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Abstract This study investigated inclusion formation
and the physicochemical properties of naringin/cyclodex-
trin through a combined computational and experimental
approach. Molecular dynamics simulations were applied
to investigate the thermodynamics and geometry of nar-
ingin/cyclodextrin cavity docking. The complexes were
investigated by UV, FT-IR, DSC, XRD, SEM, 2D-NOSEY
and 'H-NMR analyses. Clearly visible protons belong-
ing to naringin and chemical shift displacements of the
H3 and H5 protons in cyclodextrin were anticipated in the
formation of an inclusion complex. Naringin solubility
increased linearly with increasing cyclodextrin concentra-
tion (displaying an A; profile). The simulations indicated
that the phenyl group of naringin was located deep within
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the cyclodextrin cavity, while the glycoside group of nar-
ingin was on the plane of the wider rim of cyclodextrin.
The simulation and molecular modeling results indicate
that (2-hydroxypropyl)-p-cyclodextrin (HP-p-CD) pro-
vided the more stable inclusion complex. This result was
also in good concordance with the stability constants that
had been determined by the phase solubility method. The
consistency of the computational and experimental results
indicates their reliability.

Keywords Naringin - Characterization - Cyclodextrins -
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1. Introduction

Naringin is an interesting class of flavonoid glycoside that
is an active constituent of Rhizoma Drynariae (Traditional
Chinese Medicine; Fig. 1) [1]. Naringin has rich bioactivity
as an antioxidant and reactive oxygen species (ROS) scav-
enger, and possesses neuro-protective, anti-inflammatory
[2], antiapoptotic [3], antiatherogenic and antihyperlipi-
demic agent [4]; it has also been shown to have effects on
fat metabolism [5]. Naringin has been found to be effec-
tive for the treatment of osteoporosis. Naringin has shown
promise as a preventive care product and to possess a wide
variety of health benefits. However, to the best of our
knowledge, a common constraint in the use of flavonoids
in many applications is their poor water solubility and
stability [6]. The poor solubility (S;=0.6502 mg/ml) [7],
oral bioavailability and undesirable bitter taste of naringin
require the development of a suitable delivery system.

The Biopharmaceutics Classification System (BCS) pre-
dicts that oral drug absorption is based on the active drug
ingredient’s water solubility and intrinsic permeability in
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Fig. 1 Chemical structure of naringin (a) and cyclodextrins (b)

the gastrointestinal mucosa [8]. The formation of a nar-
ingin/cyclodextrin inclusion complex is one way to enhance
its solubility [9]. Native cyclodextrins (CD) are a group
of cyclic oligosaccharides formed by six (a-CD), seven
(B-CD) or eight (y-CD) a-1,4-linked glucose units that
are produced from starch by cyclodextrin glycosyl trans-
ferase catalysis [10]. CD structures show a truncated coni-
cal shape with a relatively hydrophilic outer surface and
hydrophobic internal cavity due to the steric arrangement
of glucose units [11]. The depth of the CD cavity is consist-
ent (7.8 10\), but the diameters of a-, p-, and y-CD cavities
are different at 5.7, 7.8 and 9.5 A [12], respectively. The
bucket-like structure of CD allows for the formation of
non-covalent inclusion complexes, where lipophilic com-
pounds are non-covalently bound within the molecule. In
recent years, numerous researches have been reported to
improve physical-chemical properties of bioactive com-
pounds [13-16]. Recently, our group investigated the inclu-
sion complexation of Epothilone A [17] and satraplatin
[18] with various CDs to improve drug solubility. There-
fore, the aqueous solubility of hydrophobic molecules can
be improved by inclusion complex formation between a
guest molecule and a suitable CD.

In addition to experimental investigations, molecular
dynamics (MD) simulations are important tools to predict
the preferable binding mode of host-guest-type compounds
at the molecular level. As MD simulations can effectively
rationalize experimental phenomena and make predictions
concerning the results of future experiments, this method
is commonly used by researchers as a valuable addition to
existing studies [19, 20]. Presently, MD simulations have
been used as a tool for making a thorough inquiry into CD
inclusion complexes in aqueous solution. In this contribu-
tion, this study investigated the intermolecular interactions
and performed modeling calculations on naringin/cyclo-
dextrin inclusion complexes by the MD approach.
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In this work, inclusion complexes of naringin have been
developed for the first time in combination with -CD and
HP-B-CD to increase the aqueous solubility of naringin. To
enhance the practicability, a simple freeze-drying method
has been employed. UV-Vis spectroscopy was measured to
evaluate the naringin/CDs complexes in aqueous solutions.
In order to verify the formation of the inclusion complexes,
drug/CDs interactions in the solution were investigated
using molecular modeling, thermodynamic parameter and
molecular dynamics simulations analyses, and interac-
tions in the solid state were characterized using many other
technical analyses (FT-IR, DSC, XRD and SEM analyses).
The goals of the study were to evaluate, characterize, and
research possible molecular mechanisms that might explain
the observed differences of two naringin-CD inclusion
complexes. Both laboratory experiments and computational
modeling were surrealistically employed in this study.

2. General materials and methods
Materials

Naringin (FW=580.53 g/mol, purity >99%), B-CD
(FW=1135.00 g/mol, purity >99%) and HP-p-CD
(FW=1541.54 g/mol, purity >99%) were obtained from
Adamas Reagent Co. Ltd.

The naringin/CD inclusion complexes were prepared by
the freeze-drying method. Naringin (0.0725 g; 0.125 mmol)
and B-CD (0.1420 g; 0.125 mmol) were added to a 50 ml
round bottom flask, and completely dissolved in solution
(30 ml; 1:4 C,H;OH:H,O) in 1:1 molar ratios with the
assistance of ultra-sonication. The suspension was stirred
for 48 h at room temperature under an N, atmosphere and
away from light. Insoluble substances were removed by fil-
tration through a 0.45-pm microporous membrane to obtain
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a yellow solution. Finally, the solution was lyophilized in
a freeze-dryer for 24 h to obtain solid complexes. Physi-
cal mixtures were prepared by mixing the powders at a 1:1
molar ratio.

Methods
1H NMR spectra and 2D ROESY spectra

'H NMR spectra and 2D ROESY spectra were acquired
on a Bruker Avance 500 spectrometer (Germany) at 25.0
(0.1) °C with a mixing time of 300 ms.

SEM, XRD, FTIR, DSC

All samples were analyzed with a JSM 500 LV scanning
electron microscope, using secondary electron emission
[21]. The methods used for solid state characterization,
including X-ray powder diffractometry, FTIR spectroscopy,
thermogravimetry and differential scanning calorimetric
analyses are provided in the supplementary information.

UV-Vis analysis

The solutions were evaluated at 282 nm using a UV spec-
trophotometer (UV-2401, Shimadzu UV-2401, Japan). The
phase-solubility experiment was performed according to
the Higuchi-Connors method [22]. Detailed experimental
operations were carried out according to previous work in
our group. The phase-solubility diagram was used for the
calculation of apparent stability constants (Ko) [22, 23]
using the Higuchi-Connors Eq. (1):

K, = Slope|[Intercept(1 — Slope)_l] (0

Molecular modeling and thermodynamic parameter

Gaussian 03 W [24] was usually used to perform the theo-
retical calculations [25]. The initial geometry of naringin
and CDs was constructed with Chem3D Ultra 10.0 soft-
ware (Cambridge soft) and then completely optimized by
the DFT method [26] without any symmetry limit. The
optimized structure of the naringin molecule docked in the
CD cavity, and demonstrated computational efficiency in
calculating CD systems.

Molecular dynamics (MD) simulations

The initial molecular structure of $-CD and HP-B-CD were
retrieved from the Cambridge crystallographic databases.
Given the absence of a naringin structure in this database,
the initial geometry of naringin was constructed with Chem

3D Ultra software [27]. The initial orientations were pre-
pared using Accelrys DS Visualizer 2.0. Partial atomic
charges were generated with the AM1-BCC method and
GAFF parameters as implemented in the program Ante-
chamber. All MD simulations were solvated with TIP3P
for all water models using the AMBER 14.0 simulation
package. Langevin dynamics were used for the NVT and
NPT stages of equilibration. A Berendsen barostat with the
pressure set to 1 bar and the relaxation time set to 2 ps was
used during the NPT stage of equilibration. Subsequently,
it was operated under conditions of an MD simulation of
100 ps at a constant volume and temperature, and consider-
ing periodic boundary conditions [28].

3 Results and discussion
NMR analysis

The complexes were firstly investigated by FT-IR, DSC,
TG and XRD analyses; the relevant results were showed in
supplementary materials. NMR was used to assess the pos-
sible inclusion modes of naringin. It has been reported that
"H NMR can provide evidence for the inclusion complexa-
tion between aromatic substances and CD. The hydrogens
on the inner surface (H3 and HS) rather than the hydrogens
on the outer surface (H1, H2, H4) change in response to
naringin-CD inclusion complexation. Meanwhile, the cor-
responding hydrogens on each glucose unit should obtain
identical shielding contributions from the included guest
molecule [29].

The '"H NMR spectra of pure naringin, as well as p-CD,
HP-B-CD and the inclusion complexes are illustrated in
Fig. 2. The chemical shifts of naringin were as follows: &
7.092 (d, H1 of naringin), & 6.742 (d, H2 of naringin), &
5.969 (d, H3a of naringin), 8 5.877 (s, H3b of naringin),
4.000 (s, H6 of naringin), 8 3.900 (s, H4 of naringin) and &
1.140 (s, HS of naringin). The observed trends in Fig. 2 can
be rationalized if it is assumed that the naringin moiety was
oriented in the CD cavity. The H3 and HS protons of CD
shifted upfield, which confirmed the presence of naringin
in the cavity of CD. It was expected that H3 and H5 located
above the plane of the aromatic group were shielding by
naringin. Thus, the upfield shifts shown for H3 and H5
when the inclusion complex was formed in aqueous solu-
tion was reasonable. All chemical shift changes may sug-
gest an inclusion complexation of naringin and CD.

The A in the 'H chemical shift for naringin and CDs
resulting from the complexation, were calculated by apply-
ing Eq. (2) as follows:

As = 5(:omplex - 5free 2)
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Fig. 2 "H NMR spectra of naringin, p-CD,HP-B-CD and inclusion complex in D,O at 25°C

As showed in Table 1, the chemical shifts of H-1, H-2,
H-4 and H-6 in the CD 'H NMR spectra showed only com-
paratively weak variation between the uncomplexed and
complexed forms. In contrast, after the formation of the
inclusion complex, the H3 and HS protons of CD shifted
upfield, which may have been caused by the H-3 and H-5
of B-CD lying in a region where a shielding by a reflec-
tion of close-contact interactions of naringin, while protons
H-1, H-2, and H-4 were outside of the cavity. Here, the H-3
and H-5 experience large changes in shielding which they
may be affected by the strong ring-current effects when the

benzene ring of naringin is deeply embedded inside the
cyclodextrin cavity. All of the chemical shift changes upon
naringin complexation suggested a partial inclusion of nar-
ingin into the CD cavity.

A two-dimensional spectrum was used to obtain fur-
ther conformational information. The intermolecular
dipolar cross correlation (Fig. 3) provided evidence for
host—guest inclusion complexation. The 2D ROESY pat-
tern for the naringin/f-CD inclusion complex showed a
strong cross-peak (green arrow) formed between the H3
and HS protons of f-CD and the aromatic ring group of

Table 1 Chemical shifts of

] . Protons Cyclodextrin chemical shift (ppm)
H NMR of CDs protons in

the presence and absence of 8.cp ONaringin/p-CD AS Sp.p-cp SNaringin/HP-p-CD Ad

naringin
H-1 d 497 4.96 0.01 m 4.95 493 0.02
H-2 dd 3.56 3.54 0.02 m 3.54 3.51 0.03
H-3 dd 3.87 3.75 0.12 m 3.86 3.82 0.04
H-4 dd 3.48 3.47 0.01 m 3.47 3.45 0.02
H-5 s 3.75 3.04 0.11 s 3.72 3.69 0.03
H-6 dd 3.75 3.68 0.07 m 3.73 3.71 0.02
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Fig. 3. ROESY spect.rum of A H-3,5 of B-CD
inclusion complexes in D,0 YHH-01 IN D20 ROE
at 25°C, a naringin/p-CD Jund/~2016-yaphuihuangl H-2, 4 of B-CD
complex, b naringin/HP-B-CD
complex _ . J o opn
e
H-5 of naringin ‘ P % Fi-°

H-4, 6 of naringin
e——
H-3a, b of naringin %
H-2a, b of naringin
H-1a, b of naringin

YHH-02 IN D20 roe
Jun07—2016—yaifyig

H-1a, b of naringin

H-2,4 of Hp-B-CD

H-3,5 of Hp-B-CD

protons (H1, H2 and H3) of naringin (Fig. 3). An appre-
ciable correlation of the H1, H2, H3, H4, HS5 and H6 pro-
tons of naringin with the H3 and HS protons of f-CD and
HP-B-CD were demonstrated by the ROESY spectra. This
result is in excellent agreement with the results obtained
by '"H-NMR spectroscopy. Based on these observations,
a favorable naringin/HP-B-CD inclusion mode was pro-
posed (Fig. 3b).

uipdt naringin

e flles H-5 of naringin
H-4, 6 of narinjgin

H-3a, b of na\{ingin

7

ppm

SEM analysis

Naringin crystals showed a rod-like microcrystalline structure
in the SEM images (Fig. 4). The surface morphology of $-CD
presented a loose, irregular and uneven surface, whereas pure
HP-B-CD particles showed a microsphere having a hollow
structure. In contrast, the inclusion complexes appeared as
irregular particles with variable sizes. The comparison of

@ Springer
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Fig. 4 SEM: A (a) naringin, (b) p-CD, (c¢) naringin/B-CD inclusion complex, (d) naringin/B-CD physical mixture; B (a) naringin, (b) HP-B-CD,
(c) naringin/HP-B-CD inclusion complex, (d) naringin/HP-B-CD physical mixture
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Fig. 5 Phase solubility diagrams of the naringin/p-CD complex and
naringin/HP-B-CD complex

these images can be taken as a confirmation of the formation
of inclusion complexes after molecular encapsulation.

Phase solubility studies

The stoichiometry was studied by the phase solubility
method. The obtained linear relationship of the naringin-CD
complexes were classified as a typical A, -type. The regres-
sion equations were as follows (Fig. 5a, b):

Y = 0.17859X + 1.06319(R? = 0.9997)(b — CD); K, = 194.12

Y = 0.42244X +0.99208(R? = 0.9996)(HP — b — CD); K, = 653.05

@ Springer

where Y is the concentration (mM) of naringin and X is the
concentration (mM) of CD. These results can be considered
as evidence of guest-host inclusion formation at a 1:1 ratio.
The thermodynamic parameters were calculated from the
Gibbs Eq. (3) [23]:

AG = —2.303RTlogK, 3)

The formation of a guest—host system depends on molec-
ular suitability and other factors, such as van der Waals
interactions, hydrogen bonding, electrostatic interactions
and hydrophobic interactions [30]. The calculated K, val-
ues of the naringin/pB-CD and naringin/HP-B-CD complexes
were 194.12 and 653.05 M~!, respectively. The higher K,
value suggests that HP-p-CD could form more stable inclu-
sion complexes with naringin in aqueous solutions. Fur-
thermore, the Gibbs free energy (AG) upon the formation
of the naringin-CD system was calculated by Eq. (3); the
values were —13,100 and —16,160 J/mol, respectively. The
negative AG value suggests an energetically favorable com-
plexation process.

Molecular dynamics (MD) simulations

Four different orientations (Fig. 6) significantly contrib-
uting to the molecular complexation of CD with naringin
are discussed in this paper. For orientation a, the glycoside
group of naringin was included in gravity from the wider
rim of CD. For orientation b, the phenyl group of nar-
ingin was included in gravity from the wider rim of CD.
In contrast, the location of the glycoside group was close
to the wider rim of CD in orientation c. The location of the



J Incl Phenom Macrocycl Chem (2017) 88:15-26 21

Fig. 6 The orientations of naringin-CD inclusion complexes a naringin/pB-CD complex. b Naringin/HP-p-CD complex
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Fig. 7 Distances between center of mass of naringin and CD molecules in four orientations a naringin/p-CD complex. b Naringin/HP-8-CD
complex. (X is the average distance and o is the corresponding standard deviation)
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phenyl group was close to the wider rim of CD in orienta-
tion d.

Figure 7 shows the distances between naringin and an
individual CD molecule in the four orientations (a, b, ¢
and d) shown in Fig. 6, which indicates the motion of the
host—guest molecules during 55 ns of simulation time.
The distances were measured from the center of mass of
naringin to the center of mass of CD. The center of mass
of B-CD was at approximately 3 A since the height of the
optimized skeletal structure of f-CD was 6 A. In this study,
distances of <3 A were seen as an inclusion formation in
which the phenyl group of naringin remained inside the CD
cavity. However, inclusion complexes could also be consti-
tuted at a distance >3 A and <6 A [27].

Figure 7A shows the distances between naringin and
B-CD. The plot shows that the distances between the host
and guest molecules in orientation a, b, ¢ and d were
5.03 A, 5.12 A, 6.78 A and 5.39 A, respectively. In contrast,
the distances between naringin and HP-B-CD in Fig. 7b
were closer, from 1.94 to 5.38 A. These results show
that orientation b, in which the phenyl group of naringin
remains inside the CD cavity was most favorable. An inclu-
sion complex was successfully formed with orientation b,
where the phenyl group remained inside the HP-B-CD cav-
ity every time, with a distance between the molecules of
approximately 2 A

The computational results provided evidence that CDs
and naringin could constitute stable host—guest inclu-
sion complexes in aqueous solution. Figure 7 shows that
naringin can form inclusion complexes with B-CD and
HP-B-CD molecules, where orientation b is the most
favorable orientation. The simulation indicated that the
phenyl group of naringin was inserted in the cavity of the
wider rim of HP-B-CD. The lower K, value of naringin/
p-CD agreed well with the simulation. Moreover, the
experimental data obtained from the NMR, DSC, UV and
FTIR analyses also indicated a similar geometric structure
of the naringin/CDs inclusion complexes.

Hydrogen bonding has been extensively studied to inves-
tigate the structure of biomolecules at the atomic level. MD
simulations have played an important role in delineating the
hydrogen bonding pattern of a host—guest molecular system
in aqueous solution [31]. The number of hydrogen bonds
(H-bonds) in the naringin/CD complex were calculated by the
common geometric restrictions with the definition of the dis-
tance between the donor and the acceptor (ryg) <0.35 nm and
a deviation from linearity of <30° [32, 33]. Thus, the num-
ber of hydrogen bonds was calculated with the conditions
of 3.0 A distance and an angle of 20°. Figure 8 shows the
number of hydrogen bonds in the last 55 ns and 1 ps for the
naringin/B-CD and naringin/HP-B-CD systems. The results
show that complexation increased the number of hydrogen
bonds from 1 to 3, and suggest that the naringin/HP-B-CD

@ Springer

complex is much more stable because of the greater the num-
ber of hydrogen bonds (from 1 to 3) caused by the persistent
hydrogen bonds during complexation between CD and nar-
ingin in orientation b.

Figure 9 shows the populations of 10 clusters which were
evaluated by RMSD in cluster analysis. Figure 10 illustrates
the lowest energy structures of the complexes extracted from
the highest clustering analyses in orientations a, b, ¢ and d.
The structures were selected in accordance with the highest
population obtained from the MDS trajectories. In orienta-
tions a, ¢, and d, naringin was not well-defined inside the CD
cavity, while for both inclusion complex structures in orienta-
tion b, the naringin molecules were located in the CD cavity.
The illustration also agrees with the phase-solubility results
(Fig. 5) in that orientation b had the best possible configura-
tion. Thus, only orientation b was considered further in this
study.

The inclusion complexation mechanisms of naringin with
B-CD and HP-B-CD were investigated using MS simula-
tions. The distances and number of H-bonds indicate that the
naringin/HP-B-CD complex has excellent stability and that
orientation b is the best guest/host binding mode. All MD
simulation results indicated that naringin/B-CD and naringin/
HP-B-CD existed in a 1:1 stoichiometry in aqueous solution.
Additionally, it also suggested that the naringin-HP--CD
complex is more stable because of the effect of the hydroxy-
propyl group at the C6 position on the glucopyranose of
HP-B-CD in orientation b.

Molecular modeling and thermodynamic parameter
studies

As described above, different analytical methods were
employed to investigate the interactions between naringin and
CD. Quantum mechanical (density functional theory; DFT)
calculations were executed to assess the binding affinities of
the naringin/CD system. The optimized HOMO and LUMO
structures of the naringin molecule and the stable inclu-
sion complexes are shown in Figs. S3 and 4. The structures
obtained from molecular docking (Fig. S3) are consistent
with the results of NMR (Fig. 3).

The energy gap (Eyomo— ELumo) reveals the activity and
stability of a molecular fragment. A negative energy gap
(—4.53 eV) revealed that the naringin/HP-p-CD complex was
stable. This conclusion was consistent with the phase-stabil-
ity results. The HOMO and LUMO energy orbital diagrams
of the naringin molecule are shown in Fig. S4.

The AE, AH, AG and AS values of the inclusion com-
plexes extracted from the optimization process were calcu-
lated using Egs. 4, 5, 6 and 7.

E(naringin/CD inclusion complex) ~ (AE(CD) + AE‘(naringin))

“

AE(Bing Energy) =A
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Fig. 10 The highest populated clusters of four orientations of naringin-CD complexes a naringin/B-CD complex. b Naringin/HP--CD complex

AI_I(Enthalpy changes) = API(naringin/CD inclusion complex) — (AH(CD) + AH, (naringin)) (5)

Using the DTF method, AE, AH, AG and AS for the

AG(Gibbs energy changes) = AG(nanringin/ CD inclusion complex) ~— (AG(CD) + AG(naringin)) (6)

AS(Entropy changes) = A‘Sv(naringin/CD inclusion complex) — (AS(CD) + A‘Sv(naringin)) (7)

Table 2 Energetic features, thermodynamic parameters and HOMO-LUMO energy calculations for naringin and its inclusion complexes by
B3LYP/6-31G method

Properties Naringin B-CD HP-B-CD Naringin/p-CD Naringin/HP--CD
Enomo (€V) —6.17 —7.46 —6.83 —6.44 —6.33
E; umo (€V) —1.78 —-0.41 0.54 —2.14 —1.80
Enomo — Evumo (€V) —4.39 -7.05 -7.37 —4.30 —4.53
Dipole moment (D) 8.96 11.12 4.22 10.32 6.16
E* —1,317,734.69 —2,681,108.14 —2,802,217.28 —3,998,858.10 —4,119,985.86
AE* —15.27 —33.89
H* —1,317,734.10 —2,681,108.54 —2,802,216.68 —3,998,857.51 —4,119,985.27
AH* —14.87 -34.49
G* —1,317,804.59 -2,681,221.79 —2,802,339.07 —3,999,018.32 —4,120,150.58
AG* 8.06 -6.92
SH* 236.43 379.83 410.48 539.37 554.44
ASH* —76.89 -92.47
ZPE* —1,317,758.54 —2,681,154.89 —2,802,266.73 —3,998,927.71 —4,120,057.81
Mulliken charge 0.00 0.00 0.00 0.00 0.00
ZPE zero point energy

*kcal/mol, **cal/mol-Kelvin
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most stable complexes (naringin/p-CD, and naringin/
HP-B-CD) are shown in Table 2. The negative value for the
binding energy indicates a thermodynamically favorable
complexation process. The difference in binding energies
(AE) for the 1:1 inclusion complexes was 18.62 kcal/ mol,
indicated that the naringin/HP-B-CD complex was more
stable than the naringin/p-CD complex. The negative val-
ues of AH and AS indicate that inclusion formation was an
exothermic reaction and an enthalpy-driven process.

The AG values obtained from UV-Vis analysis were
both negative, while positive value of AG was obtained for
naringin/p-CD system in molecular modeling. The AG val-
ues obtained from UV-Vis analysis were both negative, the
more negative AG value suggested an energetically favora-
ble complexation process, and indicated that HP-p-CD
could form more stable inclusion complexes with naringin
in aqueous solutions. The AG values obtained from molec-
ular modeling, the more negative AG value for naringin/
HP-B-CD system also suggested that the naringin/HP-p-CD
complex was more stable than the naringin/B-CD complex.
To a certain extent, the DFT calculation results were con-
sistent with the UV-Vis experimental results. The negative
AG value suggests an energetically favorable complexation
process. However, since the exact experimental conditions
(for instance, pH, temperature, measured techniques etc.)
are difficult to be completely simulated in computational
studies, it is reasonable that the molecular modeling result
has the quantitative difference with the experimental result.
The positive value of AG may indicate that naringin/p-CD
formation was a non-spontaneous process.

Solubilization

Additionally, UV-Vis analysis were carried out to inves-
tigate the solubilization effect of cyclodextrin [34]. An
excess amount of naringin/CD inclusion complex was
dissolved in distilled water at room temperature until
equilibrium was reached. After removal of the solid par-
ticles by filtration and dilution of the filtrate, the amount
of naringin was determined by UV spectrophotometry at
282 nm. The apparent solubility of naringin/CD inclusion
complex was calculated by the standard curve of naringin
(A=18.86C+0.04). The apparent solubility of naringin
(Sg=0.6502 mg/ml) was remarkably increased to 4.03 mg/
ml (naringin/p-CD), 6.43 mg/ml (naringin/HP-p-CD)
respectively. This result indicated that the water-soluble CD
improved the aqueous solubility of naringin effectively.

4. Conclusion

In conclusion, experimental and computational stud-
ies were conducted to characterize naringin/cyclodextrin

inclusion complexation behavior. The experimental results
indicate that the phenyl group of naringin is entrapped in
the CD cavity with 1:1 stoichiometry. In comparison to
native B-CD, HP-B-CD was found to increase the solubility
of naringin effectively in aqueous solution. The obtained
orientations of naringin inside CD cavities were com-
pared with available experimental data to verify the simu-
lation models. In addition, it was found that the insertion
of a phenyl ring inside the cavity of CD was more favora-
ble, although there were various possible inclusion geom-
etries of the naringin/cyclodextrin complexes. The MD
simulations and the HOMO and LUMO orbital investiga-
tions confirmed the orientation and stability of the inclu-
sion complexes. The combined experimental and computa-
tional methods represent a prospective approach for further
studies.
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