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Insufficient surveillance and diagnosis result in a minimum of 150 million cases of serious fungal infections
reported annually. The WHO has compiled a list of priority pathogens to encourage research and
investment in fungal infections and antifungal resistance in late 2022. Among these, Candida albicans is

classified as a critical pathogen. Fluconazole is widely recognized as an effective medication for the

treatment and prevention of both mucosal and invasive candidiasis. Molecularly imprinted polymer (MIP)

could enhance separation selectivity in fluconazole bioanalysis. The objective of this research is to

develop an MIP for fluconazole by analyzing interactions identified in prior research and incorporating

established improvements for

MIP

synthesis that cannot be observed through laboratory

experimentation. Based on binding affinity, intermolecular hydrogen bonds, complexation energy, and

thermodynamic characteristics,

2-acrylamido-1-ethanesulfonic acid was chosen as the optimal

monomer. The HOMO-LUMO investigation revealed the localization of the orbitals from the guest to
the host. The FMO study indicated that chloroform was the most suitable solvent for complex formation.
The QTAIM, NBO, and NCI-RDG analyses identified the hydrogen bond formed between the H51 atom
of the monomer and the N33 atom of fluconazole, determined to be the most significant hydrogen
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bond in the host—guest interaction. The interaction energy from multi-monomer interaction showed

that a 1:6 ratio is the best ratio in forming a pre-polymerization complex between the template and
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1 Introduction

Insufficient surveillance and diagnostic invasive fungal infec-
tions cause at least 150 million severe fungal infections and
a total of 1.5 million deaths annually. Existing reports show the
annual incidence rates for aspergillosis, candidiasis, and
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monomer. Based on the findings of this study, it is anticipated that the computational analysis may be
utilized for rational design for the enhancement of prior studies and future laboratory investigations.

invasive mucormycosis are estimated to exceed 300 000, 750
000, and 10000 cases, respectively.’® The epidemiology of
invasive fungal infections causes a mortality rate of 30-70% in
invasive aspergillosis, 40% in invasive candidiasis, and 35-
100% in invasive mucormycosis.* The use of antifungal drugs
only demonstrates partial success in improving the prognosis of
infected patients, and this is compounded by the rapid evolu-
tion of drug resistance among fungal species.” Due to an
increase in critically ill and immunocompromised patients, as
well as an increase in fungal infections, there have been
changes in the evolution, prognosis, diagnosis, and treatment
of fungal diseases lately.® In late 2022, the World Health Orga-
nisation (WHO) published a list of fungal priority pathogens
(FPPL) to promote worldwide research in fungal illnesses and
antifungal resistance. Three priority groups classify the nine-
teen species linked to invasive fungal diseases: critical, high,
and medium. Four pathogens, Candida auris, Cryptococcus
neoformans, Aspergillus fumigatus, and Candida albicans, are
considered to be critical fungi.” C. albicans, a pathogenic
fungus, has the ability to invade healthy humans and induce

© 2025 The Author(s). Published by the Royal Society of Chemistry
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invasive candidiasis or infections of the mucosae. Invasive
candidiasis is a severe and sometimes fatal illness characterized
by a high death rate. However, the treatment for candidiasis is
feasible, and the occurrence of antifungal resistance is generally
unusual.® The Infectious Diseases Society of America (IDSA)
recommends using echinocandins, triazole antifungals, flucy-
tosine, and amphotericin B as treatment options for invasive
candidiasis.’ The initial treatment of choice for C. albicans is
echinocandin, whereas fluconazole is an alternative option for
initial treatment. Additionally, fluconazole is employed as
a step-down therapy. Although included in the essential medi-
cines list (EML) in 2021, echinocandins remain inaccessible in
many countries. Consequently, fluconazole continues to be the
preferred choice in these countries.>**

Several techniques have been established for the analysis of
fluconazole bioanalysis. Each biological matrix possesses
advantages and disadvantages, and the data's clinical inter-
pretation relies highly on the matrix.*»** Optimizing the sample
preparation in biological matrices will improve the recoveries
and minimize any interferences, such as endogenous
compounds, during the analysis."* The current techniques
employed for the separation of triazole antifungals in biological
samples encompass liquid-liquid extraction (LLE), protein
precipitation, and solid-phase extraction (SPE).* The utilization
of molecularly imprinted polymer (MIP) has emerged as
a separation technique aimed at enhancing the selectivity of
analyte separation. MIP refers to artificially synthesized recep-
tors designed to bind to a specific substance selectively.
Therefore, they can be considered analogous to the natural
antibody-antigen systems.'® Compared to other separation
methods, MIP offers several advantages, such as the ability to
specifically recognize analyte molecules and a wide range of
applications in different fields. As a result, MIPs are useful for
various purposes, including sorbents for solid phase extraction
and stationary phases in column chromatography.”*®* The
widespread use of MIP as a novel approach for preparation
methods shows its effectiveness in analyzing compounds in
complex matrices while simultaneously requiring relatively
small sample quantities.">°

Nowadays, the utilization of computational methods in this
design provides the production of high-affinity polymers
through a systematic approach, resulting in significant time
and resource savings.” The use of computational design for
MIP is anticipated to become a standard practice in the pre-
synthesis stage, enabling the creation of polymers that exhibit
enhanced affinity and selectivity towards specific target mole-
cules.”” The computational methodology commonly utilized for
the synthesis of MIP involves the application of molecular
modeling techniques, such as quantum mechanics (QM),
molecular mechanics (MM), or molecular dynamics (MD). The
computational expense associated with MM optimization is
significantly lower than QM, resulting in a much higher
computational speed, which is much faster than QM.?* Never-
theless, this approach lacks to compensate for electron inter-
actions and is incapable of accurately simulating that in
chemical reactions, thereby diminishing the accuracy of the
calculation.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Previous studies have demonstrated the application of multi-
template MIP for the investigation of triazole antifungals,
including voriconazole, itraconazole, and fluconazole. The
multi-template MIP facilitates the simultaneous extraction of
analytes, which minimizes the effort needed to prepare
different MIPs for each analyte individually. However, MIPs
utilizing multiple template molecules exhibit several drawbacks
that require consideration, such as competition in the MIP's
ability to recognize template molecules, which causes lower
selectivity and adsorption capacity compared to single
templates due to the reduction in binding sites. This is evi-
denced by the low selectivity of MIP towards fluconazole
between multi-template compared to a single-template MIP.>>?>¢
This study aims to develop a MIP for fluconazole by analyzing
interactions identified in prior research and incorporating
established improvements for MIP synthesis that cannot be
observable through laboratory experimentation. This is ex-
pected to enhance comprehension of designing a rational MIP
design for fluconazole bioanalysis.

2 Methodology

2.1. Materials

2.1.1. Chemicals. Fluconazole was purchased from Tokyo
Chemical Industry. Acrylic acid, itaconic acid, acrylamide, and
2-hydroxyethyl methacrylate were purchased from Sigma
Aldrich, and dichloromethane and acetonitrile were purchased
from Merck. All chemicals are analytical grade.

2.1.2. Instruments. Spectrophotometer UV/Vis Beckman
Coulter DU720.
2.1.3. Softwares. Marvinsketch 24.3.0, Avogadro 1.2.0,

Gaussian 09, Discovery Studio Visualizer v24.1.0.23298, Chem-
craft 1.8, Yasara 21.12.19, Multiwfn 3.8, VMD 1.9.4a53, GIMP
2.10.32.

2.2. Analysis interaction of fluconazole with the monomer

The intermolecular interactions between fluconazole and the
monomers were analyzed by performing an association
constant (K,) experiment, which involved fluconazole and four
functional monomers: acrylic acid (AA), itaconic acid (IA),
acrylamide (ACR), and 2-hydroxyethyl methacrylate (HEMA). A
continuous increment of functional monomers was added to
the fluconazole solution in acetonitrile, initially at a concentra-
tion of 0.025 mM, until a 20-fold excess was reached. Absor-
bance measurements were taken for each increase in the
functional monomer concentration at the maximum wave-
length of fluconazole (260 nm). A graph was generated to
illustrate the correlation between the change in absorbance
(4absorbance) and the concentration of the functional monomer.
This graph was subsequently used to determine the association
constant (K,) via the Benesi-Hildebrand equation. The K, value
obtained experimentally was compared to the K, value derived
from the mathematical calculations presented in prior research.
To ensure reproducibility and reliability, the study was repli-
cated three times. After the laboratory study, fluconazole-
monomer complexes were analyzed using Discovery Studio
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Table 1 List of monomers used in the simulation
Structure monomer Name Structure monomer Name
H_H H H
o M H
0. H
H H
H FM-1 FM-21
I H H o) H
Methacrylic acid H H
H H
2-Naphthylmethacrylate
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Structure monomer Name Structure monomer Name
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Structure monomer Name Structure monomer Name
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Table 1 (Contd.)
Structure monomer Name Structure monomer Name
H
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(0] H I
H
Urocanic etyl ester
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FM-20
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Visualizer software to investigate the intermolecular interac-
tions formed in the prepolymerization complex solution.*”

1 1 1

a4~ asnc X9 famG

1)

AA: absorbance change, [G]: concentration of monomer (M),
HG: template-monomer complex concentration (M), and Ky:
association constant (M~ ).

2.3. Computational investigations to enhance the
performance of MIP fluconazole

The design for MIP fluconazole enhancement was carried out
computationally by improving the theoretical level calculation,
enlarging the number of monomers used in the interaction, and
increasing the method used associated with interactions, which
is expected to offer further understanding of establishing
a rational MIP design for fluconazole bioanalysis. MarvinSketch
was utilized for illustrating the structures of 39 functional
monomers as shown in Table 1. Additionally, we applied a data-
driven approach to group the monomers based on their acid-
base properties. Specifically, monomers 1-8 were classified as
acidic, monomers 9-24 as neutral, and monomers 25-39 as
basic. This clustering strategy enabled a more systematic
investigation of the interactions between fluconazole and the
monomers, facilitating the identification of key characteristics
that influence rational MIP design. The method employed
molecular recognition as the host-guest interaction. Flucona-
zole serves as the host, whereas monomers act as guest mole-
cules. Enhancements were implemented in the calculation
methodology to achieve conditions that closely approximate

© 2025 The Author(s). Published by the Royal Society of Chemistry

experimental results by transitioning from HF 3-21G to DFT
B3LYP/6-311G++(d,p) level theory equipped with the DFT-D3
dispersion correction method. The 3D structure of fluconazole
and monomers was built using Avogadro®® followed by the
optimization geometry of all initial structures using Gaussian.*
Structural parameters are assessed to verify the appropriateness
of the computational approaches.

2.3.1. Complex formation and analysis. The optimized
molecular structures of fluconazole and the 39 monomers were
utilized to construct template-monomer complexes. The initial
coordinates of these complexes were obtained through molec-
ular docking simulations using YASARA. Prior to the docking
simulations, electrostatic potential (ESP) analysis was con-
ducted to gain a deeper understanding of the molecular
recognition processes between fluconazole and the monomers.
The optimized structures of fluconazole and all 39 monomers
from the geometry optimization study were converted to .pdb
files. Molecular docking was performed using the blind docking
method, wherein fluconazole was input into YASARA. The
simulation cell was defined by selecting a cubic search space,
with a grid box size set to 40 x 40 x 40 A for all 39 simulations.
The study was replicated to ensure the reliability of the protocol.
During the molecular docking simulations, fluconazole, acting
as the host, was kept rigid, while the monomers, acting as
guests, were allowed flexibility. A 1:1 mole ratio between the
host and guest was maintained throughout the simulations.
Post-docking analysis was conducted to examine the complexes
generated from the simulations. This analysis focused on
evaluating the structures formed between fluconazole and the
monomers, assessing the binding affinity, and analyzing the

RSC Adv, 2025, 15, 19158-19175 | 19163
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intermolecular interactions between fluconazole and the
monomers.

2.3.2. Complexation energy and thermodynamic study.
The 39 complex conformations exhibiting the lowest binding
affinity from docking simulations were selected for geometry
optimization and frequency initial structure calculation. The
three principal thermodynamic parameters analyzed were
Gibbs free energy (G), entropy (S), and enthalpy (H). The study
was performed within vacuum and solvated conditions using
the solvent model density (SMD) approach. The solvation
method was conducted in acetone, acetonitrile, chloroform,
dichloromethane, and dimethyl sulfoxide, which have been
used as solvents commonly used in MIP synthesis.

2.3.3. Frontier molecular orbital (FMO) analysis. The
utilization of FMO analysis allowed for a comprehensive
examination of complex stability based on the states of the
Highest Occupied Molecular Orbital (HOMO) and the Lowest
Unoccupied Molecular Orbital (LUMO) to examine the optimal
conditions for the fluconazole-monomer complex formation.
Chemcraft was utilized to observe the structure parameters and
visualize the three-dimensional structure of the 39 complexes in
the vacuum and five solvated conditions.

2.3.4. Quantum theory of atoms in molecules (QTAIM).
Various approaches were employed to assess the interaction in
the complexes. The non-covalent interaction behavior between
the template and the monomer in the optimal complex candi-
date was analyzed using various methods, such as QTAIM
analysis, which is analyzed using the Multiwfn software
package®® and VMD.**

2.3.5. Natural bond orbital (NBO). To investigate the
interactions between fluconazole as the template molecule and
the optimized functional monomer for MIP synthesis that can't
be observable through experimental study in the laboratory, the
NBO investigation was carried out utilizing the NBO program.*

2.3.6. Non-covalent interactions-reduce density gradient
(NCI-RDG). The investigation of NCI-RDG method was investi-
gated using the GIMP program.** The sample input scripts for
the optimization, thermodynamics, and NBO calculations were
provided in the ESI: Computational settings and scripts.f

2.3.7. Examination of multiple monomer interactions with
the template. The optimal monomer candidates identified in
the previous study were subjected to further analysis through
GFN-xTB simulations to investigate the influence of multiple
monomers on fluconazole as the template molecule. The
extended semi-empirical tight-binding model was employed to
assess the interactions and behavior between fluconazole and
the multiple monomer entities.

3 Results and discussion

3.1. Analysis interaction of complex

The choice of functional monomers is a critical factor influ-
encing the selectivity and performance of molecularly imprin-
ted polymers (MIPs). The functional groups of the monomers
interact with the template molecule during the pre-
polymerization stage, forming complexes that dictate the
MIP's characteristics. These interactions significantly impact

19164 | RSC Adv, 2025, 15, 19158-19175
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the final properties of the MIP, including its binding capacity
and selectivity for the target molecule. The stronger the inter-
action between the template and the monomer, the more
pronounced the MIP's bonding capacity and selectivity.** In this
study, the strength of the interaction between fluconazole, as
the template molecule, and the selected monomers was
assessed using the UV spectrophotometry method to determine
the association constant (K,). The association constant is
determined by evaluating the slope and intercept values
through the Benesi-Hildebrand equation by plotting a graph of
1/[monomer] [M '] vs. 1/4psorbance:”® The K, value exhibits
a broad spectrumy; it is below 25 M ™" for weak intermolecular
interactions and exceeds 100 M™" for strong intermolecular
interactions.**3” The results reveal that K, values obtained with
the complex formed between fluconazole and four monomers
above 100 M, demonstrate a strong interaction between the
template and the monomer.

The interaction of the complex generated during UV titration
was examined using computational analysis. The complex that
formed through molecular docking between fluconazole and
each monomer was observed. The findings in Fig. 1 demon-
strate that the intermolecular interactions within the complex
formed by the template and monomer comprise hydrogen
bonds, hydrophobic interactions, and halogen bonds. Inter-
molecular hydrogen bond interaction that formed between the
template-monomer complex plays an essential role in
enhancing the affinity of MIP, particularly for low molecular
weight organic molecules in aprotic solvents*® which is related
to the UV titration study.

The computational method can be employed to assess
hydrogen bond interactions between the template and mono-
mer.”* The K, value acquired from the experiment was
compared with the K, value determined from the computational
analysis utilized in prior research which included computa-
tional analysis utilizing the HF-321 G method, focusing on the
assessment of geometry optimization and complex frequencies.
A universally applicable thermodynamic relationship was
established for the complexation constant in a dilute solution.
The relationship is founded on a thermodynamic concept of the
complexation equilibrium.* The free Gibbs energy of the
complex, obtained from the frequency calculation of the
optimal structure, can be utilized to determine the K value,
which serves as a benchmark for the K, value in laboratory
experiments. The results in Fig. 2 indicate a difference between
the K, value derived from the UV titration experiment and the K
value obtained from the computational calculation. While
computational methods provide valuable theoretical insights
into host-guest interactions, it is important to acknowledge
that experimental data can be influenced by various factors
such as sample preparation, solvent conditions, and instru-
mental limitations. These factors can introduce uncertainties
that may not be captured by the computational models.
Therefore, both sources of error, computational and experi-
mental must be considered.

Among the four monomers investigated, acrylic acid was the
only monomer that demonstrated a close correlation between
the K, and K values, indicating a strong interaction between

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Complex FLU-AA

Complex FLU-IA

Complex FLU-ACR

Fig. 1

1,294
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Wavelength (nm)

Monomer Ka (M) AGomplex K
AA 1343.3+41.5 -4.126 1066.600
1A 976.6157.4 -3.138 200.966
ACR 673.4163.3 1.486 0.081
HEMA 785.1+83.4 -1.860 23.175

Fig. 2 UV spectrum of FLU-monomer complex (top), association
constant from experiment and computational study (bot).

fluconazole and this monomer. Acrylic acid was identified as
the optimal monomer due to its higher yield compared to the
other monomers, a finding consistent with previous study.”®
However, the discrepancy between the K, and K values can be
attributed to several factors inherent in the computational and
experimental methodologies used. Firstly, the computational
calculations were performed exclusively under vacuum condi-
tions, which do not accurately reflect the actual experimental
conditions. The UV titration experiments were conducted in
acetonitrile, a solvent that can significantly influence the
intermolecular interactions between the fluconazole (FLU)

© 2025 The Author(s). Published by the Royal Society of Chemistry

Complex FLU-HEMA

Intermolecular interaction between FLU and monomer, green: hydrogen bond, cyan: halogen bond, pink: hydrophobic bond.

template and the monomers. The solvent environment plays
a critical role in modulating the binding affinity by affecting the
solvation of the molecules and their interaction dynamics.
Computational models that do not incorporate solvent effects
may overlook these essential interactions, leading to discrep-
ancies between the theoretical and experimental results.
Furthermore, the computational approach used in this study
relied on the HF 3-21G method, which, while widely utilized for
investigating the binding energies of monomer-template
complexes, has limitations. Specifically, the HF 3-21G method
does not adequately account for dispersion interactions, which
are crucial for accurately modeling non-covalent interactions
such as hydrogen bonding, van der Waals forces, and hydro-
phobic interactions.** Dispersion interactions are particularly
significant in weak binding systems like host-guest complexes,
where these forces play a critical role in stabilizing the complex.
The lack of proper treatment of dispersion forces can therefore
result in an incomplete or inaccurate representation of the
binding energy.

To address these limitations and improve the accuracy of our
MIP design, it is essential to employ a more advanced level of
theory that incorporates explicit solvation effects and better
treatment of dispersion interactions. Methods such as Density
Functional Theory (DFT) with dispersion corrections (e.g., DFT-
D3) would provide a more accurate description of the inter-
molecular interactions in solvated environments. Additionally,
molecular dynamics simulations could be used to capture the
flexibility of the system and the solvent's influence on the host-
guest interactions, thus providing a more reliable and
comprehensive prediction of the binding behavior. By refining
our computational approach to include these advanced

RSC Adv, 2025, 15, 19158-19175 | 19165
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methods, we aim to improve the design of the MIP, ensuring
that the computational predictions are better aligned with
experimental results and enhancing the overall performance of
the MIP in bioanalytical applications.

3.2. Computational investigations to enhance performance
of MIP fluconazole

With the limitations of the previous level of theory used,
computational calculations can be developed with better
methods and further analysis to be able to determine the type of
intermolecular interactions that occur. The first improvement
was carried out by improving the theoretical level calculation.
The B3LYP/6-311G method was used because extensively
employed to determine the optimal functional monomer for
constructing highly selective MIP by computing reaction
energy.””** Numerous research studies on host-guest interac-
tions have examined this level theory because of its effective-
ness in investigating second-period atoms. In addition, the
computational cost is acceptable while maintaining high
accuracy.”* The diffuse (++) and polarization (d,p) basis
functions were added in order to enhance the computation
method. Diffusion and polarization functions are essential in
identifying non-covalent interactions that include hydrogen
bonds, which play an essential part in the systematic design of
MIPs.*” Additionally, the DFT D3 correction was established to
enhance the accuracy of our calculations by including inter-
molecular interactions in the calculation.**** The structural
parameter calculation was conducted by comparing the exper-
imental crystal structure® and the optimized fluconazole
structure from this method. No significant differences were
observed when comparing the experimental results with the
computational simulation of geometric parameters (Table 2).

Table 2 Structure parametriztion of fluconazole

Geometric Difference
parameter Experimental ~ Computational (%)
Distance F11-C5 1.356 1.351 0.33
Distance F10-C1 1.348 1.350 0.15
Distance 013-C12 1.408 1.421 0.92
Distance N27-N32 1.361 1.362 0.05
Distance N27-C18 1.459 1.451 0.56
Distance (N27-C28) 1.340 1.352 0.90
Distance N32-C29 1.321 1.323 0.15
Distance N33-C28 1.327 1.321 0.45
Distance N33-C29 1.350 1.362 0.89
Distance N21-N34 1.358 1.358 0.02
Distance C12-C4 1.528 1.534 0.39
Distance C4-C5 1.389 1.400 0.79
Angle N32-N27-C18 120.7 120.9 0.14
Angle C18-N27-C28 129.6 129.4 0.12
Angle N27-N32-C29 102.3 102.4 0.05
Angle C28-N33-C29 103.0 102.9 0.15
Angle C12-C4-C5 122.2 120.5 1.43
Angle F11-C5-C4 119.5 120.1 0.53
Angle N27-C28-N33 110.0 110.3 0.23
Angle N32-C29-N33 115.0 114.9 0.02
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Thus, the theoretical levels can be utilized to examine the
interactions between the host and guest that involve flucona-
zole as template molecules and functional monomers.

3.2.1. Complex formation and analysis. The further
improvement of the computational design was the enlargement
of monomers used in the interaction by using 39 monomers,
including acidic, neutral, and basic monomers. The host-guest
molecule inclusion complexes were acquired using molecular
docking simulation of fluconazole and 39 monomers, which
have been optimized using the DFT method. Before the
molecular docking simulation, we perform ESP analysis of
voriconazole, which is a fundamental factor driving host-guest
interactions, which are essential for molecular recognition and
binding. By analyzing the ESP of the host molecule, it becomes
possible to predict, modulate, and optimize the interaction
formed with the guest molecule. Positive ESP values are typi-
cally observed in regions near positive charges or electron-
deficient areas, while negative ESP values correspond to
regions that are rich in electron density or possess negative
charges.*"** In the case of fluconazole as the host molecule, its
electrostatic potential exhibits a complex distribution due to the
presence of both positive and negative charges. Specifically, the
nitrogen atoms within the triazole ring, which possess lone
electron pairs, contribute to electron-deficient regions, result-
ing in positive electrostatic potential (positive ESP). Conversely,
carbon atoms with varying electronegativities create regions of
electron density, leading to negative ESP values. This dual
distribution of electrostatic potential around fluconazole is
critical for the host-guest interactions, as it creates a dynamic
environment where both electron-deficient and electron-rich
regions can facilitate molecular recognition and binding,
further enhancing its ability to interact with functional mono-
mers, as shown in Fig. 3.

The molecular docking simulations generated a total of 39
complex molecules. The binding energies of each complex were
negative, as shown in Fig. 3. A negative binding affinity signifies
that the complex is bonded spontaneously without requiring
energy consumption. Lower binding energy values resulted in
a more stable and stronger interaction between fluconazole and
functional monomers.** The nature of intermolecular interac-
tions within the complex was investigated. In the MIP synthesis,
two main kinds of interactions are employed: covalent and non-
covalent. The non-covalent method, which encompasses
hydrogen bonds, dipole-dipole interactions, electrostatic
interactions, and van der Waals bonds, is preferred due to its
practical synthesis procedure, easy template removal, versatility
in binding targets by monomers, and the potential to use a wide
range of monomers.” A summary of the intermolecular inter-
actions of all complexes is provided in Table S1 ESI.T The
monomer that is capable of establishing hydrogen bonds with
fluconazole was favored. Due to low-accuracy docking simula-
tions, it is necessary to compare the obtained binding energy
with the alternative method to determine the most stable
conformation.” The coordinate input for further geometry
optimization calculations was established from the conforma-
tion with the lowest binding energy obtained by molecular
docking simulation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 ESP of fluconazole (top) and binding affinity from molecular docking simulations (bot).

3.2.2. Complexation energy and thermodynamic study.
The interaction of fluconazole and the monomers impacts the
binding affinity of MIP. The stronger interaction resulted in
a more stable complex and higher imprinting efficiency of the
resultant polymers, as shown by a lower complexation energy
value. The calculation of complexation energy (AEcomplex) Was
conducted in a vacuum and solvated conditions by using the
subsequent equation:

(2)

Among several implicit solvation models, SMD model has
gained popularity for computing condensed phase properties
and has been employed in prior host-guest studies.>*>*

Fig. 4 shows that all complexes had significantly negative
energy values in their AEqomplex profiles, implying an energy-
driven process. The system's stability increases with a decrease
in the value of AE ompiex.” The AEcompiex Value was found to be
minimal under vacuum conditions, and the AE.ompiex value
changed under solvated conditions, indicating that the solvent
influences the intermolecular interactions within the complex.
Intermolecular interactions are exclusively observed between the
host and guest molecules in a vacuum condition. Nevertheless,
under solvated conditions, the possibility for interaction
expands to include host, guest, and solvent molecules. The
complex molecule demonstrates a remarkable interaction with

AEcomplcx = Ecomplcx - (Eﬂuconazole + Emonomer)

© 2025 The Author(s). Published by the Royal Society of Chemistry

the solvent, therefore resulting in a modification of the inter-
molecular hydrogen bonds.®*®* The basic properties of the
solvent are crucial to guarantee the stability of the complexation
process. The solvating capacity of the solvent has a considerable
impact on the selectivity of complexation and the stability of the
complexes. This can lead to significant changes in the binding
characteristics of the template molecule.®

In addition to having a strong interaction with the template,
the monomer must spontaneously bind to the template. Ther-
modynamic parameters are the most suitable for determining
whether a process occurs spontaneously. The thermodynamic
parameters were represented in terms of Gibbs free energy (AG),
enthalpy (AH), and entropy (AS). The optimal compound from
previous research was calculated for its thermodynamics in
vacuum and dissolved conditions, both at a temperature of
298.15 K and a pressure of 1 atm. The utilization of the
following calculation determined the parameters:

AGcomplex = Gcomplex - (Gﬂuconazole + Gmonomer) [3)
AI—Icomplex = Hcomplex — (Hﬂuconazole + Hmonomer) (4)
AS(:omplex = Ocomplex — (Sﬁuconazole + Smonomer) [5)

The complexation process will proceed spontaneously if the
Gibbs free energy is negative. The result demonstrated that only

RSC Adv, 2025, 15, 19158-19175 | 19167
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Fig. 4 Complexation energy (top) and free Gibbs energy (bot) in the vacuum and solvated conditions.

a limited number of monomers had a negative AG.omplex, SUg-
gesting that not all monomers possess the ability to bind
spontaneously with the fluconazole as a template molecule.
Compatibility between the template and functional monomer is
essential for their interaction. The acid functional monomer
exhibits a stronger interaction with the base template molecule,
and conversely, the base template compound also shows
a stronger interaction with the acid functional monomer.*
Table S2 ESIt provides a comprehensive overview of all
complex thermodynamic parameters (AH, AS, and AG). The
results indicate that an exothermic process characterizes the
formation of all complexes in both vacuum and solvents and is
primarily influenced by changes in enthalpy. The molecular
interaction between the monomers and the template is likely
responsible for the negative value of this enthalpy.** A negative
change in entropy (AS < 0) suggests that the formation of all
complexes was not favored under both vacuum and solvated
conditions. If a reaction is exothermic and the entropy is posi-
tive (indicating increased disorder), the change in free energy
will always be negative, resulting in a spontaneous reaction.>
The selection of the 39 monomers used in our study was based
on those commonly employed in MIP synthesis. Fluconazole,
being a weakly basic triazole antifungal compound, is theoret-
ically expected to interact most strongly with basic monomers
compared to neutral or acidic monomers. As a result, we

19168 | RSC Adv, 2025, 15, 19158-19175

prioritized the study of acidic monomers (1-8), followed by
neutral monomers (9-24), and finally, basic monomers (25-39).
Based on binding energy docking, hydrogen bond formation in
intermolecular interaction, complexation energy, and thermo-
dynamic parameters, 2-acrylamido-1-ethanesulfonic acid
(monomer 7) was the optimal monomer and was selected for
further study.

3.2.3. FMO analysis. To comprehend the complex's
stability under solvated conditions, additional research was
undertaken employing FMO analysis derived from the quantum
chemical parameters.® By examining the conditions of the
lowest unoccupied molecular orbital (LUMO) and the highest
occupied molecular orbital (HOMO), FMO analysis provides
a comprehensive explanation for the complex stability. The
HOMO and LUMO parameters, which were first defined using
Koopman's theory and Parr functions within the framework of
DFT theory, were used to construct most of the quantum
descriptors.®**® FMO analysis was conducted on each complex
under both vacuum and solvated conditions. However, the
subsequent discussion concentrated mainly on complex 7
which formed from the fluconazole and 2-acrylamido-1-
ethanesulfonic acid, the optimal complex according to the
study. To comprehend the HOMO-LUMO process for FMO
analysis in complex 7, it is necessary to examine the relevant
orbital. HOMO is categorized as a nucleophile; meanwhile,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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LUMO is an electrophile. Chemical reaction and resonance may
both be explained by the overlap of an unfilled LUMO and
a completely occupied HOMO. In FMO theory, the structure and
reactivity of molecules are determined wusing these
assumptions.®

The orbital distribution that defines the HOMO-LUMO
transition is illustrated in Fig. 5. LUMO is mainly located in the
host molecule; meanwhile, the HOMO is primarily located in
the guest molecule suggesting fluconazole is more electrophilic
than monomer 7. Complex 7's HOMO and LUMO orbitals were
found to be localized from the guest to the host, as indicated by
the observed result, which induced the charge transfer from
monomer 7 to fluconazole.* Further explanation of complex 7
charge transfer was identified through natural population
analysis (NPA). Both fluconazole and monomer 7 natural charge
before interactions were zero (Table 3). When monomer 7
docked with fluconazole as the host, the overall natural charge
changed. Fluconazole's total natural charge turns positive,
whereas monomer 7 acquires a negative charge. The highest
charge transfer was exhibited in a vacuum, with chloroform
showing the second highest in solvated conditions. The
complex 7 charge transfer was confirmed using structure
parameterization, which involved comparing the structure of
the complex in both vacuum and solvated conditions. An
investigation was carried out between the intermolecular
interaction of the host and guest molecule, specifically the
bonding between atoms N33 in fluconazole and H51 in mono-
mer 7. The bond length between N33-H51 in vacuum and
solvated environment is detailed in Table 3. The most minimal
shift existed in chloroform, which exhibited a correlation with
the charge transfer investigation.

The FMO parameters were analyzed to further examine the
complex 7 structure's stability. The parameters that were
assessed included: energy gap (E,), ionization potential (IP),
electron affinity (EA), hardness (n), softness (S), electrophilicity
index (), stabilization energy (SE), chemical potential (u), and
electronegativity (X). The HOMO-LUMO energy derivation was
used to derive all the parameters.”

E, = ELumo — Enomo (6)

View Article Online
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Table 3 Charge transfer of complex 7 (top) and structure parame-
terization of N33-H51 bond in complex 7 at different solvents (bot)

Total NPA N33-H51 bond
Bond Difference
Conditions Fluconazole Monomer 7 length (A) (%)
Vacuum 0.0837 —0.0837 1.630 —
Acetone 0.1197 —0.1197 1.516 6.96
Acetonitrile 0.1257 —0.1257 1.499 8.00
Chloroform 0.1108 —0.1108 1.542 5.38
Dichloromethane 0.1231 —0.1231 1.500 7.97
DMSO 0.1206 —0.1206 1.514 7.13
IP = —Enomo ()
EA = _ELUMO (8)
n = (ELumo — Enomo)/2 9)
S =129 (10)
w = u2n (11)
SE = —u?/2y (12)
w = 112(Enomo + ELumo) (13)
X = (P + EA)2 (14)

The energy gap between the HOMO and the LUMO can be
utilized to figure out the molecule's kinetic stability. A smaller
gap corresponds to lower chemical stability, higher molecular
reactivity, and weakened orbital interactions between host and
guest molecules since it takes smaller energy to move an elec-
tron from HOMO to LUMO conditions.” The quantum chem-
ical properties of complex 7 are presented in Table 4, while all
the FMO parameters for all 39 complexes are provided in Table
S3 ESI.§ Chloroform was determined to be the best solvent
compared to the others for the formation of complexes between
fluconazole as the host and monomer 7 as the guest molecule,

Fig. 5 HOMO (left) and LUMO (right) of complex 7.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 FMO analysis of complex 7 at different solvents

Conditions Eg 1P EA n S 13} SE u X
Vacuum 5.728 7.332 1.604 2.864 0.175 3.485 —3.485 —4.468 4.468
Acetone 5.814 7.074 1.260 2.907 0.172 2.987 —2.987 —4.167 4.167
Acetonitrile 5.794 7.064 1.265 2.897 0.173 2.996 —2.996 —4.167 4.167
Chloroform 5.876 7.141 1.269 2.938 0.170 3.006 —3.006 —4.203 4.203
Dichloromethane 5.814 7.070 1.256 2.907 0.172 2.981 —2.981 —4.163 4.163
DMSO 5.807 7.051 1.245 2.903 0.172 2.963 —2.963 —4.148 4.148

based on the computation of the FMO parameters. Chloroform
is a widely utilized solvent in MIP synthesis. During polymeri-
zation, it works as a dispersion medium and pore-forming
agent. Chloroform is a polar aprotic solvent that is regularly
used in non-covalent imprinting techniques due to its
outstanding ability to provide substantial imprinting perfor-
mance. During polymerization, it acts as a dispersion medium
and a pore-forming agent.”>”® Chloroform as the optimum
solvent corresponds with the prior charge transfer studies and
structural parameterization. The interaction mechanisms in
complex 7 will be examined in more detail.

3.2.4. QTAIM analysis. In order to further confirm the
specific type of interaction revealed in the prior investigation,
a QTAIM analysis was conducted. Through the measurement of
electron density at the bond critical point (BCP), the interaction
was examined. BCP indicates the electron density at the “saddle
point” where covalent and non-covalent bonds are formed
between the two atoms. These parameters give significant
information regarding BCP's properties™ which is computed
using the below equation.

Vip =2+ kot s

(15)

Hpcp = Gpep + Vacr (16)

In accordance with the AIM theory, the properties of bonds,
specifically hydrogen bonds is validated by: (a) hydrogen bonds
are confirmed by the existence of BCP between the acceptor and
the donor groups, (b) at the BCP point, the value of p(r) must be

Fig. 6 BCP complex 7 in vacuum (left) and chloroform (right).
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minimal, falling within the interval of 0.0020 to 0.0400 a.u., (c)
the value of the V?p(r) must be a positive number within the
range of 0.0240 to 0.1390 a.u.” Furthermore, the interaction
characteristics were determined based on the V?p, the Hgcp
parameter, and were classified into three distinct categories
according to Rozas et al’®”’ (i) weak hydrogen bonds and
primarily electrostatic interactions are indicated by both the
positive values of V?p and Hpcp, (ii) the presence of strong
hydrogen bonds with a covalent character is indicated by both
negative V?p and Hpcp values, (iii) moderate hydrogen bonds
with partial covalent characteristics are recognized when V?p is
positive while Hpcp is negative. The interaction strength may
also be classified using the parameter |V/G|. Weak interaction is
defined as |V/G| value below 1, whereas moderate interaction is
identified as an |V/G| ranging from 1 to 2. The strong interaction
is present when the |V/G| value is more than 2.7

Table S4 ESIT reveals the topological properties of complex 7
in both vacuum and solvated states. Ten intermolecular BCPs
exist between fluconazole and monomer 7. The hydrogen bonds
in system 9, formed between the H51 atom from monomer 7
and the N33 atom from fluconazole, were determined to be
moderate hydrogen bonds, characterized by a positive V*p
(0.0983) and a negative Hgcp (—0.0176). Nine others intermo-
lecular BCPs exhibited weak hydrogen bonds, as indicated by
a negative value for V?p and Hgcp. Furthermore, the bond
between H51 and N33 in system 9 exhibited a moderate inter-
action with a |V/G| value of 1.4171, whereas the other BCPs
displayed a weak interaction with a |V/G| value below 1. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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presence of a reliable hydrogen bond between the hydrogen
atom in monomer 7 and the nitrogen atom in fluconazole is
responsible for a moderate interaction in system 9. Further
QTAIM analysis will be conducted on the effect of solvated
conditions utilizing system 9. The vacuum and all solvated
conditions exhibited positive V?p and negative Hgcp values.
Moderate covalent hydrogen bonds were consistently detected
throughout all conditions, with the difference in the ratio of |V/
G| between solvated and vacuum conditions. The enhancement
of the |V/G| ratio in the solvated state indicated a stronger
interaction. Chloroform outperformed other solvents with the
highest |V/G| ratio (1.6461). Chloroform as a solvent in the
complex formation will enhance the hydrogen bonds in
complex 7. The BCP of complex 7 in vacuum and chloroform is
illustrated in Fig. 6, while the full BCP of complex 7 is provided
in Fig. S1 ESLy

The QTAIM study shows that systems 2 (039-H25) and 4
(C43-N34) only exhibit BCP in vacuum conditions. In contrast,
the BCP of systems 5 (C44-N34) and 6 (H48-N33) is exclusively
observable in solvated states. Under vacuum situations, inter-
molecular interactions exclusively exist between fluconazole as
host and monomer 7 as guest molecules. However, an interac-
tion between the molecules and the solvent is potentially
possible under solvated conditions. Interactions of complex
molecules with the solvent can strengthen or weaken intermo-
lecular hydrogen bonds.

3.2.5. NBO analysis. The NBO refers to the bonding orbital
that is determined based on the highest electron density.” NBO
analysis was used to comprehensively study the natural orbitals
that play a primary role in hydrogen bond interactions in host-
guest interactions.® The bond strength is given by NBO analysis
in terms of stabilizing energy (E®)).

E® = gi —2=
& — &l

17)

A larger E® value indicated stronger and more persistent
donor-acceptor orbital connections that increased the interac-
tions between host and guest molecules.®* The population
trends and distribution of interaction types are presented in
Table S5 ESIL.} This table summarizes and simplifies the data
gathered, specifically focusing on the complex 7 intermolecular
interactions under both vacuum and solvated conditions.
Complex 7 exhibited ten intermolecular interactions according
to its BCP. Compared to vacuum circumstances, the overall E®
value significantly rises in solvated conditions. The solvents
influence intermolecular interactions between the host and
guest molecule. Vacuum conditions restrict interactions with
host-guest molecules, leading to a decreased stabilization
energy compared to the solvated conditions. In contrast to other
solvents, chloroform exhibited the greatest total E@ value,
which aligns with prior studies. System 9 (H51-N33) provides
the largest contribution to the total E? value in complex 7,
confirming that a moderate hydrogen bond was formed
between fluconazole and monomer 7 in the QTAIM analysis.
Based on the £ value in system 9, the hydrogen bond between
the lone pair (LP) as donors in the N33 atom and the LP* orbital

© 2025 The Author(s). Published by the Royal Society of Chemistry
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as acceptors in the H51 atom was the most energetic and
potential interaction in the formation of intermolecular
hydrogen bonds in complex 7.

3.2.6. NCI-RDG. A comprehensive overview of molecular
interactions was provided by the NCI-RDG. The primary areas of
interest for NCI-RDG are the steric effect, strong-weak interac-
tion distribution, and interaction topology.*” The existence of
intermolecular interactions in complex 7 was validated using
NCI-RDG which described using this following equation:

\Z20]
26m)" p(r)*"

RDG(r) = (18)
In the scatter plot, strong or significant interactions are cate-
gorized as follows: (a) strong intermolecular interactions like
halogen or hydrogen bonds; (b) intramolecular interactions like
covalent interactions and intramolecular hydrogen bonds. The
weak interactions encompass two types: (a) van der Waals forces
resulting from the polarization of electron clouds and (b)
hydrophobic interactions such as m-stacking. In contrast, steric
effects are manifested in the cyclic structure as a result of ring or
angle strains. Fig. 7 illustrates the scatter plot function of the
NCI-RDG isosurface of complex 7 in vacuum and chloroform,
which is determined by multiplying electron density by the sign
of the second Hessian eigenvalue (sign(1*)p), which varies
between —0.05 and 0.05 a.u. Full NCI-RDG figures of complex 7
are displayed in Fig. S2 and S3 ESI,f meanwhile NCI-RDG
figures of all complexes were provided in Table S6 ESI.f

By examining the RDG isosurface of complex 7, we can
observe that there is a noticeable decrease in the population of
strong interaction in chloroform compared to vacuum condi-
tions, especially for bonding between H51-N3. The RDG iso-
surface in chloroform is missing the blue area (shown by the
orange circle in vacuum), which validates the effect of solvated
conditions in host-guest interaction in complex 7. Scatter plots
of complex 7 later supported this conclusion in the vacuum and
chloroform conditions, which were the best solvents in the prior
investigation. In contrast to chloroform, the vacuum condition
demonstrated a decreased sign(4%)p value, which signifies the
existence of a strong interaction (intermolecular hydrogen
bond) within the complex denoted by the yellow circle.®® The
lack of this specific region in chloroform and other solvated
conditions of complex 7 suggests that the solvent will affect the
intramolecular hydrogen bonds between fluconazole as the host
and monomer 7 as the guest in the complex. This finding is
consistent with the results of QTAIM and NBO investigations.

3.2.7. Examination of multiple monomer interactions with
the template. Following the discovery that fluconazole, as a host
molecule, displayed the most favorable interaction with 2-
acrylamido-1-ethanesulfonic acid as a guest molecule, leading
to the formation of complex 7 in chloroform as the optimal
solvent, an additional investigation was carried out to evaluate
the influence of multiple monomers in the pre-polymerization
complex. In MIP synthesis, it is essential to determine the
optimal template-to-functional monomer ratio to facilitate the
formation of the pre-polymerization complex and improve the
imprinting effect. Increasing the concentration of complex

RSC Adv,, 2025, 15, 19158-19175 | 19171
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components in the pre-polymerization mixture enhances the
formation of binding cavities within the imprinted polymer,
thus improving its selectivity for the target molecules. It is also
critical to align the functionality of the template with the
functional monomer, such as pairing a hydrogen bond donor
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with an acceptor.®® ORCA with GFN-xTB was employed to
examine the interaction between fluconazole and multiple
molecules of 2-acrylamido-1-ethanesulfonic acid. This
approach strikes a balance between computational speed and
reasonable accuracy, making it particularly suitable for small to
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Fig. 8 Optimization energy (left) and interaction energy (left) of multiple monomer.
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medium-sized molecules. It is especially advantageous for
preliminary docking studies or when more computationally
demanding methods are not feasible.*® This method is param-
eterized to provide reliable descriptions of geometries, vibra-
tional frequencies, and, importantly, non-covalent interactions
such as dispersion and hydrogen bonding that are critical for
the studies. Fluconazole was docked with one to eight mole-
cules of the monomer, corresponding to the maximum number
of hydrogen bonds that fluconazole can form (one donor and
seven acceptors). The GFN-xTB method generated two key
outcomes: optimization energy (E,p), representing the total
energy of the optimized complex, and interaction energy (Ein¢er),
which is defined as the energy difference between the final
host-guest complex and the individual components.®
Fluconazole was docked with one to eight molecules of the
monomer, based on the maximum number of hydrogen bonds
fluconazole can potentially form, consisting of one hydrogen
bond donor and up to seven hydrogen bond acceptors. As
shown in Fig. 8, the optimization energy of the complex
decreased with the increasing number of 2-acrylamido-1-
ethanesulfonic acid molecules docked to fluconazole. Larger
systems tend to exhibit more degrees of freedom, enabling
a broader exploration of the potential energy landscape and
typically resulting in lower energy values. The interaction energy
analysis revealed that the lowest Ej,r value occurred ata 1:6
ratio, which was determined to be the optimal ratio for forming
the pre-polymerization complex between fluconazole and 2-
acrylamido-1-ethanesulfonic acid. This ratio can be considered
for future template-monomer stoichiometry in MIP synthesis.

4 Conclusions

This work enhances the computational method of MIP design
for fluconazole bioanalysis based on prior studies. The analysis
of fluconazole's interaction with the monomer revealed that
fluconazole exhibits a robust interaction with AA, IA, ACR, and
HEMA, characterized by a high K, value. The K, value obtained
from the UV titration experiment was compared with the K value
generated through computational calculations. Acrylic acid
demonstrated a strong correlation between K, and K values,
establishing it as the optimum monomer, providing higher
synthesis yield than the other monomers from the prior study,
suggesting that computational analysis can assist in the design
of MIP. The design of MIP fluconazole was enhanced through
computational methods by refining theoretical calculations,
increasing the number of interacting monomers, and
improving the methodologies associated with these interac-
tions, which is anticipated to provide deeper insights into the
rational design of MIP for fluconazole bioanalysis.

The geometric parameters generated from the structural
parameterization indicate that the DFT calculation using
B3LYP/6-311G++(d,p) level theory and DFT-D3 dispersion was
suitable for the investigation. The method evaluated the host-
guest interactions of fluconazole and 39 monomers. The nega-
tive binding affinity observed in all complexes resulting from
molecular docking indicates the favorable complex formation
between the template and the monomer molecule. All

© 2025 The Author(s). Published by the Royal Society of Chemistry
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complexes had a significantly negative value for AE.qmplex, With
minimal value observed under vacuum conditions. The ther-
modynamic study revealed that only a few monomers can
spontaneously bind with fluconazole, as a negative AGcomplex
shown. The thermodynamic study revealed that only a few
monomers can spontaneously bind with fluconazole, as
a negative AGcomplex Shows 2-acrylamido-1-ethanesulfonic acid
(monomer 7) was chosen as a optimal monomer. The stability of
complex formation in various solvents was observed through
the FMO study, which indicated that chloroform was the
optimal solvent for the formation of complexes between fluco-
nazole and monomer 7, surpassing the other solvents.

The QTAIM study revealed the presence of ten intermolec-
ular BCPs between fluconazole and monomer 7. The hydrogen
bonds in system 9, generated from the H51 atom from mono-
mer 7 and the N33 atom from fluconazole, were found to be the
strongest bond as revealed in the NBO study by the largest £)
value. Hydrogen bonds, van der Waals forces, and hydrophobic
interactions between guest and host molecules dominated the
2D scatter plots and RDG isosurface with chloroform as the
optimal solvent. The interaction energy from multi-monomer
interaction showed that a 1:6 ratio is the best ratio in form-
ing a pre-polymerization complex between fluconazole and 2-
acrylamido-1-ethanesulfonic acid. Based on the results ob-
tained from this investigation and the confirmation and vali-
dation of the outstanding stability exhibited by complex 7, the
computational study provides an enhancement of prior studies
and gives insight for further laboratory investigations.
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