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INTRODUCTION

The cyclodextrin inclusion complexes are a type of supra-
molecules that lead to core understanding of basic aspects of
binding mechanisms allowing robust evaluations in supra-
molecular chemistry. Cyclodextrin cavity is wider at one end,
narrow at the other and has high potential to form inclusion
complexes with different types of hydrophobic guest because
of inner hydrophobic cavity [1]. The physico-chemical proper-
ties of guest molecules like solubility, stability, bioavailability,
etc. alter on their inclusion into cyclodextrin cavity [2]. Different
types of weak interactions like H-bonds [3], ion-π interaction
[4], π-π interactions [5] are responsible to hold these supra-
molecular complexes by their combined effects. The effects
of these interactions can be studied by structural investigations
of these complexes. Structural characterization of these comp-
lexes is important because of their applications in food and
pharmaceutical industries [6,7]. Nowadays structural character-
ization of complexes to be used in drug delivery and drug protec-
tion is being required legally [8]. More investigations into the
interesting properties of cyclodextrins in molecular and chiral
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recognition of molecule make it necessary the structural eluci-
dation of cyclodextrin inclusion complexes [9].

There are different experimental as well as computational
techniques used from time to time for structural elucidation
of cyclodextrin inclusion complexes. The different types of
spectroscopies like UV, FTIR [10], XRD and 1H NMR [11]
have been used but 1H NMR is one of the best experimental
techniques used widely for structural studies because it gives
the direct evidence of inclusion complex formation. Crystal
XRD provides highly reliable and accurate structure but it
require the crystal formation which is not always possible. The
change in chemical shift of cyclodextrin cavity protons towards
highfield and guest protons towards the lowfield confirms the
complex formation [12]. But this does not provide any inform-
ation on the mode of entry (wide side or narrow side), depth
of inclusion and part of the guest encapsulated into the cavity.
Evolution occurred in structural studies of cyclodextrin
complexes due to discovery of nuclear overhauser effect (NOE)
like rotatory frame overhauser effect spectroscopy (ROESY).
In ROESY spectrum, interactions between the guest and cyclo-
dextrin cavity protons help in analyzing the part of the guest



encapsulated into the cyclodextrin cavity [11]. The ROEs can
also be studied quantitatively by determining interproton distances
and hence determining atom accurate structures [13]. But the
mode of entry into cyclodextrin cavity can be predicted by
ROESY or not is still a matter of conflict as seen in some cases.

A 3D model studies with experimental support are one of
the best techniques for the structural elucidation of cyclodextrin
inclusion complexes. These studies provide reliable results,
showing mode of entry, inclusion depth as well stable configu-
ration of inclusion complex [11]. Theoretical methods are based
on classical mechanics (Newtonian motion) as well as quantum
mechanics. Classical methods like molecular mechanics (MM)
and molecular docking (MD) are based on classical mechanics
provides reliable results when supported experimentally. Quantum
mechanical methods like ab initio-DFT theory are based on
quantum mechanics hence are considered quiet reliable but
are highly expensive as compared to classical methods. Classical
methods use different force fields like Alinger′s force field,
AMBER, etc. [14], whereas DFT like methods provides electronic
structure [15].

In this article, aim is to elucidate the structural details of
interaction between β-cyclodextrin and cephalexin. Cephalexin
is a second generation cephalosporin antibiotic is an effective
broad spectrum antibiotic that target both Gram-positive and
Gram-negative bacteria [16]. Gram-positive bacteria easily
absorb the antibiotic drug causing urinary tract infection; on
the other hand, Gram-negative bacteria cannot easily absorb
antibiotic drug and causes pneumonia. Cephalexin consists of
one aromatic ring with side chain containing -NH2, -COOH
groups as the different binding sites which makes it interesting
to study its interactions with cyclodextrin. Here, it was consi-
dered from previous literature that the complex formed is in 1:1
ratio as the cavity of β-CD is just large enough to accommodate
one aromatic ring. The spectroflurometrical investigations for
host-guest inclusion complex formation between β-CD and
cephalexin showed 1:1 stoichiometry. Using some analytical
techniques inclusion constant was calculated to be K =  5.33 ×
102 L mol-1 [17]. The interaction between β-CD and cephalexin
in aqueous form was investigated using lH NMR and some mole-
cular simulation methods like molecular modeling, molecular
docking and HOMO-LUMO orbital interactions.

EXPERIMENTAL

Pure cephalexin and β-cyclodextrin were provided by Shri
Ji Pharma International, Vadodara and Sun Pharma India, respec-
tively as gift samples. The sample was prepared in D2O at room
temperature. All 1D and 2D NMR spectra for cephalexin/β-
cyclodextrin mixtures were recorded on a Bruker 400MHz NMR
instrument, using 5 mm CPDUL 13C spectroscopic probe at 301
K. A 2D 1H-1H COSY for a 1:1 complex was recorded on a
400 MHZ instrument in D2O at 301 K.

RESULTS AND DISCUSSION

1H NMR analysis: 1D and 2D NMR spectra were used to
assign β-CD protons in cephalexin/β-CD mixture. There was
chemical shift change in β-CD protons in presence of
cephalexin, as seen from the 1H-NMR spectrum of pure β-CD
and cephalexin/β-CD mixture (1:1 ratio). The maximum chemical

shift change towards highfield was seen in cavity protons of
β-CD i.e. in H-3′ and H-5′ in comparison to other protons of
β-CD. Negligible shift changes were seen in other protons i.e.
H-1′, H-2′, H-4′ and H-6′ of β-CD on increasing cephalexin
concentration. The highfield shift changes in cavity protons
of β-CD is because of high shielding due to the presence of
aromatic ring which is the π-electron rich group or in other
words may be due to anisotropic effect [18]. These changes in
chemical shift of H-3′ and H-5′ cavity protons towards high-
field suggested the entry of cephalexin molecule into the
hydrophobic cavity of β-CD [19]. Fig. 1 shows the expansion
of 1H NMR showing the upfield shift of H-3′ and H-5′ protons
of β-CD in cephalexin/β-CD (1:1 ratio) complex, compared
to pure β-CD. This result confirmed the formation of an inclusion
complex between β-CD and cephalexin. Also the large shift in
H-3′ as compared to H-5′ cavity proton shows that comple-
xation has occurred from wide side [20]. The drug contains 5
aromatic protons all of which appear as multiplet in one peak
near aromatic region.
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Fig. 1. 1H NMR of pure β-CD (a) and 1H NMR of CPL/β-CD mixture (b)

Molecular mechanics: Molecular mechanics studies were
performed using Chem 3D in vapour phase [21] using Allinger′s
force field. During the study, it was considered that there is no
water present inside the cavity as cavity is hydrophobic. In
this study, drug molecule is placed manually in the cavity of
cyclodextrin at different depths and different orientations which
is then followed by energy minimization. The study was perf-
ormed using three different modes at three different depths on
both narrow as well as wide side of cyclodextrin. The three
different depths are shown as W1, W2, W3 on wide side and
N1, N2, N3 on narrow side where as three different modes are
shown as mode 1, mode 2 and mode 3 which are shown in
Figs. 2 and 3. The steric energy of pure cyclodextrin and cepha-
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Fig. 2. Different depths at which molecular mechanics studies were done
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lexin was found to be 106.648 and 38.139 kcal/mol, respec-
tively. The binding energy for the inclusion complex formed
was calculated using the following formula:

Ebinding energy = Ecomplex − Epure CD + pure cephalexin

The binding energy calculations showed that stable complex
was formed at the deep bottom of cyclodextrin in mode 3. Higher
the negative value of binding energy more stable is the complex
[22]. The top, side and bottom view of this stable complex is
shown in Fig. 4. The binding energies of inclusion complexes
studied in different modes and different depths from both narrow
and wide end are summarized in Table-1.

Molecular orbitals studies: The complexes studied in
different modes using molecular mechanics were further verified

using HOMO-LUMO gap. The molecular orbitals were gene-
rated by Chem 3D pro using molecular orbital Huckel calcul-
ations. The same mode and orientation as studied by molecular
mechanics was found to be stable complex as it is known that
higher the HOMO-LUMO gap, more stable is the complex [22].
The HOMO-LUMO gaps for the studied configurations are
summarized in Table-2. Hence, W33 was found as the stable
complex. The top, side and bottom view of HOMO and LUMO
for W33 mode are shown in Fig. 5. The energy for the LUMO
is -2.838 eV and that for HOMO is -8.177 eV. The HOMO-
LUMO gap for this complex was found to be 5.339 eV. The
HOMO and LUMO both were found lying on the guest mole-
cule.
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Fig. 3. Different modes of study used in molecular mechanics

TABLE-1 
BINDING ENERGIES (kcal/mol) OF INCLUSION COMPLEXES STUDIED AT  

DIFFERENT DEPTHS IN DIFFERENT MODES BY MOLECULAR MECHANICS 

Modes W1 W2 W3 N1 N2 N3 
Mode 1 -7.286 -12.557 -15.646 -11.503 -16.760 -18.278 
Mode 2 -7.997 -11.827 -16.127 -12.672 -20.672 -20.936 
Mode 3 -8.738 -15.568 -24.377 -12.141 -19.613 -19.527 

 

Side view Top view

Bottom view
Fig. 4. Side, top and bottom view of the final structure studied by molecular mechanics
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TABLE-2 
HOMO-LUMO GAP (ev) OF INCLUSION COMPLEXES STUDIED AT  

DIFFERENT DEPTHS IN DIFFERENT MODES BY MOLECULAR MECHANICS 

Modes W1 W2 W3 N1 N2 N3 
Mode 1 5.188 5.202 5.204 5.176 5.150 5.183 
Mode 2 5.186 5.191 5.195 5.076 5.046 5.132 
Mode 3 5.187 5.207 5.339 5.179 5.156 5.118 
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Fig. 5. Top, side and bottom veiw of (A) LUMO (B) HOMO of final structure of inclusion complex
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Fig. 6. Conformations obtained from docking simulations
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Molecular docking studies: Molecular docking simula-
tions can be used to predict the orientation of guest in β-CD
cavity [23]. Docking simulations were performed using Lamarkian
Genetic Algorithm in Auto dock 4.2.6 programme keeping the
host β-CD as fixed residue and cephalexin guest as the flexible
ligand. During docking simulations there was the addition of
Gasteiger charges on β-CD however, charges on cephalexin
were added automatically. The energetically most stable confor-
mations are found by Autodock in assigned space dimensions
of the 3D grid. The docking studies resulted into 10 docked
conformations with negative binding energies and the most
probable interactions. It was seen that complexation process
is favourable because of negative binding energies as shown
in Fig. 6. All the docked conformations showed the entry of
aromatic ring into β-CD cavity.

Conclusion

A change in 1H NMR chemical shift of β-cyclodextrin
cavity protons in presence of cephalexin (guest) has been
reported. In this work, the NMR data indicated shielding effects
in β-CD and deshielding effects in cephalexin, upon inclusion
complex formation. It was confirmed from the results of mole-
cular mechanics, HOMO-LUMO gap and molecular docking
studies that cephalexin molecule forms a stable inclusion
complex with β-cyclodextrin in the liquid state. Molecular
mechanics studied structures were further verified using mole-
cular orbitals studies. Molecular docking studies revealed the
insertion of aromatic ring of cephalexin instead of aliphatic
portion into β-cyclodextrin cavity during cephalexin/β-cyclo-
dextrin inclusion complexation. All above studies showed that,
the mode of penetration of cephalexin into the β-CD cavity
was from the wider rim side. These findings may raise the possi-
bility of industrial applications developing novel therapeutic
molecules targeting such complexes.
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