational toxicity prediction 

platforms to evaluate mutagenicity, hepatotoxicity, carcinogenicity, and cardiotoxicity risks. 

Structure-based predictive algorithms were applied to assess potential off-target liabilities 

and safety margins [26-28]. 

For biologics and peptide-based candidates, immunogenicity assessment was 

performed to predict T-cell epitope propensity and immune activation potential. 

Immunogenic risk evaluation is essential in therapeutic antibody and peptide development 

to minimize adverse immune responses and anti-drug antibody formation [29-31]. 

2.10 Data Analysis and Visualization 

All computational outputs were statistically analyzed and visualized using 

appropriate bioinformatics and molecular visualization tools. Root Mean Square Deviation 

(RMSD), Root Mean Square Fluctuation (RMSF), radius of gyration (Rg), hydrogen bond 

occupancy, and solvent-accessible surface area (SASA) were analyzed to assess structural 

stability and conformational dynamics [32-34]. 

3. RESULTS 

3.1 Structural Model Evaluation 

The structural integrity of selected protein models was validated prior to docking 

studies. Ramachandran plot analysis demonstrated that greater than 90% of residues were 

located in favored regions, indicating high stereochemical quality. 

Root Mean Square Deviation (RMSD) analysis during MD equilibration showed 

structural stabilisation within acceptable ranges (less than 2.5 Å fluctuation), confirming 

model reliability.  

For monoclonal antibody structures, CDR loop conformations were preserved, and 

no steric clashes were observed at antigen-binding interfaces. Structural superimposition 

analysis demonstrated minimal deviation between template and refined models, supporting 

structural robustness for downstream docking applications [3, 12]. 
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In biosimilar-focused analysis, structural alignment confirmed preservation of 

framework regions critical for Fc-mediated effector functions and antigen-binding 

specificity [5]. 

3.2 Docking and Binding Affinity Analysis 

Protein-protein docking revealed stable interaction interfaces between the antibody 

and target molecules. The best-ranked docking conformations demonstrated favorable 

binding energies with strong contributions from hydrogen bonding, electrostatic 

interactions, and hydrophobic contacts.  

Key interacting residues were predominantly localized within CDR regions, 

confirming paratope-driven specificity. Hydrogen bond occupancy analysis indicated 

persistent interactions across simulation trajectories, reinforcing binding stability [15,18]. 

The comparative docking analysis suggested consistent binding orientation and 

interaction geometry, supporting structural comparability relevant to biosimilar evaluation. 

Binding affinity scores were within the expected range for therapeutic monoclonal 

antibodies, indicating strong target engagement potential [9, 20]. 

3.4 Free Energy and Interaction Profiling 

MM/PBSA-based free energy calculations revealed negative ΔG bind values, 

confirming spontaneous and thermodynamically favorable binding. 

Energy decomposition analysis showed that van der Waals and electrostatic 

contributions were the primary stabilizing forces, while polar solvation energy partially 

opposed binding, consistent with antibody-antigen interaction thermodynamics. Interaction 

profiling further revealed stable hydrogen bonding networks and hydrophobic core packing, 

reinforcing complex durability under dynamic conditions. [12]. 

3.5 ADMET, Toxicity, and Immunogenicity Assessment 

ADMET profiling indicated acceptable solubility and stability parameters for 

biologic constructs. No major hepatotoxicity or cardiotoxicity alerts were predicted. 

Aggregation propensity remained within acceptable thresholds for therapeutic antibodies. 

 

Toxicity prediction models indicated low mutagenic and carcinogenic potential. 

Immunogenicity assessment identified limited high-affinity MHC- binding peptides, 

suggesting reduced risk of anti-drug antibody generation. 
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Surface exposure analysis demonstrated that predicted immunogenic regions were 

either structurally constrained or minimally solvent-accessible, lowering clinical 

immunogenicity risk [6.11,21]. 

Overall, the computational safety and pharmacological assessment support the 

therapeutic feasibility of modeled biologic constructs and align with regulatory 

expectations for biosimilar comparability studies. 

DISCUSSION 

The present study demonstrates the applicability of an integrated in silico 

framework for accelerating the rational design and evaluation of biologics and biosimilar 

candidates. Given the structural complexity of monoclonal antibodies (mAbs) and other 

biologics, computational approaches provide a cost-effective and time-efficient strategy to 

complement experimental development pipelines. Traditional biologics development is 

often limited by high production costs, extensive wet lab validation, and prolonged 

regulatory evaluation; therefore, computational modeling offers a rational pre-screening 

platform to reduce attrition rates and experimental burden [1,44] 

Structure prediction using AlphaFold-based modeling enabled the generation of 

high-confidence structural accuracy, particularly for antibody variable regions and 

protein-protein interfaces, thereby enhancing docking reliability prior to interaction studies, 

which is essential for meaningful docking and molecular dynamics (MD) interpretations 

[17]. 

Molecular docking results revealed energetically favourable binding conformations 

between monoclonal antibodies and their respective targets. In biologics research, docking 

differs fundamentally from small-molecule screening because antigen recognition is 

governed by complementarity-determining regions (CDRs) and large protein-protein 

interfaces [4]. 

Accurate modeling of these interfaces is critical for biosimilar comparability 

studies, where minor structural deviations may influence binding affinity and 

immunogenicity [24]. Our docking analysis aligns with previous computational studies 

demonstrating that antibody-antigen interactions can be effectively evaluated through 

protein-protein docking strategies [4,42]. 

The MD simulation results further supported the stability of the predicted 

complexes, as reflected by consistent RMSD trends and stable interaction profiles 

throughout the simulation trajectory. Stability assessment through MD simulations provides 
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dynamic insight beyond static docking poses, capturing conformational flexibility, interface 

stability, and solvent effects [17,18]. Such dynamic evaluation is particularly important in 

biologics, where conformational plasticity influences antigen recognition and effector 

function [22]. 

  Binding free energy calculations provided additional thermodynamic validation of 

the docked complexes. Free energy estimation methods, including MM-PBSA-based 

approaches, are widely used to quantify interaction strength and refine docking predictions 

[18]. In the context of biosimilar development, comparative binding free energy analysis 

between originator and candidate molecules can support structural and functional similarity 

assessment prior to experimental confirmation [24]. 

ADMET and drug-likeness evaluation, although traditionally applied to small 

molecules, remains relevant for antibody-drug conjugates (ADCs), where the cytotoxic 

payload behaves as a classical ligand [5]. Computational profiling of pharmacokinetic 

properties and toxicity prediction enhances early-stage risk assessment and supports 

rational ADC optimization [35.36]. Integration of such predictive tools improves 

translational feasibility and reduces late-stage failures. 

Immunogenicity prediction represents a critical component in biosimilar 

development. Even subtle structural variations may alter epitope exposure and trigger 

immune responses, affecting safety and therapeutic efficacy [24,48]. Computational 

immunogenicity screening enables early identification of potential T-cell epitopes and 

aggregation-prone regions,  thereby informing rational antibody engineering strategies [22]. 

The study also highlights the importance of Fc-mediated effector functions, 

particularly antibody-dependent cell-mediated cytotoxicity (ADCC). Fc-Fcy receptor 

interactions are central to therapeutic research and can provide insight into FcyR binding 

interfaces and the impact of Fc engineering on effector activity [20,55]. Such analyses are 

especially relevant for next-generation biosimilars aiming to match or enhance effector 

functions of reference biologics. 

Despite these promising findings, certain limitations must be acknowledged. In 

silico methods rely on algorithmic approximations, force-field assumptions, and limited 

simulation timescales. Glycosylation patterns, post-translational modifications, and 

large-scale conformational rearrangements-critical in biologics-may not be fully captured 

computationally [22,55]. Therefore, computational results should be interpreted as 
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hypothesis-generating tools that require experimental validation through biochemical and 

biophysical assays.  

Overall, the integration of structure prediction, docking, molecular dynamics 

simulation, free energy calculations, and immunogenicity assessment provides a 

comprehensive computational pipeline for biologics and biosimilar development. By 

enabling early-stage structural and functional screening, this framework supports cost 

reduction, improves rational design strategies, and enhances comparability assessment 

between biosimilar candidates and originator biologics [1,44]. The convergence of artificial 

intelligence, molecular modeling, and systems pharmacology is expected to further 

transform biologics research, facilitating more efficient and personalized therapeutic 

development in the coming years [17,41]. 

CONCLUSION 

This study establishes a comprehensive and rational in silico pipeline for the design 

and comparative evaluation of biologics and biosimilar= candidates. By integrating 

structure prediction, molecular docking, molecular dynamics simulations, binding free 

energy estimation, and immunogenicity assessment, the proposed framework enables 

systematic structural and functional characterization prior to experimental validation.  

 

The results demonstrate that computational modeling can reliably predict binding 

affinity, interface stability, and dynamic behavior of monoclonal antibodies and related 

biologic formats. Importantly, com[aratove binding and stability analyses provide a 

mechanistic basis for assessing biosimilarity at the molecular level, complementing 

regulatory requirements for structural and functional equivalence [1,44]. 

In the context of antibody therapeutics and antibody-drug conjugates, the 

integration of docking, ADMET profiling, and effector-function modeling (including 

Fc-FcyR interactions) offers a multidimensional strategy to optimize efficacy, safety, and 

immunogenicity risk [5,22]. 

Although computational predictions cannot replace experimental validation, they 

substantially reduce development costs, minimize experimental attrition, and accelerate 

early-stage decision-making. Overall, this in silico framework represents a scalable, 

cost-efficient, and scientifically robust approach to support next-generation biologics and 

biosimilar development in precision medicine. 
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