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Abstract
The co-evaporation method was used to synthesize the EN-β-CD@Piperine inclusion complex with a molar ratio of 1:1. The 
properties and structures of the inclusion complex were characterized by various methods to investigate the inclusion mode 
and interactions between host and guest. The results of molecular modeling were theoretically analyzed to determine the 
inclusion mechanism of inclusion complexes. Finally, the vitro dissolution release studies showed that the water solubility 
of piperine was significantly enhanced when EN-β-CD was combined with piperine. Therefore, the EN-β-CD@Piperine 
inclusion complex provides a promising development for the clinical application of piperine in the future.
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Introduction

Natural products from the herbal remedy, medicinal plants, 
functional foods and their ingredients have been used to treat 
various diseases from ancient times to modern times [1]. 
Over the last few decades, more and more researchers have 
been focused on the research on traditional medicine [2, 3]. 
Black pepper is widely incorporated into various foods and 
its medicinal properties have been well quoted in various 
traditional medicine [4]. Piperine is an alkaloid present in 
types of plants, such as black pepper, long pepper and other 
Piper species [5, 6]. Piperine has biological and pharma-
cological applications, such as antimetastatic, antiulcer, 
anti-inflammatory [7, 8], antifungal [9, 10]. However, its 
poor water solubility cause limitations in pharmaceutical 
activities and it is inevitable to use a higher dose of drugs 
to obtain the anticipated pharmacological response. There-
fore, it is imperative to improve the solubility of piperine to 
avoid dose escalation and toxicity [11, 12]. Various formu-
lation approaches such as cyclodextrin complexation [13, 
14], emulsion, floating microspheres, self-emulsifying drug 
delivery system and nanoliposome of piperine are used to 

investigate the enhancement of solubility/dissolution rate 
and in vivo bioavailability. Among the various approaches, 
cyclodextrin complexation is the method of choice that 
enhances water solubility of the drugs.

Cyclodextrins (CDs), a series of cyclic oligosaccharides, 
are composed of six (α), seven (β) or eight (γ) d-glucose 
units linked by α-1,4 bonds, named as α-CD, β-CD and 
γ-CD, respectively [15, 16]. Among these various types 
of CDs,β-cyclodextrins (β-CD) are widely used due to low 
cost, and its cavity size makes it possible to form inclu-
sion complex with various guest molecules through hydro-
gen bonding, van der Waals interaction and hydrophobic 
interactions [17, 18]. One of the main problems in phar-
maceutical industry is poor water solubility of the drugs 
which lead to decrease in bioavailability. Through inclusion 
complex formation of drugs, β-CD can overcome this prob-
lem and enhance the solubility and stability of hydrophobic 
drug molecules [19, 20]. But, native β-CD have poor water 
solubility and toxicity which hinder its further application 
in pharmaceutical formulations [21, 22]. So far, chemi-
cally modified β-CD derivatives such as hydroxypropyl-β-
CD(HP-β-CD) [23, 24], sulfobutylether-β-CD (SBE-β-CD) 
[22, 25] and ethylenediamine-β-cyclodextrin (EN-β-CD) 
[26, 27] have much higher water solubility and less toxic 
than unmodified β-CD. However, to the best of our knowl-
edge, no scientific study about the impact on EN-β-CD to 
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enhance solubility and dissolution rate of piperine have not 
been reported.

In this work, we have synthesized a novel inclusion 
complex of EN-β-CD and piperine that improved aqueous 
solubility and bioavailability. UV/Vis spectroscopy was 
measured to evaluate the formation of EN-β-CD@Piperine 
inclusion complex in aqueous solution. The structures and 
properties of EN-β-CD@Piperine inclusion complexes were 
characterized by 1H and 2D ROESY NMR, FT-IR, XRD 
and TGA. Finally, encapsulation efficiency (EE) and in vitro 
release analysis of inclusion complex were investigated.

Experiment

Materials and chemicals

Piperine (PC > 97%) was obtained from Shanghai Aladdin 
Pharmaceutical Corporation. β-CD was purchased from Zibo 
Qianhui Biotechnology Company, p-toluenesulfonyl chlo-
ride, N,N-dimethylformamide (DMF), acetone, ethylenedi-
amine, Anhydrous ethanol, concentrated hydrochloric acid 
(HCl) and sodium hydroxide (NaOH) were purchased from 
Tianjin Damao Pharmaceutical Corporation. All experi-
ments were carried out in deionized water. All solvents and 
reagents were analytical grade. All chemicals and reagents 
were without further purification.

Synthesis of mono[6‑O‑(p‑toluenesulfonyl)]‑β‑CD

A solution of sodium hydroxide (6.00  g) in deionized 
water (200 mL) was added dropwise to a solution of β-CD 
(10.00 g) in deionized water. The reaction mixture was 
stirred at 10 °C about 30 min. A solution of p-toluenesulfo-
nyl chloride (3.36 g) was added dropwise into homogeneous 
solution forming white precipitate immediately. The reaction 
mixture was stirred for 5.0 h. The white precipitate was fil-
tered and washed several times with acetone, and then was 
dried in a vacuum at 60 °C for 12 h.

Synthesis of mono(6‑ethylenediamine)‑β‑CD

2.00 g of 6-OTs-β-CD were dissolved in DMF (14.00 mL), 
and then added dropwise to anhydrous ethylenediamine 
(20.00 mL). The reaction mixture was stirred at 65 °C for 
4 h. Then, acetone (100.00 mL) was poured into the resultant 
solution forming white precipitate immediately. The white 
precipitate was recrystallized for several times with acetone. 
The obtained white precipitate was dried in vacuum at 40 °C 
for 12 h.

Preparation of EN‑β‑CD@Piperine

Piperine (0.5  mM, 0.143  g) and EN-β-CD (0.5  mM, 
0.5885 g) were completely dissolved in a mixed solution of 
deionized water/anhydrous ethanol (10% (v/v)).The resulting 
mixture was stirred at 40 °C for 4 h. After evaporating the 
ethanol from the mixture, the uncomplexed piperine was fil-
tered. The obtained filtrate was dried in vacuum at 40 °C for 
12 h. The synthesis of EN-β-CD and the preparation route 
of the inclusion complex are shown in Fig. 1.

Determination of the standard curve of piperine

A series of piperine anhydrous ethanol solutions with their 
concentrations ranging from 0.10 to 0.80 Mm (0.10, 0.20, 
0.30, 0.40, 0.50, 0.60, 0.70, 0.80 mM) were configured. The 
absorbance was measured at 343 nm in UV at room tempera-
ture as x-coordinate and absorbance (A) as y-coordinate. We 
found the standard curve of piperine could be depicted by 
the equation:

Determination of encapsulation efficiency (EE)

The percentage of encapsulation efficiency (%) was deter-
mined according to the following equation:

where m1 is the weight of piperine in the EN-β-CD and 
m0 is the total weight of piperine used in the encapsulation 
process.

Effect of molar ratio of EN‑β‑CD with piperine 
on encapsulation efficiency

Piperine and EN-β-CD were completely dissolved in a mixed 
solution of anhydrous ethanol and deionized water. The 
molar ratio of EN-β-CD with piperine is ranging from 20:1 
to 10:1 (20:1, 18:1, 16:1, 15:1, 14:1, 12:1, 10:1).The reaction 
mixture was stirred at 40 °C for 2 h. The amount of piperine 
in the supernatant was measured as absorbance at 343 nm. 
All experiments were repeated in triplicate. Encapsulation 
efficiency (EE) was calculated.

Effect of reaction temperature on encapsulation 
efficiency

EN-β-CD was dissolved in deionized water, while the pip-
erine was dissolved in anhydrous ethanol, and then added 
dropwise to the mixed solution. The encapsulation effi-
ciency of EN-β-CD with piperine was analyzed at 25 °C, 

(1)A = 0.1299C − 0.01971 R
2 = 0.9985

(2)EE(%) = m
1

/

m
0
× 100%
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35 °C, 45 °C and 65 °C for 2 h in the molar ratio of 15:1. 
The amount of piperine in the supernatant was measured 
as absorbance at 343 nm. The analyses were carried out in 
triplicate. Encapsulation efficiency (EE) was calculated.

Effect of reaction time on encapsulation efficiency

Piperine and EN-β-CD were completely dissolved in a mixed 
solution of anhydrous ethanol and deionized water. The reac-
tion mixture was stirred at 35 °C for 2, 3, 4, 5, 6 and 7 h, 
respectively. The molar ratio of EN-β-CD with piperine 
was 15:1. The amount of piperine in the supernatant was 
measured as absorbance at 343 nm. All experiments were 
carried out in triplicate. Encapsulation efficiency (EE) was 
calculated.

Job’s plot

The stoichiometry of EN-β-CD@Piperine inclusion complex 
was determined by Job’s method of continuous variation 
with the UV spectrophotometer. The total concentration of 
piperine and EN-β-CD was held at 4.5 × 10–5 mol/L, and the 
molar fraction of n(EN-β-CD)/[n(Piperine) + n (EN-β-CD)] 
varied from 0 to 1. The absorbance was measured at 343 nm 
in UV for a series of solutions. The absorption of each 

piperine solution in the presence and absence of EN-β-CD 
were determined in the same condition.

FTIR analysis

Before the experiment, the piperine, EN-β-CD, EN-β-CD@
Piperine inclusion complex and EN-β-CD/Piperine physical 
mixture were dried in a vacuum oven at 60 °C for 12 h. The 
samples were performed on FT-IR spectrophotometer, using 
KBr solid as background at a resolution of 4 cm−1 over the 
frequency range of 400–4000 cm−1.

XRD analysis

The XRD patterns were measured using Bruker D8 dif-
fractometer with Cu Kα radiation (40 kV, 100 mA), at a 
scanning rate of 6°/min. Powder samples were mounted on 
a vitreous sample holder and scanned with a step size of 
2θ = 0.02° between 2θ = 3° and 50°.

1H‑NMR analysis

The β-CD, EN-β-CD and EN-β-CD@Piperine inclusion 
complex were prepared in D2O, and 1H NMR experiments 
for β-CD, EN-β-CD and EN-β-CD@Piperine inclusion com-
plex were recorded on a Bruker Avance AV-III 400 MHz 

Fig. 1   The synthesis of 
EN-β-CD and the preparation 
route of the inclusion complex
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NMR spectrometer at room temperature. Tetramethylsilane 
(TMS) was used as a standard. The structure of piperine (a) 
and the proton structure of EN-β-CD (b) are shown in Fig. 2.

2D ROESY analysis

The 2D ROESY spectra were performed using a 600 MHz 
instrument (Bruker Avance, Germany) operating at room 
temperature. The inclusion complex was prepared in D2O. 
Chemical shifts were presented as ppm and tetramethylsilane 
(TMS) was used as the internal standard.

TGA analysis

The thermal properties of the piperine, EN-β-CD, 
EN-β-CD@Piperine inclusion complex and EN-β-CD and 
piperine physical mixture were characterized by thermo-
gravimetric analyzer. Thermal analysis were performed with 
NETZSCH5 instrument, at a linear heating rate of 10 °C/
min from the temperature ranged from 20 to 500 °C under 
nitrogen atmosphere (flow rate = 50 mL/min).

Molecular docking

Molecular docking studies were conducted using the soft-
ware’s Discovery Studio 3.5. β-CD was downloaded from 
the RCSB protein data bank. The protein around β-CD 
(Fig. 3a) was deleted to obtain the coordinates of β-CD 
(Fig. 3c). EN-β-CD (Fig. 3d) was constructed by modifying 
the –HNCH2CH2NH2 groups at the 6th position of the glu-
cose moieties of β-CD. The geometry of piperine (Fig. 3b) 
was optimized using Gaussian 09 software with the DFT-
B3LYP method and 6-31G basis set. All water molecules 
were removed, and only the polar hydrogens were added. 
Using Discovery Studio program (version 3.5), a yellow 
box was generated around β-CD. We generated the inclusion 

complexes by docking the guest piperine into the EN-β-CD 
cavity. The Discovery Studio program (version 3.5) gave 
several possible docked models for the most probable struc-
ture based on the geometric shape complementarity score.

In vitro release studies

In vitro release studies were carried out using a modified 
paddle-type dissolution apparatus. 1.5 mg of EN-β-CD@
Piperine inclusion complex or piperine were accurately 
weighed into a conical flask. The dissolution medium was 
phosphate-buffered saline (pH 6.8). The experiment was car-
ried out at 100 rpm in a dissolution medium (900.00 mL) 
maintained at 37 ± 1 °C. The samples were taken at prede-
termined time intervals (1, 3, 5, 7, 10, 15, 20, 25, 30, 45, 
60 min), and then filtered through a 0.45 um membrane. 

Fig. 2   The structure of piperine (a) and the proton structure of EN-β-CD (b)

Fig. 3   The structure of host and guest in molecular docking
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The fresh medium with an equal volume was added immedi-
ately to maintain release media. The piperine contents in the 
release medium were analyzed by the UV-spectrophotometer 
at 343 nm.

Results and discussion

Effect of molar ratio of EN‑β‑CD with piperine 
on encapsulation efficiency

Figure 4 shows the effect of molar ratio of EN-β-CD with 
piperine on encapsulation efficiency. When the molar ratio 
of EN-β-CD with piperine increased from 20:1 to 15:1, the 
encapsulation efficiency increased from 34.75 to 72.72%. 
This could be explained by the vacant capacity of cavity of 
EN-β-CD to entrap piperine. However, it is obvious that the 
encapsulation efficiency declined from 72.72 to 38.24% with 
molar ratio of EN-β-CD with piperine increased from 15:1 

to 10:1. This occurred because of the fact that the saturation 
of piperine encapsulate into EN-β-CD.

Effect of reaction temperature on encapsulation 
efficiency

The encapsulation efficiency (EE) of EN-β-CD@Piperine 
prepared at different reaction temperature is shown in Fig. 5. 
It can be observed that the reaction temperatures increased 
from 25 to 35 °C, the encapsulation efficiency increased 
from 72.18 to 79.32%. The results can be explained by the 
fact that EN-β-CD could effectively load piperine into the 
cavity to increase the drug encapsulation efficiency. How-
ever, it is obvious that the encapsulation efficiency declined 
from 79.32 to 38.32% with further increase of the reaction 
temperature from 35 to 65 °C. This observation could be 
attributed to increase in temperature, influencing the process 
of EN-β-CD interaction with piperine.

Effect of reaction time on encapsulation efficiency

Effect of reaction time on encapsulation efficiency was 
investigated and result is shown in Fig. 6. As can be seen 
from Fig. 6, the encapsulation efficiency increases rapidly 
with time prolonging and then increases slowly, and when 
time reached 4 h, the encapsulation efficiency reaches the 
maximum eventually. The initial rapid encapsulation effi-
ciency might be attributed to piperine effectively attached to 
the EN-β-CD. However, when the encapsulation efficiency 
of reaction time is more than 4 h, the system reached equi-
librium. It is concluded that the saturation of piperine encap-
sulate into EN-β-CD.

Characterization of inclusion complex

The FT-IR spectra of piperine, EN-β-CD, EN-β-CD and pip-
erine physical mixture and EN-β-CD @Piperine inclusion 
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Fig. 4   Effect of molar ratio of EN-β-CD with piperine on encapsula-
tion efficiency

Fig. 5   Effect of reaction 
temperature on encapsulation 
efficiency



	 Journal of Inclusion Phenomena and Macrocyclic Chemistry

1 3

complex are presented in Fig. 7. Infrared spectra of piperine 
have obvious characteristic absorption peaks at 2939, 1633, 
1193 and 997 cm−1, which correspond to C-H stretching 
vibration, N–H bending vibration, bis-epoxy ether character-
istic peak and monoepoxy C–O–C in the molecular structure 
of piperine. The infrared spectrum of EN-β-CD has obvi-
ous characteristic absorption peaks at 2927, 1658, 1080 and 
858 cm−1, corresponding to N–H bending vibration in the 
molecular structure of EN-β-CD, C=O stretching vibration, 
C–N stretching vibration, and NH2 symmetrical bending 
vibration. The infrared spectrum of EN-β-CD@Piperine 
inclusion complex was compared with the infrared spectrum 
of piperine and EN-β-CD, and the 2939 cm−1 peak of C–H 
stretching vibration in the molecular structure of piperine 
disappeared. When the piperine molecule is embedded in 
the cavity of the EN-β-CD, mutual chemical interaction is 

formed between the two molecules, so that the C–H stretch-
ing vibration in the piperine molecule is weakened and 
disappears. Furthermore, the C–O–C characteristic peak in 
the piperine molecule is red shifted from 997 to 1002 cm−1, 
which may be due to the formation of hydrogen bonds in 
the EN-β-CD cavity by the epoxy group. The physical mix-
ture of EN-β-CD and piperine shows that it is only a simple 
superposition of the characteristic absorption peaks of the 
host–guest molecule. Therefore, the inclusion complex was 
successfully synthesized.

TGA analysis can be applied to determine the thermal 
stability between cyclodextrins and guest molecules. The 
TGA spectra of piperine, EN-β-CD, EN-β-CD and piper-
ine physical mixture and EN-β-CD@Piperine inclusion 
complex are illustrated in Fig. 8. We found that piperine 
(Fig. 8a) begun to mass loss at about 210 °C. The TG curves 
showed that the weight loss of piperine is about 62.00% at 
344 °C, and the mass loss at 500 °C is nearly 83.00%. In the 
case of EN-β-CD (Fig. 8b) two important mass losses were 
observed. The first zone is around 100 °C, with a mass loss 
of 5.00%, while the second stage occurs at approximately 
500 °C with a mass loss of 67.00%. For the inclusion com-
plexes, EN-β-CD@Piperine (Fig. 8c) began to mass loss 
quickly at about 100 °C, and a second zone is around 200 °C, 
with a mass loss of 18.00%. Three stage is approximately 
325 °C with degradation of 78.00% of the total mass. In 
contrast, the TG curves of the EN-β-CD and piperine physi-
cal mixture (Fig. 8d), there are two decomposition-related 
peaks at 210 °C and 325 °C, which is the superposition of 
EN-β-CD and piperine. The results showed that the inclu-
sion complex formed by EN-β-CD@Piperine had higher 
decomposition temperature than the host–guest molecule, 
and the thermal stability of piperine changed, indicating that 

Fig. 6   Effect of reaction time on encapsulation efficiency

Fig. 7   FTIR spectra of piperine (a), EN-β-CD (b), EN-β-CD and pip-
erine physical mixture (c) and EN-β-CD@Piperine inclusion complex 
(d)

Fig. 8   TG curves of piperine (a), EN-β-CD (b), EN-β-CD@Piperine 
inclusion complex (c), EN-β-CD and piperine physical mixture (d)
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the host–guest molecule formed a relatively stable composite 
structure.

The XRD patterns of piperine, EN-β-CD, EN-β-CD@
Piperine inclusion complex and EN-β-CD and piperine 
physical mixture were listed in Fig. 9. The diffraction angle 
of piperine (Fig. 9a) showed sharper peaks at 14.34, 19.83, 
27.71, 25.92°, indicating that the piperine material has a 
crystalline form. But, compared to piperine, the XRD pat-
tern of EN-β-CD (Fig. 9b) has a flatter curve, indicating 
that it is amorphous. The XRD pattern of the EN-β-CD was 
amorphous nature that lacked crystalline peaks. The XRD 
pattern of the EN-β-CD@Piperine inclusion complex noted 
an amorphous halo pattern. These results suggested that 
the piperine molecule inserted into EN-β-CD cavity. The 
XRD patterns of EN-β-CD and piperine physical mixture 
was investigated, indicating that the physical mixture has 
properties of both amorphous EN-β-CD and some crystal-
line peaks of piperine. Therefore, the XRD results indicate 
that a novel inclusion complex was synthesized.

The 1H-NMR spectrum of β-CD, EN-β-CD and 
EN-β-CD@Piperine inclusion complex were shown in 
the Fig. 10. The characteristic peak δ(ppm) and proton 
chemical shift values of EN-β-CD and EN-β-CD@Piper-
ine inclusion complex compared with β-CD were shown in 
Table 1. It can be seen that the proton chemical shift value 
of the inclusion complex was significantly different from 
the chemical shift of the host molecule, and the chemical 
shift variations were calculated by the following formula: 
Δδ = δ(free) − δ(complex). The values of H-4 and H-6 in 
the inclusion complex were small and the values of H-1, 
H-2, H-3 and H-5 showed significant chemical shifts. It is 
fairly noteworthy that the H-3 protons shifted 0.042 ppm and 

the H-5 proton shift 0.019 ppm. Because both H-3 and H-5 
protons are located in the interior of EN-β-CD cavity, the 
H-5 protons are near the narrow side of the cavity and the 
H-3 protons are located on the wide side. It was confirmed 
that piperine molecule should penetrate into the EN-β-CD 
cavity from the wide side.

2D ROESY spectroscopy provides information about 
the spatial proximity between EN-β-CD and piperine atoms 
complex systems. Two protons locating in space within 
0.4 nm produce a nuclear overhauser effect (NOE) cross 
correlation in NOE spectroscopy (NOESY) or ROESY. To 
get additional conformational information, we obtained 2D 
ROESY of the inclusion complex of piperine with EN-β-CD. 
The ROESY spectrum of the EN-β-CD@Piperine inclusion 
complex (Fig. 11) displayed appreciable correlation of H-1 
and H-5 protons of piperine with H-3, H-5/H-6 protons of 
EN-β-CD, as well as key correlations between the H-2 pro-
tons of piperine and the H-3, H-5/H-6 protons of EN-β-CD. 
These results indicate that B ring of piperine was included 

Fig. 9   XRD patterns of piperine (a), EN-β-CD (b), EN-β-CD@Pip-
erine inclusion complex (c) and EN-β-CD and piperine physical mix-
ture (d)

Fig. 10   1H-NMR spectrum of β-CD (a), EN-β-CD (b) and 
EN-β-CD@Piperine inclusion complex (c)

Table 1   Chemical shift data of EN-β-CD and EN-β-CD@Piperine 
inclusion complex

EN-β-CD@Piperine δ(free) δ(complex) Δδ

H-1 4.977 4.944 0.033
H-2 3.567 3.531 0.036
H-3 3.866 3.824 0.042
H-4 3.514 3.508 0.006
H-5 3.822 3.803 0.019
H-6 3.752 3.750 0.002
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the EN-β-CD cavity. Based on these observations, together 
with the 1:1 stoichiometry suggested by Job’s plot, we 
deduced that the benzene ring of piperine was merged into 
the EN-β-CD cavity from vast side [28, 29].

Molecular docking

Molecular docking was employed to determine the inter-
action between EN-β-CD and piperine. Discovery Studio 
program (version 3.5) was used to find docking transfor-
mations with good dominant conformation, as shown in 
Fig. 12. Comparing with ten dominant conformations, it 
can be found that the other nine dominant conformations 
are benzodioxolane groups of the piperine entering into 
the EN-β-CD cavity from the wide side, except for confor-
mation-9. Interestingly, this structure dominates the entire 
simulation time. The stable EN-β-CD@Piperine inclusion 
complex are formed by hydrogen bonds. On the other hand, 
conformation-2 and conformation-8 indicate that the guest 
molecules enter the EN-β-CD cavity from the wide side, and 
the benzene ring and the outer ethylenediamine group can 
also undergo P–π conjugation. In addition, the lowest bind-
ing energy of the conformation-1 indicates that it was the 
most stable among the ten dominant conformation. Molecu-
lar modeling study is consistent with the results of the 1H 
and 2D ROESY NMR [30, 31] (Table 2).

Stoichiometry (Job’s plot)

The Job’s plot is known as method to determine the stoichi-
ometry in host–guest molecules. Figure 13 presents the Job’s 
plot for the EN-β-CD@Piperine inclusion complex using the 

UV–Vis spectroscopy. x-coordinate is the molar fraction of 
n(EN-β-CD)/[n( Piperine) + n (EN-β-CD)], and y-coordinate 
is the absorbance intensity of piperine in the presence and 
absence of EN-β-CD. The stoichiometric ratio of inclusion 
complex can be judged from the highest point of the curve. If 
the highest point of the curve is 0.5, the stoichiometric ratio 
of the inclusion complex is 1:1, if the highest point is 0.67 or 
0.75, the stoichiometric ratio is 1:2 or 1:3. From the curve of 
the ratio of the amount of continuously changing substances 
in the EN-β-CD@Piperine inclusion complex system, it can 
be seen that the maximum value of ΔA in the curve corre-
sponds to a ratio of 1:1, which clearly proves EN-β-CD@
Piperine inclusion compound with a ratio of 1:1 [32, 33].

In vitro release studies

The aim of this study was to investigate the inclusion prop-
erties of EN-β-CD with the piperine to modify drug release 
and to increase the oral bioavailability. Comparing release 
rate of EN-β-CD@Piperine inclusion complex and pure 

Fig. 11   ROESY spectrum of EN-β-CD@Piperine inclusion complex 
in D2O

Fig. 12   Various possible dominant conformation of EN-β-CD@Pip-
erine inclusion complex
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piperine, different release rates were observed in Fig. 14. For 
pure piperine, the release rate was 35% within 5 min. The 
dissolution rate of EN-β-CD@Piperine inclusion complex 
was more than 70% within 5 min. 100% of EN-β-CD@Pip-
erine inclusion complex was released within 60 min whereas 
for piperine solution, approximately 40% was released dur-
ing the same time. Corporately, EN-β-CD@Piperine inclu-
sion complex exhibited significantly rapid release property. 
We deduced that the hydrophobic piperine penetrate into 
the EN-β-CD cavity, forming a relatively stable composite 
structure.

Conclusion

In this study, EN-β-CD@Piperine inclusion complex was 
prepared by a co-evaporation method. The inclusion com-
plex structures and properties were confirmed through 
FT-IR, UV, XRD, TGA, 1H and 2D ROESY NMR. The TGA 
curve indicated that EN-β-CD@Piperine inclusion complex 
has a higher decomposition temperature than pure piperine. 

The 1H and 2D ROESY NMR curve indicated that piperine 
molecule should penetrate into the EN-β-CD cavity from 
the wide side. Molecular modeling confirmed that the com-
plex of between EN-β-CD and piperine was 1:1. Besides, 
in vitro release experiments indicated that the water solu-
bility of piperine was remarkably improved. Therefore, the 
EN-β-CD@Piperine inclusion complex could be beneficial 
to design of a new formulation of piperine for the application 
in the field of medicine.
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