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This study examines the inclusion complexation of zoledronic acid (ZA) with B-cyclodextrin (B-CD) using
advanced computational approaches. Density Functional Theory (DFT) calculations with Grimme’s D3
dispersion correction were employed to investigate the molecular structure, stability, non-covalent interactions,
and thermodynamic properties of the complex in both gas phase and aqueous solution. The results demonstrate
that the inclusion of ZA into the B-CD cavity is thermodynamically favorable, with the most stable configuration
identified as configuration A, in which the imidazole moiety of ZA enters through the wider rim of the $-CD.
Although solvation in water slightly decreases the overall stability of the complex, it does not significantly
hinder its favorable formation. Non-covalent interactions, including hydrogen bonding and van der Waals forces,
were analyzed using Natural Bond Orbital (NBO) analysis and the Quantum Theory of Atoms in Molecules
(QTAIM). The findings highlight the crucial role of electrostatic interactions in stabilizing the complex,
especially in the aqueous phase. Furthermore, NCI-RDG and IGM analyses were conducted to investigate van
der Waals contacts, hydrogen bonding, and steric repulsion. Time-Dependent DFT (TD-DFT) calculations were
also performed to simulate visible absorption spectra. Nuclear Magnetic Resonance (NMR) chemical shift
calculations were carried out to compare theoretical predictions with experimental data, providing additional
support for the encapsulation mechanism. Monte Carlo (MC) simulations were used to explore the
conformational flexibility and dynamic behavior of the ZA@B-CD complex. These theoretical insights
contribute to a deeper understanding of ZA@P-CD inclusion complexes and support the design of
pharmaceutical formulations aimed at enhancing drug solubility and bioavailability.
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INTRODUCTION

Zoledronic acid (ZA) is a highly potent, nitrogen-containing bisphosphonate extensively used in the
treatment of bone-related disorders, such as osteoporosis and metastatic bone disease.™ Its therapeutic
efficacy is attributed to its strong affinity for hydroxyapatite in bone tissue and its inhibition of
osteoclast-mediated bone resorption through the targeting of farnesyl diphosphate synthase, a key
enzyme in the mevalonate pathway.*> Despite its clinical benefits, the oral administration of ZA is
significantly hindered by its low gastrointestinal absorption and high acidity, leading to poor
bioavailability and potential adverse effects, including mucosal irritation and esophageal
complications during long-term therapy.®’



To overcome these limitations, the formation of inclusion complexes with B-cyclodextrin (B-CD)
has emerged as a promising pharmaceutical strategy. B-CD is a cyclic oligosaccharide recognized for
its capacity to encapsulate hydrophobic molecules within its nonpolar cavity, thereby enhancing the
solubility, stability, and pharmacokinetic profiles of various therapeutic agents.®® This work is
intended to provide a comprehensive confirmation and in-depth characterization of the inclusion
complex formed between ZA and B-cyclodextrin. Through the application of advanced theoretical
methods, including DFT calculations with GIAO, it aims to offer robust evidence of host—guest
interactions, as corroborated by NMR spectral data.’

Building on these experimental findings, the present study aims to deepen the understanding of the
ZA@pB-CD inclusion complex through theoretical modeling. Density Functional Theory (DFT)
calculations, incorporating Grimme’s D3 dispersion correction, were employed to investigate the
molecular geometry, non-covalent interactions, and electronic properties of the complex.'®**
Additionally, complementary theoretical techniques such as Quantum Theory of Atoms in Molecules
(QTAIM) and Natural Bond Orbital (NBO) analysis were utilized to provide further insights into the
stabilization mechanisms within the host—guest system.

To comprehensively characterize the intermolecular interactions within the complex, both visual
and energetic descriptors, such as the Reduced Density Gradient (RDG) and Independent Gradient
Model (IGM), were employed, allowing for a detailed visualization of hydrogen bonding and van der
Waals forces. Furthermore, time-dependent DFT (TD-DFT) calculations were conducted to investigate
the excited-state properties and potential photophysical behaviors of the system. Monte Carlo (MC)
simulations complement these studies by assessing conformational flexibility and thermodynamic
stability. Finally, theoretical NMR chemical shifts, computed via the Gauge-Including Atomic Orbital
(GIAO) method, were compared to the experimental NMR data, providing validation of the proposed
structural models and ensuring consistency between theoretical predictions and empirical findings.

EXPERIMENTAL
Computational details

All quantum chemical calculations were performed using the Gaussian 09W software package,® and
molecular visualizations were generated with GaussView 6.° The initial structure of ZA was constructed using
HyperChem 7.5."" The initial geometry of B-cyclodextrin was constructed directly in three-dimensional form
using the ChemOffice 3D Ultra molecular builder (CambridgeSoft).*® This structure was used as a starting
geometry for subsequent calculations. Preliminary geometry optimizations for both the isolated molecules and
their inclusion complexes were carried out using the semi-empirical PM6-D3H4 method, as implemented in
MOPAC2016," which incorporates dispersion and hydrogen-bond corrections for improved accuracy.

To systematically identify the most stable configuration of the ZA@f-CD inclusion complex, the protocol
established by Liu et al.? was followed. Two initial orientations were considered: Configuration A, in which the
imidazole ring of ZA enters through the wider rim of the B-CD cavity, and configuration B, where the
phosphonate groups are inserted from the same side (Fig. 1). The configuration yielding the lowest total energy
was selected for subsequent analyses.
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Figure 1: Coordinate systems describing the complexation process for A and B modes



Configuration B

Figure 2: Optimized ZA@B-CD complexes (Configurations A and B) in the gas phase (a, ¢) and in aqueous
solution (b, d), obtained using the B3LYP-D3/6-31G(d,p) method

The complexation energy (Ecompiexation) Was calculated using Equation (1):
Ecomplexation = Eza@p-cp - (Efreeza* EfreeB—CD) 1)
where Ezagp-cos Efreeza @aNd Efeepco represent the total energies of the complex, the isolated guest, and the
isolated host, respectively.

To accurately characterize the electronic structure and energetic properties of the studied systems, Density
Functional Theory (DFT) calculations were carried out using the B3LYP functional augmented with Grimme’s
D3 empirical dispersion correction (B3LYP-D3),2?? in combination with the 6-31G(d,p) basis set.?* Geometry
optimizations were performed both in the gas phase and in aqueous solution, with solvation effects modeled via
the Conductor-like Polarizable Continuum Model (CPCM).?* This level of theory has been widely validated for
its ability to describe non-covalent interactions, including hydrogen bonding and van der Waals forces, which are
critical in host—guest chemistry.

Harmonic vibrational frequency calculations were conducted to verify the nature of the optimized geometries
as true minima and to obtain thermodynamic corrections. To further explore the chemical reactivity and stability
of the inclusion complexes, frontier molecular orbital (FMO) analysis was performed. The energies of the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) were used to
compute global reactivity descriptors,? including the HOMO-LUMO gap (AE), dipole moment (), chemical
hardness (11), and electrophilicity index ().

A combination of complementary theoretical approaches was employed to characterize and visualize the
intermolecular interactions within the ZA@p-CD inclusion complex. These included the Independent Gradient
Model (IGM),?**" Natural Bond Orbital (NBO) analysis,”®** Non-Covalent Interaction (NCI) analysis combined
with Reduced Density Gradient (RDG) methods,®*" and the Quantum Theory of Atoms in Molecules
(QTAIM).** Together, these approaches enabled detailed identification of key interaction types, including
hydrogen bonding, dispersion forces (van der Waals), and steric repulsion, thereby elucidating the nature and
strength of host—guest interactions.

Theoretical proton chemical shifts (*H NMR) were calculated using the Gauge-Including Atomic Orbital
(GIAO) method,* and the resulting spectra were directly compared with experimental NMR data to validate the
predicted complex structures. Post-processing of the IGM, NCI-RDG, and QTAIM analyses was performed
using the Multiwfn program,**** while graphical representations were generated with VMD software® for
enhanced visualization of interaction regions.

The Monte Carlo (MC) docking simulations were carried out using HyperChem 7.5 with the AMBER99
force field, an implementation of the AMBER methodology developed by the Kollman group.®*° Although
originally parameterized for biomacromolecules such as proteins and nucleic acids, AMBER99 has been widely
validated for complex supramolecular systems, including carbohydrates and cyclodextrin inclusion complexes
such as y-CD:C60.5"* A total of 500,000 configurations were generated to ensure exhaustive conformational
sampling. Convergence was rigorously assessed based on energetic and structural stability, and was achieved



when the energy variation between successive accepted configurations was <0.01 kcal-mol™" and the maximum
atomic displacement remained below 0.05 A, ensuring reliable identification of the most stable inclusion
geometry.

RESULTS AND DISCUSSION
Structural validation of the optimized p-cyclodextrin geometry

To assess the reliability of the optimized B-cyclodextrin (B-CD) structure, a comparative analysis
was conducted against the experimental X-ray crystallographic data (CCDC 762697),*" using least-
squares superposition of heavy atoms (C and O). The root-mean-square deviation (RMSD) values
obtained (2.74 A) in the gas phase and (2.76 A) under the CPCM solvation model, indicate good
agreement with the experimental structure, particularly in light of the inherent conformational
flexibility of the B-CD macrocycle and the influence of crystal packing effects. Furthermore, the
calculated mean C-C and C-O bond distances closely reproduce the experimental values, indicating
that the fundamental structural characteristics of B-cyclodextrin are accurately retained, despite the
absence of intermolecular interactions in the computational model.

Complexation energies and thermodynamic parameters

This study evaluated the binding energetics of the ZA@f-CD inclusion complex by exploring two
distinct spatial configurations, initially optimized using the semi-empirical PM6-D3H4 method.
Subsequent re-optimization at the DFT level was performed to identify the most stable geometries.
The results demonstrated that the encapsulation of ZA within the B-cyclodextrin cavity is
thermodynamically favorable in both configurations, as indicated by the negative binding energies.

For configuration A, the global energy minimum was located at a translational coordinate of Z = 4
A, with a binding energy of —76.77 kcal/mol. In contrast, configuration B exhibited its most stable
geometry at Z = 6 A, with a slightly less favorable binding energy of —75.39 kcal/mol. The 1.38
kcal/mol difference in favor of configuration A indicates superior thermodynamic stability (Table 1).
These findings were further corroborated by DFT calculations at the B3LYP-D3/6-31G(d,p) level of
theory (Table 2), which consistently supported the enhanced stability of configuration A.

Table 1
Complexation energies (in kcal/mol) of ZA@pB-CD calculated at the PM6-D3H4 level
. ZA@pB-CD
Z-axis (A) Configuration A Configuration B

-8 -42.94 -50.27
-7 -43.04 -50.30
-6 -41.31 -28.37
-5 -36.71 -53.92
-4 -46.89 -49.22
-3 - -58.69
-2 -54.94 -55.45
-1 -63.88 -58.07
0 -53.06 -63.71
1 -61.61 -51.97
2 -46.33 -60.86
3 -50.42 -58.48
4 -76.77 -62.92
5 -30.80 -64.10
6 -70.09 -75.39
7 -60.33 -41.37
8 -67.13 -41.31




Table 2

Complexation energies, thermodynamic parameters, frontier molecular orbitals and electronic parameters for the inclusion of ZA with B-CD
calculated at B3LYP-D3/6-31G (d, p)

Energetic terms

DFT-B3LYP-D3

In vacuum/In water (CPCM configuration)

ZA

B-CD

Configuration A

Configuration B

E (kcal/mol)

AE (kcal/mol)

H° (kcal/mol)

AH® (kcal/mol)

S° (Cal/mol-Kelvin)
AS° (Cal/mol-Kelvin)
G° (kcal/mol)

AG*® (kcal/mol)
Enowmo (V)

ELumo (8V)
AEomo-Lumol (EV)
n(ev)

n(eVv)
o (eV)

-951015.03/-951028.89
-950889.12/-950903.27
127.633/128.689
-950927.18/-950941.64

-6.671/-6.572
-0.119/0.004
6.552/6.569

-3.395/-3.288
3.276/3.284
1.759/1.646

-2683056.57/-2683086.62

-2682240.77/-2682273.01

381.437/386.319

-2682354.50/-2682388.19

-7.108/-7.061
1.093/1.326
8.201/8.387

-3.007/-2.867
4.100/4.194
1.103/0.980

-3634143.44/-3634179.22
-71.536/-64.006
-3633199.23/-3633237.39
-69.330/-61.116
435.311/437.163
-73.759/-77.845
-3633329.01/-3633367.73
-47.338/-37.907
-6.492/-6.616
-0.097/0.035
6.395/6.650
-3.295/-3.291
3.198/3.325
1.697/1.628

-3634139.23/-3634171.42
-67.771/-55.848
-3633194.62/-3633229.55
-64.724/-53.274
440.026/447.458
-69.044/-67.550
-3633325.81/-3633362.96
-44.138/-33.133
-6.736/-6.585
-0.169/-0.106
6.567/6.479
-3.453/-3.345
3.283/3.240
1.815/1.727




Incorporation of solvation effects via the CPCM model revealed a notable reduction in binding
energies for both configurations, attributed to the attenuation of non-covalent interactions in the
aqueous phase. However, the process remained spontaneous, as indicated by negative standard Gibbs
free energy values (AG®). For configuration A, AG® decreased from —47.34 kcal/mol in the gas phase
to —37.91 kcal/mol in aqueous solution (Table 2), reflecting diminished, yet favorable, thermodynamic
stability under solvation.

Standard enthalpy changes (AH®) were negative for all systems, confirming that complex formation
is exothermic. Configuration A again exhibited a more favorable enthalpic contribution (—69.33
kcal/mol) compared to configuration B (—64.72 kcal/mol) in the gas phase, though this advantage was
partially diminished in solution due to solvent-mediated disruption of intermolecular forces.
Additionally, standard entropy changes (AS°) were negative in all cases, consistent with the reduced
configurational freedom of the guest molecule upon encapsulation within the host cavity (Table 2).

Frontier Molecular Orbitals (FMO) and electronic properties

Frontier Molecular Orbital (FMO) analysis was performed to investigate the electronic structure
and reactivity of the ZA@-CD inclusion complexes. The results revealed notable differences between
configurations A and B, particularly in their HOMO-LUMO energy gaps. In the gas phase,
configuration A exhibited a narrower gap (6.395 eV) compared to configuration B (6.567 eV),
indicating higher chemical reactivity and enhanced electronic stability for configuration A.

Further comparison of individual orbital energies showed that configuration A possessed a slightly
higher HOMO energy (—6.492 eV) than configuration B (—6.736 eV), suggesting a greater tendency to
donate electrons. Conversely, configuration B had a lower LUMO energy (—0.169 eV) relative to
configuration A (—0.097 eV), implying an enhanced ability to accept electrons (Table 2). These
electronic descriptors support the overall thermodynamic preference for configuration A, as observed
in the binding energy analysis.

Global reactivity descriptors were calculated to further elucidate the electronic properties of the
ZA@p-CD inclusion complexes. The chemical potential (p), which indicates the tendency of electrons
to escape from a system, was negative for both configurations, consistent with electronically stable
systems. Configuration B exhibited a slightly more negative chemical potential (—3.453 eV) compared
to configuration A (—3.295 eV), suggesting marginally greater electronic stability.

The global hardness (1), representing the system's resistance to charge transfer, was slightly higher
for configuration B (3.283 eV) than for configuration A (3.198 eV), indicating lower chemical
reactivity for the former. Additionally, the electrophilicity index (), which reflects the system's ability
to accept electrons, was more pronounced in configuration B (1.815 eV) than in A (1.697 eV),
supporting its slightly more electrophilic nature.
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Figure 3: Typical contour plots of frontier molecular orbitals for the two configurations A and B obtained at
B3LYP-D3/6-31G(d,p) in vacuum and water



Non-covalent intermolecular interactions
NBO analysis

Natural Bond Orbital (NBO) analysis was employed to investigate the donor—acceptor interactions
that contribute to the stabilization of the ZA@f-CD inclusion complex. The calculations, performed at
the B3LYP-D3/6-31G(d,p) level of theory, were conducted in both the gas phase and aqueous
solution. The NBO analysis quantified second-order stabilization energies (E?), which provide insight
into the strength of electron donation and acceptance within the system.

The results (Table 3) revealed a robust network of hydrogen bonds between the lone pairs (LP) on
the oxygen atoms of B-CD and the adjacent antibonding orbitals (BD*) of ZA’s hydrogen atoms. In
the gas phase, the calculated stabilization energies indicated significant charge transfer from B-CD to
ZA. Notably, the LP(2) on atom 049 interacted with the BD*(1) of the O151-H169 bond, exhibiting a
stabilization energy of 42.10 kcal/mol and a hydrogen bond distance of 1.56 A. Similar interactions
were observed for other B-CD oxygen atoms, such as 065 and O70.

Table 3
Electron donor and acceptor orbitals and the corresponding second-order interaction energy (E? (kcal/mol) with
NBO (B3LYP-D3/6-31G(d, p)) calculations for configuration A in vacuum and water

Donor Acceptor E? (kcal/mol) H-bond (A)
In vacuum

B—CD — ZA
LP (1) O 49 BD*(1) O 151 - H 169 2.29 1.56
LP (2) O 49 BD*(1) O 151 - H 169 42.10 1.56
LP (2) 055 BD*(1) O 150 - H 166 4.16 2.23
LP (1) 061 BD*(1) C 160 - H 165 1.99 2.43
LP (1) O 65 BD*(1) O 153 -H 171 2.35 1.60
LP (2) O 65 BD*(1) O 153 -H 171 36.27 1.60
LP(2)O 70 BD*(1) O 154 - H 172 33.83 1.62

ZA - B—CD
LP (1) O 150 BD*(1) O 48 - H 129 9.04 1.97
LP (2) O 153 BD*(1) C 21 - H 100 2.25 2.30
LP (1) O 155 BD*(1) O 69 - H 141 14.74 1.67
LP (3) O 155 BD*(1) 0 69 - H 141 15.73 1.67
LP (1) O 156 BD*(1) O 54 - H 132 7.85 1.88
LP (3) O 156 BD*(1) O 54 - H 132 7.54 1.88
LP (1) N 158 BD*(1) O 47 - H 128 20.12 1.87
In water

B—CD - ZA
LP (1) O 49 BD*(1) O 151 - H 169 2.36 1.52
LP(2) 049 BD*(1) O 151 - H 169 47.14 1.52
LP (2) 055 BD*(1) O 150 - H 166 2.28 2.39
LP (1) 061 BD*(1) C 160 - H 165 1.99 2.44
LP (1) O 65 BD*(1) O 153 - H 171 2.63 1.54
LP (2) O 65 BD*(1) 0 153 - H 171 45.33 1.54
LP (2) 070 BD*(1) O 154 - H 172 42.03 1.56

ZA - B —CD
LP (1) O 150 BD*(1) O 48 - H 129 9.69 1.94
LP (2) O 153 BD*(1) C 21 - H 100 2.14 2.30
LP (1) O 155 BD*(1) O 69 - H 141 15.50 1.66
LP (3) O 155 BD*(1) O 69 - H 141 17.26 1.66
LP (1) O 156 BD*(1) O 54 - H 132 6.66 1.90
LP (3) O 156 BD*(1) O 54 - H 132 7.56 1.90
LP (1) N 158 BD*(1) O 47 - H 128 24.20 1.83

BD* denotes o* antibonding orbital, LP denotes valence lone pair; For BD*: (1) denote n orbital; For
LP: (1) and (2) denote the first and the second lone pair electron, respectively

In aqueous solution, these interactions were further strengthened, as evidenced by higher
stabilization energies and shorter bond distances. For instance, the 049 — BD*(1) (O151-H169)



interaction exhibited an increase in stabilization energy to 47.14 kcal/mol and a reduction in bond
distance to 1.52 A, suggesting that solvation enhances the strength of the hydrogen bonds.
Additionally, ZA contributed to the overall stabilization through electron donation to B-CD, as
demonstrated by interactions such as LP(3) of O155 — BD*(1) of 069-H141, with a stabilization
energy of 15.73 kcal/mol in the gas phase.

QTAIM analysis

QTAIM analysis was applied to configuration A to further explore non-covalent interactions in
both gas phase and aqueous environments (Table 4).“** In the gas phase, most interactions were of
weak to moderate intensity, with hydrogen bond energies (Eyg) ranging from —1.0 to —14.0 kcal/mol.
Electron densities at bond critical points (BCPs) ranged from 0.010 to 0.070 a.u., and positive
Laplacian values (V?p(r)) confirmed the non-covalent nature of the interactions. Total energy densities
H(r) close to zero or slightly negative indicated predominantly electrostatic interactions.

Notable interactions included 049 -- H169 (Enyg = —13.823 kcal/mol), H171 -- 065 (—12.366
kcal/mol), and H172 -- O70 (—10.963 kcal/mol), all characterized by short distances and high electron
densities, underscoring their stabilizing roles.

In agueous solution, key hydrogen bonds were further strengthened. For example, the 049 -- H169
interaction showed increased Epg (—15.190 kcal/mol) and a reduced bond distance (1.524 A).
Similarly, H171 -- O65 exhibited increased electron density and bonding energy (Exg = —14.715
kcal/mol), reflecting enhanced stabilization in solvent. Conversely, weaker interactions such as O55 --
H166 showed reduced p(r) and Epg in aqueous solution, indicating diminished stabilizing
contributions.

Overall, both environments are dominated by electrostatic forces, as confirmed by the positive
V2p(r) values and near-zero H(r) values. Solvation enhances primary hydrogen bonds while attenuating
secondary ones, thus promoting complex stability by reinforcing key interactions.

NCI-RDG and IGM analysis

To further investigate the non-covalent forces stabilizing the ZA@pB-CD complex (Configuration
A), the NCI-RDG and IGM methods were applied. Results, presented as isosurfaces and scatter plots,
compared gas-phase and aqueous environments.***°

NCI-RDG isosurfaces (Fig. 5), colored according to the sign(A2)p parameter, revealed the nature
and intensity of interactions. Key observations include:

= Sign(A2)p values ranging from —0.05 to +0.02 a.u.;

=  RDG maxima reaching ~2.0 a.u., with density clustering around sign(A2)p = 0, indicating a

dominance of weak dispersion interactions;

=  Blue regions (sign(A2)p < —0.02 a.u.) corresponding to weak hydrogen bonds; green regions

(—0.02 < sign(A2)p < +0.01 a.u.) to van der Waals interactions; and red regions (sign(A2)p > +0.01

a.u.) to steric repulsion, which remained minimal.

In vacuum In water

Figure 4: Molecular topography analysis of ZA@p-CD (Configuration A)



Table 4

Topological parameters computed by QTAIM for configuration A in vacuum and water

Interactions d(A) p(r) V2p(1) G(r) V(r) H(r) Eng Strength Major nature

In vacuum

129(H) -- 150(0) 1.97019 0.02358 0.07036 0.01814 -0.01869 -0.00055 -4.518 Weak to medium Electrostatics

55(0) -- 166(H ) 2.23014 0.01594 0.05204 0.01297 -0.01294 0.00004 -2.814 Weak to medium Electrostatics
49(0) --169(H) 1.55964 0.06529 0.15848 0.0485 -0.05738 -0.00888 -13.823 Weak to medium Electrostatics
88(H)--164(H) 1.98686 0.01033 0.03476 0.00745 -0.0062 0.00124 -1.562 Very weak Dispertion + Electrostatics
93(H) -- 165(H) 1.98418 0.0133 0.04983 0.010435 -0.00841 0.00202 -2.225 Very weak Dispertion + Electrostatics
132(H) -- 156(0) 1.88326 0.02751 0.08103 0.02034 -0.02043 -0.00008 -5.395 Weak to medium Electrostatics
81(H)--151(0) 2.32053 0.01267 0.03987 0.00955 -0.00913 0.00042 -2.084 Very weak Dispertion + Electrostatics
61(0) -- 165(H) 2.43349 0.01049 0.03347 0.00787 -0.00738 0.0005 -1.598 Very weak Dispertion + Electrostatics
168(H ) -- 83(H) 2.08989 0.00952 0.03834 0.00747 -0.00535 0.00212 -1.381 Very weak Dispertion + Electrostatics
100(H ) -- 153(0) 2.29659 0.01413 0.04184 0.01038 -0.0103 0.00008 -2.410 Very weak Dispertion + Electrostatics
155(0 ) -- 141(H) 1.67035 0.04563 0.14389 0.03604 -0.03611 -0.00007 -9.437 Weak to medium Electrostatics
137(H) -- 157(N) 2.60578 0.00812 0.03113 0.00658 -0.00537 0.00121 -1.069 Very weak Dispertion + Electrostatics
158(N ) -- 128(H) 1.86652 0.03562 0.08702 0.02278 -0.02381 -0.00103 -7.204 Weak to medium Electrostatics
155(0) -- 141(H) 1.67035 0.04563 0.14389 0.03604 -0.03611 -0.00007 -9.437 Weak to medium Electrostatics
171(H) -- 65(0) 1.6016 0.05876 0.15145 0.04338 -0.04889 -0.00552 -12.366 Weak to medium Electrostatics
172(H) -- 70(0) 1.61583 0.05247 0.14871 0.03939 -0.04161 -0.00222 -10.963 Weak to medium Electrostatics
155(0) -- 114(H) 2.36082 0.01213 0.04611 0.01016 -0.00879 0.00137 -1.964 Very weak Dispertion + Electrostatics
In water

129(H) -- 150(0) 1.9438 0.02452 0.07431 0.01896 -0.01935 -0.00038 -4.728 Weak to medium Electrostatics
55(0) -- 166(H ) 2.38638 0.01175 0.04446 0.01029 -0.00947 0.00082 -1.879 Very weak Dispertion + Electrostatics
49(0)--169(H) 1.52445 0.07142 0.15756 0.05271 -0.06603 -0.01332 -15.190 Medium Electrostatics

93(H) -- 150(0) 2.41958 0.01242 0.04552 0.01025 -0.00911 0.00113 -2.028 Very weak Dispertion + Electrostatics
88(H ) -- 164(H ) 2.02961 0.00931 0.0322 0.00673 -0.00542 0.00132 -1.335 Very weak Dispertion + Electrostatics
93(H) -- 165(H ) 2.09257 0.01069 0.04126 0.00831 -0.0063 0.00201 -1.642 Very weak Dispertion + Electrostatics
132(H) -- 156(0) 1.90457 0.0268 0.07587 0.01939 -0.01981 -0.00042 -5.236 Weak to medium Electrostatics
81(H)-- 151(0) 2.3599 0.01172 0.03682 0.00876 -0.00831 0.00044 -1.872 Very weak Dispertion + Electrostatics
61(0) -- 165(H) 2.43941 0.01025 0.03283 0.00769 -0.00718 0.00052 -1.544 Very weak Dispertion + Electrostatics
168(H ) -- 83(H) 2.02804 0.01048 0.04121 0.00822 -0.00614 0.00208 -1.596 Very weak Dispertion + Electrostatics
137(H) -- 157(N) 2.65851 0.0069 0.02559 0.00539 -0.00438 0.00101 -0.797 Very weak Dispertion + Electrostatics
100(H ) -- 153(0) 2.30342 0.0138 0.04185 0.01026 -0.01006 0.0002 -2.336 Very weak Dispertion + Electrostatics
155(0) -- 141(H) 1.65595 0.04741 0.14784 0.03742 -0.03789 -0.00046 -9.834 Weak to medium Electrostatics
158(N ) -- 128(H ) 1.83403 0.0388 0.09204 0.02451 -0.026 -0.0015 -7.913 Weak to medium Electrostatics
171(H) --65(0) 1.53666 0.06929 0.15579 0.05084 -0.06274 -0.0119 -14.715 Medium Electrostatics
172(H) --70(0) 1.55811 0.06188 0.15566 0.04584 -0.05277 -0.00693 -13.062 Weak to medium Electrostatics
155(0) -- 14(H) 2.38413 0.01177 0.04319 0.00964 -0.00848 0.00116 -1.883 Very weak Dispertion + Electrostatics
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Figure 6: IGM isosurfaces and scatter plots of ZA@p-CD (Configuration A)

Van der Waals interactions (green zones) were consistently observed within the B-CD cavity in
both environments. In the gas phase, these zones were more diffuse, while in aqueous solution they
appeared more confined. Blue regions near heteroatoms (oxygen and nitrogen) confirmed weak, but
stabilizing hydrogen bonds.

IGM analysis (Fig. 6) corroborated these findings by identifying regions where electronic density
deviates from non-interacting fragments, signaling weak but relevant interactions. The isosurfaces,
also colored by sign(X2)p, showed a dominance of green zones at the ZA—B-CD interface (dispersion
forces) and blue areas near polar groups (hydrogen bonding), while red zones (steric clashes) were
negligible.

IGM-derived scatter plots confirmed these interactions, with sign(A2)p values between —0.05 and
+0.05 a.u. and a peak interaction intensity around 0.08 a.u. These findings establish dispersion as the
primary stabilizing force in the ZA@B-CD complex, with hydrogen bonding playing a supportive but
secondary role. The similarity of interaction profiles across both phases demonstrates the structural
robustness of the complex regardless of the medium.



'H NMR GIAO/DFT calculations

The variations in the '"H NMR chemical shifts of both ZA and B-CD, induced by the formation of
the ZA@p-CD inclusion complex, were investigated using theoretical NMR calculations. The GIAO
method was applied within the Gaussian 09 package, at the B3LYP-D3/6-31G(d,p) level of theory.
Tetramethylsilane (TMS) served as the calibration reference, and solvent effects were incorporated
using the CPCM configuration with water as the solvent (¢ = 78.35). The theoretical chemical shifts
alongside available experimental data® for the isolated molecules (ZA and B-CD) and their most stable
complex (ZA@p-CD) are presented in Table 5.

Comparative analysis between theoretical and experimental data revealed notable changes in proton
resonances for both host and guest molecules, reflecting alterations in the electronic environment upon
complexation.‘”’48 For ZA, the most pronounced shifts occurred for protons H1, H3, and H6. For
instance, the chemical shift of H1 increased from 7.602 ppm (free form) to 8.283 ppm in the complex
(AS = 0.681 ppm), while H3 showed a larger shift of 1.205 ppm. These variations indicate specific
interactions likely hydrogen bonding and conformational rearrangement between these protons and the
B-CD cavity.

In B-CD, significant changes were observed for protons H5 and H6, which are located at the inner
edge of the cavity. The H5 signal shifted from 3.786 ppm to 4.423 ppm (Ad = 0.637 ppm), while H6
moved from 4.409 ppm to 4.154 ppm (Ad = 0.255 ppm). Additionally, the H7 and H8 signals shifted
downfield by 1.279 ppm and 3.400 ppm, respectively, reinforcing the occurrence of host—guest
interactions and guest encapsulation.

The good agreement between calculated and experimental chemical shifts strongly validates the
theoretical configuration and confirms the successful formation of the ZA@p-CD inclusion complex.
These spectroscopic variations indirectly but convincingly support the presence of hydrogen bonds and
the effectiveness of the complexation process.

Table 5
Theoretical chemical shifts results calculated by B3LYP-D3/6-31G(d, p) (ppm)
in comparison with experimental data

C';f]ri?t'ga' Zaledronic Zigg'éxD IASZA/ B-CD z?(gglga /A B-CD/

1 7.602 8.283 0.681 3.786 6.082 2.296
(8.798) (8807)  (0.009)  (4774) (4779  (0.005)
o 7.048 7.281 0.667 4.089 3.855 0.234
(7.416) (7.411)  (0.005)  (3316)  (3.322)  (0.006)
Ha 7.357 8.562 1.205 3.039 4.154 1.115
(7.552) (7.554)  (0.002)  (3710)  (3.787)  (0.077)
" 4.77 4.833 0.063 4.089 3.411 0.678
(4.473) (4482)  (0.009)  (3251)  (3.224)  (0.027)

5.427 5.673 0.246 3.786
H5 (8.216) (8.269)  (0.053)  (3572) 4.423 0.637
e 11.431 11.272 0.159 4.409 4.154 0.255
(15.362)  (15423)  (0.061)  (4.518)  (4.492)  (0.026)

4.803
H7 (3582) 6.082 1.279
he 2.455 5.855 3.400
(5.663)  (5.719)  (0.056)
Ho 3.786 3.411 0.375
(5.728)  (5.780)  (0.052)

TD-DFT calculations

To explore the photophysical properties and excitation mechanisms of the ZA@p-CD complex,
TD-DFT calculations were performed at the B3LYP-D3/6-31G(d,p) level in both gas phase and
aqueous solution. Solvent effects were incorporated using the CPCM configuration. The calculated
excitation energies (E), wavelengths (L), oscillator strengths (f), and orbital contributions are detailed
in Table 6.



Gas phase results:

The simulated absorption spectrum of the complex displayed three prominent electronic transitions:

e The first transition, at 204.24 nm (E = 6.071 eV; f = 0.049), corresponds to a locally excited
(LE) state on the ZA molecule, predominantly characterized by HOMO-1 — LUMO
(62.90%) and HOMO-1 — LUMO+1 (21.80%) transitions.

e The second transition, at 193.59 nm (E = 6.405 eV; f = 0.044), also reflects LE character,
mainly from HOMO-1 — LUMO+1 (63.01%) and HOMO-1 — LUMO (19.62%).

e The third transition, at 169.39 nm (E = 7.320 eV; f = 0.019), exhibits charge transfer (CT)
character from B-CD to ZA, involving HOMO-11 — LUMO+1 (33.57%), HOMO-9 —
LUMO+1 (10.44%), and a minor LE contribution from HOMO-1 — LUMO+3 (12.81%).

Aqueous phase results:

In the presence of water, the excitation profile shifted notably, with an increased CT component:

e The most intense transition at 204.23 nm (E = 6.071 eV, f = 0.032) shows a mixed LE/CT
character, with HOMO — LUMO (58.84%, LE on ZA) and HOMO-1 — LUMO (33.93%,
CT).

e A nearby transition at 203.99 nm (E = 6.078 eV; f = 0.038) is dominated by HOMO-1 —
LUMO (60.40%, CT from B-CD to ZA) and HOMO — LUMO+1 (17.17%, LE).

e The third transition at 193.86 nm (E = 6.396 eV; f = 0.066) retains a predominantly LE
character, driven by HOMO — LUMO++1 (63.54%) and HOMO — LUMO (19.33%)).

These observations highlight the key role of solvent polarity in modulating the electronic properties
of the complex. In the gas phase, transitions are mainly local, whereas in aqueous media, charge
transfer becomes more prominent, indicating stronger electronic communication between host and
guest. This enhanced orbital delocalization in polar environments contributes to the supramolecular
stability of the complex and underlines its potential in light-driven applications, particularly for
targeted drug delivery. The TD-DFT results (illustrated in Fig. 7) confirm that ZA@pB-CD is a
photoactive and electronically stable supramolecular system, capable of intracomplex electron transfer,
and suitable for applications in photochemistry.

Additionally, the theoretical UV—Vis absorption spectrum shows good agreement with the
experimentally obtained spectrum of the ZA@P-CD complex. The experimental data reveal
characteristic absorption peaks around 208, 213, and 223 nm, which are accurately reproduced by the
calculated electronic transitions, with only minor deviations attributed to solvent effects and the
inherent limitations of the TD-DFT method.

Table 6
Wavelengths of absorption bands (A), excitation energies (E), oscillator strengths (f), light-harvesting efficiency
(LHE (%)), and orbital contributions in aqueous solution for model A

LHE Minor and major Nature of
A(om) - E (eV) f (%) orbital contribution excited states
204.24 6.071 0.049 10.60 62.90% (HOMO-1) — (LUMO) LE(ZA)
21.80% (HOMO-1)— (LUMO+1)  LE(ZA)
193.59 6.405 0.044 9.60 19.62% (HOMO-1) — (LUMO) LE(ZA)
63.01% (HOMO-1) — (LUMO+1) LE(ZA)
169.39 7.320 0.019 419 3357% (HOMO-11)— (LUMO+1) CT(CD—ZA)
10.44% (HOMO-9) — (LUMO+1) CT(CD—ZA)
12.81% (HOMO-1) — (LUMO+3) LE(ZA)
204.23 6.071 0.032 717 3393% (HOMO-1) —» (LUMO) CT(CD—ZA)

In
vacuum

58.84% (HOMO) — (LUMO) LE(ZA)

203.99 6.078 0.038 833 60.40% (HOMO-1)— (LUMO) CT(CD—ZA)
In water 17.17% (HOMO) — (LUMO+1) LE(ZA)
193.86 6.396 0.066 1410 19.33% (HOMO) — (LUMO) LE(ZA)

63.54% (HOMO) — (LUMO+1) LE(ZA)
63.54% (HOMO) — (LUMO+1) LE(ZA)
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Figure 7: UV-Vis absorption spectra of the ZA@p-CD inclusion complex: (a) Theoretical TD-DFT spectrum
computed in the aqueous phase; (b) Experimental spectrum, reproduced from Dikmen®

To provide deeper insight into the photophysical properties of the ZA@B-CD complex, the light-
harvesting efficiency (LHE) was evaluated using the equation LHE = (1 — 10™) x 100%. As presented
in Table 6, the LHE values exhibit substantial variation, depending on the characteristics of the
electronic transition and the surrounding environment. The computational results reveal that LHE
values range from 4.19% to 10.60% in the gas phase. In contrast, in aqueous solution, the values are
notably higher, spanning from 7.17% to 14.10%. This increase suggests that solvent interactions
enhance the light-harvesting capacity of the system by promoting orbital delocalization and reinforcing
host—guest electronic interactions.

Notably, the most intense electronic transitions correspond to higher oscillator strengths, which, in
turn, lead to an improvement in the LHE, particularly for excitations occurring in the aqueous phase.
This observation underscores the favorable influence of polar solvents on the photoresponse properties
of the ZA@p-CD inclusion complex.

MC docking simulations

MC docking simulations were performed to examine the mechanism of ZA insertion into the f-CD
cavity.*>! These simulations enabled a comprehensive mapping of the conformational space and
yielded thermodynamic descriptors reflecting the supramolecular system’s behavior.



The configurations were constructed using the Amber 99 force field,** which is particularly
effective for simulating large macromolecules like $-CD. The simulation procedure was structured
into three sequential stages, each designed to provide a deeper understanding of the system’s energy
evolution:

= Phase | (trials 1-35,000): A rapid decrease in potential energy was observed, indicating the

progressive approach of the ZA molecule toward the B-CD cavity;

= Phase Il (trials 35,000-100,000): The system reached an energy plateau, where the minimum

potential and complexation energies indicated deeper penetration of the guest into the host cavity

and a thermodynamically stable conformation;

= Phase Il (after trial 100,000): Stabilization of potential energy signaled equilibrium and the

formation of a stable complex.

The gas-phase energy data for both configurations are summarized in Table 7. Potential energy
profiles for the insertion of ZA into B-CD (Configurations A and B) are shown in Figure 8, with
calculated energies represented by the black curve and interpolated values by the red curve.

Table 7
Computed potential energy, complexation energy, interaction energy, and deformation energy from Monte Carlo
docking simulations of the zoledronic acid@f-cyclodextrin complex in the gas phase

(Ep)°* AEc Eint Eder (ZA) Eeer (B-CD)
Configuration A 36.35 -29.91 -33.15 0.55 0.89
Configuration B 49.86 - 26.65 -29.53 0.41 0.64
AE" 13.51 3.26 3.62 -0.14 -0.25
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Figure 8: Calculated potential energy curves in MC simulations of zoledronic acid docking in -CD in gas for
configurations A and B (potential energy curve (black) and interpolated values (red))

Mean energy comparisons reveal that configuration A exhibits lower values than configuration B
for potential energy, complexation energy, and interaction energy. The respective energy differences
between configurations A and B were 13.51 kcal/mol (potential), 3.26 kcal/mol (binding), and 3.62
kcal/mol (interaction), all favoring configuration A.

Another key observation pertains to host deformation energy: B-CD exhibited consistently higher
deformation energies than the guest (ZA), regardless of the configuration. This highlights the
importance of B-CD’s conformational flexibility, which is essential for structural adaptation and the
formation of a stable inclusion complex.

CONCLUSION

This comprehensive theoretical study provides detailed insights into the structural, energetic, and
electronic properties of the zoledronic acid (ZA) inclusion complex with B-cyclodextrin (3-CD). A
multi-level computational approach was employed, integrating PM6-D3H4, DFT-D3, TD-DFT, NBO,
QTAIM, NCI-RDG, IGM, and Monte Carlo (MC) simulations, to assess the thermodynamic stability
and interaction mechanisms of the ZA@B-CD complex in both gas and aqueous phases.

The results indicate that the formation of the ZA@p-CD complex is thermodynamically favorable,
with configuration A, where the imidazole group of ZA is inserted through the wider rim of §-CD,
demonstrating superior stability across all configurations studied. Non-covalent interactions,



particularly hydrogen bonds and dispersion forces, were identified as key contributors to the
stabilization of the complex. Notably, solvation effects enhanced hydrogen bonding and promoted
host—guest complementarity.

QTAIM and NBO analyses provided evidence for significant donor—acceptor interactions, while
RDG and IGM analyses mapped the spatial distribution of non-covalent forces within the B-CD cavity.
The TD-DFT analysis revealed distinct charge-transfer and locally excited states, with solvent polarity
influencing the excitation profiles and enhancing electron delocalization across the complex.

Theoretical NMR chemical shift calculations yielded a strong correlation with experimental data,
thus validating the proposed configuration and confirming the successful inclusion of ZA into the -
CD cavity. Furthermore, MC docking simulations corroborated the energetic favorability and
conformational flexibility of the complex, reaffirming the stability of configuration A.

Overall, this study provides a deeper molecular-level understanding of the ZA@p-CD inclusion
complex, offering valuable insights into its potential for improving the solubility, stability, and
delivery efficiency of zoledronic acid in pharmaceutical applications. These findings underscore the
promise of cyclodextrin-based inclusion complexes as effective drug delivery strategies in the
formulation of bioactive compounds.
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