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Abstract

Molecularly imprinted polymers (MIPs) is a class of synthetic receptors capable of specifically
recognizing and binding target molecules by forming a molecularly defined binding site. These polymers
have been known for its application in drug delivery, clinical diagnosis and biosensing. However, the
design and optimization of MIP systems often require extensive experimental trial and error. In this work,
we attempted to develop a webserver for the computational design, optimization, visualization of
anticancer drug-based MIP systems. The platform enables the user to provide the molecular structures
of the template anticancer drug, functional monomers, and crosslinkers in SMILES format, parameters
such as the concentrations of template, monomers, crosslinker and monomer molecular weight. Users
can customize the number of monomers and crosslinkers to develop virtually different polymer
compositions and their predicted imprinting factor can be calculated. The webserver provides real-time
three-dimensional visualization of the MIP polymer network interactions. Furthermore, we can predict
the properties of bond-length distributions and binding-capacity estimations to analyze molecular
interactions and structural characteristics of the designed systems. The imprinting factor (IF) of a
molecularly imprinted polymer is predicted using a machine-learning based model as a parameter to
evaluate the relative binding performance and selectivity of molecularly imprinted systems.

Scientific Contribution: Based on our previous machine-learning algorithm based study for predicting
imprinting factors in molecularly imprinted polymers [https://doi.org/10.47852/bonviewJCCE62027832],
this work integrates molecular structure based input, virtual polymer composition, three-dimensional
structural visualization, binding-capacity assessment, and machine-learning-based prediction of the
Imprinting Factor (IF) into a single web-based platform specifically designed for anticancer drug-based
MIP systems. It enables the preliminary analysis and optimisation of the MIP formulations before
experimental synthesis. We can integrate computational prediction to bridge the gap between
conventional strategies and transform experimental optimization. By integrating machine learning based
models relative binding efficiency and selectivity can be predicted. The developed webserver differs from
conventional MIP optimization workflows. It provides data-driven support to rational optimization of
preliminary design of anticancer drugs based MIPs.

Highlights

1. Computational framework for clustering of anticancer drug based Molecularly Imprinted Polymers
(MIPs)

2. To analyze cavity features and support imprinting efficiency evaluation and the 3D visualization.

3. Predictive model for estimating the Imprinting Factor (IF) of Molecularly Imprinted Polymers (MIPs)
which is designed for anticancer drug templates.

4. Input data form as SMILES of templates, monomers and crosslinkers for more than 100 types of
FDA approved anticancer drugs along with binding capacity and bond length distribution analysis
for every MIP visualization.
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1. Introduction

One of the main causes for mortality is cancer, accounting for an estimated 19.3 million new cases in
2020 (Jemal et al., 2021). Surgery, chemotherapy and radiotherapy was set as a standard medication
and protocol which have contributed remarkable outcomes for patient survival but are restricted
because of severe side effects, incomplete selectivity towards malignant tumors along with systemic
toxicity (Thurston, 2007; National Cancer Institute, 2019). Chemotherapeutic drugs in particular suffer
from poor bioavailability, non-specific bio distribution, and the emergence of resistance, therefore this
shows the need for better strategies in targeted drug delivery (Kaur et al., 2022; Tucker, 2019).

Anticancer drugs are widely classified into various classes, including antitubulin agents, antimetabolites,
monoclonal antibodies, DNA-interactive agents, molecular targeting agents and also naturally derived
product therapeutics shown in Figure1 below along with Table 7 which also includes the mode of action
of various anticancer drugs (Thurston, 2007; Stringer & Snyder, 2007). While these agents use various
mechanisms such as DNA cross-linking, microtubule destabilization or topoisomerase inhibition their
clinical utility can be frequently achieved by dose-limiting toxicities and narrow therapeutic indices.
Additionally, variability in patient pharmacodynamics (PD) and pharmacokinetics (PK) contributes to
unpredictable efficacy and adverse effects (Stuurman et al., 2013).

S.No Class Example Mode of action References
1 Antimetabolites Methotrexate  Disrupt the synthesis of nucleic  (D.E. Thurston,
acids 2007)
2 Alkylating agents Procarbazine Introduces alkyl group into (D.E. Thurston,
DNA. 2007)
3 Crosslinking Cisplatin Binding to DNA resulting to an (D.E. Thurston,
agents intra- strand or inter-strand 2007)
cross-linking of DNA
4 Intercalating Doxorubicin Binding between base pairs, (Donna S.
agents inhibiting topoisomerase lI, Shewach and
causing DNA damage and Robert D. Kutcha,
apoptosis. 2008).
5 Topoisomerase Irinotecan Drugs inhibit the responsible (D.E. Thurston,
inhibitors enzymes for the cleavage, 2007)
annealing
6 Antitubulin Docetaxel Interfere with microtubule (D.E. Thurston,
agents dynamics, blocks cell division 2007)

leads to cell death

Table 1: Represents the classes of anticancer drugs, its mode of action

To overcome these challenges, various types of drug delivery systems (DDSs) have been developed,
including solid lipid nanoparticles, liposomes, polymeric carriers and cyclodextrins (Mandal et al., 2021).
These methods utilize the enhanced permeability and retention (EPR) effect and ligand-based active
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targeting which helps in selectivity and therapeutic outcomes. Among all DDS (drug delivery systems),
Molecularly Imprinted Polymers (MIPs) have emerged as promising candidates because they have high
stability, structural fidelity, and capacity for selective recognition of target molecules (Zaidi et al., 2016;
Bodoki et al., 2019). MIP-based drug delivery systems (DDSs) have shown potential in enhanced loading
efficiency, controlled release of drugs at target sites and improved targeting in challenging physiological
environments, making them particularly effective for anticancer therapy (da Silva et al., 2012; Paul et al.,
2017).

Despite their ability, the rational design of anti-cancer based drugs specific to MIPs remains limited by
the labor-intensive nature of optimization with experiments. Computational modeling and machine
learning (ML) driven predictive approaches provide a powerful alternative which enables the rapid
evaluation of binding specificity and Imprinting Factor (IF), these are some critical parameters for
assessing efficiency of MIPs . Previous studies have shown the utility of ML models in predicting IF
values for general MIP formulations, with Random Forest algorithms achieving superior performance
(low RMSE, high accuracy) compared to other regression methods (Thurston, 2007). However, these
models were not specifically optimized for anticancer drug based MIPs which leaves an important gap
in translational applications.

In our previous study, machine learning models were designed to predict the imprinting factor (IF) of
molecularly imprinted polymers based on the data set that includes 214 experimental observations with
various combinations of template molecules, functional monomers, and crosslinkers
[https://doi.org/10.47852/bonviewJCCE62027832]. Among the tested algorithms, Random Forest
achieved an RMSE of 3.54, an MAE of 2.19, and an R? of 0.55. The results highlighted the potential of
using machine learning algorithms as a preliminary tool to estimate the MIP binding performance. To
facilitate the research process, a more accessible computational platform was proposed in the current
study. By integrating molecular input, virtual polymer design, 3D structure visualization, binding capacity
evaluation, and machine learning-driven IF prediction, a web-based platform was constructed to
empower the researchers with an all-in-one solution.This present study addresses this gap by developing
a multimodal computational framework and web server for anticancer drug based MIPs. The platform
incorporates:

1. 3D visualization of drug, monomer and crosslinker interactions

2. Machine learning based Imprinting Factor prediction

2. Materials and Methodology

Monomers, Crosslinkers, and Templates: For the designing of Molecularly Imprinted Polymers (MIPs),
the following chemicals were selected based on their functionality and compatibility with anticancer
drugs, also the summary of main components and tools used in visualization is shown below in Table 2:

* Monomers : Methacrylic acid (MAA), Ascorbic acid, 4-vinylpyridine (4-VP)
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 Crosslinkers: Ethylene Glycol Dimethacrylate (EGDMA), octane, Trimethylol propane trimethacrylate

(TRIM)

¢ Templates: Doxorubicin, Lapatinib, Curcumin, Paclitaxel, Methotrexate, Sorafenib, Gefitinib,
Irinotecan, Capecitabine, Etoposide, Docetaxel, Tegafur, 5-Fluorouracil, Procarbazine, Erlotinib,

Crizotinib.

Software and Packages: Computational modeling and molecular visualization were done using Python

(v3.9.21, Jupyter Notebook) by using packages like RDKit, Py3Dmol, NumPy, NetworkX,
Matplotlib. Numerical computations were done using np. linalg.norm (), np. mean(), np.std(),
Chem.SanitizeMol(mol), UFFGetMoleculeForceField(mol). Data Visualization was done using plt.hist(),

plt.bar().
Component Purpose Software/Function used Description or Parameters
Monomer Polymer Chem.MolFromSmiles() SMILES-based structure
backbone (RDKit) conversion
formation
Crosslinker Crosslinking InsertMol() into RWMol 10 units inserted (can
agent (RDKit) insert more number for a
denser matrix)
Template Imprint molecule Chem.AddHs(), Hydrogen addition and
EmbedMolecule() (RDKit) ETKDG 3D optimization
3D Molecular AllChem.EmbedMolecule () ETKDG algorithm used for
optimization conformer (RDKit) realistic
generation
geometry
Bond length Structural GetAtomPosition () + Distance measured
Analysis integrity np.linalg.norm() between bonded atom
verification pairs
Visualization Molecular py3Dmol.view(), setStyle() Ball-and-stick,
rendering (Py3Dmol)
color-coded by molecule
type
Plotting Bond length matplotlib.pyplot Frequency plot

distribution plot

Table 2: Summary of main components and tools used in Visualization

Data Collection: A total of 60 anticancer drugs were selected through an extensive literature review.
Relevant pharmacological and physicochemical properties such as SMILES representations,
bioavailability, toxicity profiles, and solubility data were collected for each drug from publicly available
resources like DrugsBank, PubChem, and recent peer-reviewed studies. Based on a thorough literature
survey, it was observed that 44 out of 60 anticancer drugs had no prior studies related to Molecularly
Imprinted Polymer (MIP) based applications, while 16 anticancer drugs were studied with respect to
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MIP-based applications. These 16 drug-based MIPs were considered for developing webserver-based
visualization and image processing applications.

3D visualization of MIP polymer network construction:

e Monomers and crosslinkers were defined via SMILES and converted into 3D structures
(Chem.MolFromSmiles). Hydrogen atoms were added (Chem.AddHs), and low-energy conformers
were generated using AllChem.EmbedMolecule with Experimental - Torsion Knowledge Distance
Geometry (ETKDG) algorithm which is a method used in RDKit to generate realistic 3D molecule
conformations from 2D structures or smiles strings.

e A pre-polymerization assembly was simulated using 20 monomer units and 10 crosslinker units
(Chem.RWMol).

e Template molecules were embedded into the polymer framework using InsertMol().

¢ Bond lengths between atoms were calculated using RDKit's conformer methods and NumPy and
visualized as a histogram using Matplotlib to analyze structural integrity.

Template Binding MIP simulation: The binding of the template molecule to the polymer was modeled by
inserting the template into the previously connected polymer matrix using InsertMol(). Following this, the
combined complex was converted into MOL format using Chem.MolToMolBlock(). 3D visualization of
the complete polymer-template system was performed using Py3Dmol, with monomer, crosslinker, and
template atoms color-coded for clarity. This step confirmed correct spatial arrangement prior to
template removal. The py3Dmol.view() function was used to render a ball-and-stick model of the
complex.

Template Removal and Rebinding MIP simulation: Templates were computationally removed using
RemoveAtom(), mimicking the washing step to generate Non-Imprinted Polymers (NIPs). The resulted
polymer structure which now consists of only the monomers and crosslinkers was re-embedded in 3D
space using AllChem.EmbedMolecule() with ETKDG algorithm and the structure was converted into MOL
block format using Chem.MolToMolBlock() and visualized using Py3Dmol.

In the rebinding phase of simulation, the template molecule was reintroduced into the previously
prepared Non-Imprinted Polymer (NIP) structure. A new editable molecule was created using
Chem.RWMol(). The template was reinserted into the polymer matrix using InsertMol(). The complete
polymer-template complex was then embedded into 3D space using AllChem.EmbedMolecule() to
optimize its conformation. The resulting structure was converted into MOL format using
Chem.MolToMolBlock() and Py3Dmol was used to render the polymer in a ball-and-stick model.

Binding and Rebinding Energy Calculations: The thermodynamic stability of polymer—template
interactions was evaluated using the Universal Force Field (UFF) in RDKit using
AllChem.UFFGetMoleculeForceField(). The total energy of each system was calculated using the
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CalcEnergy() function. The binding energy (AEbinding) was calculated using:  AEy;nging = Ecomplex -

(Epolymer + Etemplate)
Imprinting Factor (IF) was calculated as: IF = QMIP/ QNIP

where; QMIP is the Binding capacity of the imprinted polymer (umol/g) and QNIP is the Binding capacity
of the non-imprinted polymer (umol/g). If IF>1, the MIP shows selective binding towards the template.
The higher the IF value the better the imprinting efficiency of the polymer.

3. Results

To facilitate structural analysis of molecularly imprinted systems, an interactive 3D visualization module
was created and integrated into a webserver built with Streamlit. The subsequent section describes the
visual representations utilized in analyzing template binding, removal, and rebinding in the polymer
matrix.

Visualization of Polymer-Template binding: A 3-D ball-and-stick representation of the polymer-template
system was generated using Py3Dmol for understanding the binding efficiency of the polymer-template
system. The template molecule (green) is seen as embedded within the polymer matrix, indicating
successful pre-polymerization binding. The visualization for the drug Methotrexate shown in Figure 2
confirmed the effective positioning of the template within the polymer matrix. Following polymerization,
the template molecule was computationally removed from the polymer matrix. To evaluate the
specificity of the generated cavities, the template molecule was reintroduced into the polymer matrix,
revealing that the template has reoccupied the cavity regions formed during imprinting. This rebinding
behavior demonstrates the structural recognition capability inherent to Molecular Imprinted Polymers
(MIPs).

Template Rebinding Visualization: To evaluate the specificity of the generated cavities, the template
molecule was reintroduced into the polymer matrix. This rebinding behavior demonstrates the structural
recognition capability inherent to Molecular Imprinted Polymers (MIPs). Further validation of imprinting
and rebinding were confirmed through the analysis of rebinding energies.

Binding and Rebinding Energy Analysis:

To evaluate the efficiency of molecular imprinting and the potential binding strength of anticancer drugs,
binding and rebinding energies were calculated for 16-anticancer drugs MIP complexes in Table 3.

Page 7/20



Drugs Binding Energies (kcal/mol)  Rebinding Energies (kcal/mol)
Methotrexate  -160.48 -152.14
Docetaxel -109.96 -136.88
Lapatinib -107.34 -134.54
Doxorubicin -104.28 -102.84
Paclitaxel -90.45 -153.37
Irinotecan -77.36 -99.61
Sorafenib -67.20 -66.18
Etoposide -41.81 -50.80
Tegafur -41.04 -53.16
Crizotinib -34.48 -31.87
Procarbazine  -18.13 -30.23
Curcumin -19.37 -17.77
Capecitabine  -12.58 -13.15
5-Fluorouracil  -11.26 -17.17
Erlotinib -8.34 -14.52
Gefitinib -5.57 -11.93

Table 3: Represents Binding and Rebinding Energies of anticancer drugs

As demonstrated in Figure 3, the webserver provides system and simulation parameters that allow users
to define and modify the conditions in the virtual MIP system. The system parameters can be
customized specifically by the users related to the concentrations of the template, functional monomer,
and crosslinker, the polymerization volume (L), and monomer molecular weight (g/mol). These
parameters provide the composition and stoichiometry of the modeled MIP system. The simulation
parameters allow the users to customize the number of monomers, crosslinkers to generate diverse
virtual polymer compositions of monomer- crosslinker ratios and can optimize. Based on the selected
parameters, the webserver generates a 3D representation illustrating the spatial arrangements of the
modeled MIP system. 3D structures show information related to bond-length distributions and displayed
to aid in the structural analysis of the modeled system. The platform offers binding-capacity
calculations. Such web servers support predicting different polymer formulations, Visualizing structural
and binding features.

4. Discussion
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A webserver was implemented to enable users to input molecular structures in SMILES format for
template drugs, functional monomers, and crosslinkers. The platform provides a real-time three-
dimensional view of the modeled polymer-template complexes, which enables users to interpret the
spatial distribution of the involved molecular entities and the predicted binding environment in the MIP
system. An important aspect of the webserver is the calculation of the Imprinting Factor (IF) as a
quantitative reference for comparing the relative binding performance of imprinted and non-imprinted
systems. Thus, the IF can be applied as a computational parameter for preliminary comparison of the
investigated MIP formulations.

A summary of the binding classification is presented in Table 4 with representative anticancer drugs
from each category. According to the machine learning models that clustered the calculated binding and
rebinding energy values, the modeled MIP complexes were divided into three groups of strong,
intermediate, and weak binders for comparative interpretation. In the present study, anticancer drugs
with a binding or rebinding energy below -100 kcal/mol were classified as strong binders, while those
with a binding or rebinding energy of -100 and -50 kcal/mol were classified as intermediate binders. On
the other hand, drugs with a binding or rebinding energy above -50 kcal/mol were classified as weak
binders. The observed classification provides a relative reference for interpreting the calculated
interaction energies of the investigated anticancer drugs, and this should not be considered as the
experimentally proven binding-strength thresholds but can be designed based on assumptions. We are
further developing the anticancer drug based MIPs based on webserver prediction.

The strong-binding group consisted of Docetaxel, Paclitaxel, and Doxorubicin, which were characterized
by more negatively calculated binding/rebinding energies within the defined classification range.
Sorafenib, Tegafur, and Etoposide were categorized as intermediate binders, while Erlotinib,
Procarbazine, and Curcumin were categorized as weak binders. The observed dissimilarities can be
attributed to variations in the size, functional group composition, polarity, and types and extent of
interactions that can take place between the studied anticancer drug molecules and the modeled
polymer environment.

Binding Strength  Anticancer Drugs

Strong Docetaxel, Paclitaxel, Doxorubicin
Intermediate Sorafenib, Tegafur, Etoposide
Weak Erlotinib, Procarbazine, Curcumin etc.

Table 4: Classification of Anticancer drugs based on rebinding energy values

The comparative binding and rebinding energies of the 16 anticancer drugs are presented in Graph 1.
More negative energy values are indicative of stronger calculated interactions within the applied
computational model. The comparison of the binding and rebinding energies provides another means for
evaluating the differential interaction pattern of the template molecules before and after the
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computational rebinding process. The observed differences between the investigated drugs
demonstrate that the computational framework can differentiate the predicted interaction strength
within the modeled MIP systems.

However, the calculated binding and rebinding energies reflect computational estimates, which should
not be interpreted as experimental measurements of the binding affinity, cavity stability, and selectivity.
Simultaneously, the classification into strong, intermediate, and weak binders can be applied for
comparative interpretation within the present computational analysis. The experimental synthesis,
characterization, and binding/selectivity studies would be required to verify the predicted interaction
patterns and determine whether the computationally identified systems possess the corresponding
properties experimentally. Nevertheless, the combined analysis of the binding/rebinding energies and IF
provides an opportunity for a preliminary comparison and screening of anticancer drug-based MIP
formulations.

Conclusion

The developed webserver provides an integrated computational platform to design, visualize, and
evaluate anticancer drug-based molecularly imprinted polymer (MIP) systems. The platform enables the
user to input molecular structures of template drugs, functional monomers, and crosslinkers in SMILES
format and define relevant system and simulation parameters to generate different virtual MIP
compositions. The 3D visualization allows the user to visualize the spatial arrangement of the template,
monomers, and crosslinkers and explore the interactions represented within the modeled polymer
network. In addition, the platform offers bond-length distributions, binding-capacity calculations, binding
and rebinding energy estimates, and machine-learning-based imprinting factor (IF) prediction for
comparative evaluation of different MIP formulations.

The combination of structural visualization with quantitative computational analysis allows the user to
screen and compare different combinations of anticancer drug templates, functional monomers, and
crosslinkers before experimental synthesis. The platform can therefore be used as a complementary
approach to conventional experimental optimization by enabling preliminary evaluation of different MIP
formulations in silico. This can be especially valuable when comparing candidate monomers and
polymer compositions for anticancer drugs with diverse molecular structures, functional groups, and
physicochemical properties.

Limitations

The webserver predictions depend on the algorithms, scoring functions, input parameters, and datasets
used to develop the model and therefore should be considered preliminary computational estimates. The
predicted binding and rebinding energies, imprinting factors need to be experimentally validated. In
addition, the webserver is limited by the relatively specific set of template molecules and functional
monomers included in the dataset and is especially designed for anticancer drug-based MIPs. The
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prediction performance may vary by about 10—15% accuracy depending on the input and training data.
Therefore, an experimental synthesis and characterization are further required to verify the
computational predictions as future perspectives.
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Represents the total number of anticancer drugs approved by the FDA in percentage.
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Represents the insights of the webserver for MIP system 3D visualization (hosted on streamlit).
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