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Cannabidiol (CBD), which has a wide variety of biological activities, is one of the phytocannabinoids from
Cannabis sativa L. However, due to the poor aqueous solubility, its applications in food, cosmetic, and
pharmaceutical fields are limited. Moreover, the previous researches on the improvement in the solubil-
ity of CBD are rare. Cyclodextrins (CDs) are useful materials to improve the solubility of poorly water-
soluble molecules. Therefore, this work was aimed to study the physicochemical properties, water solu-
bility, and dissolution rate of the inclusion complexes of CBD with b-cyclodextrin (b-CD) and 2, 6-di-O-
methyl-b-cyclodextrin (DM-b-CD), and to determine the influence of complexation on the antioxidant
activity of CBD. Job’s plot and phase solubility study revealed that CBD formed inclusion complexes with
b-CD and DM-b-CD at a 1:1 stoichiometric ratio. The thermodynamics analysis demonstrated that the
inclusion process was spontaneous and endothermic. Then, the inclusion complexes of CBD with b-CD
or DM-b-CD were prepared and characterized by PXRD, FT-IR, DSC, SEM, and 1H NMR. The loading effi-
ciency (LE) of the two inclusion complexes was 20.4% and 17.7% respectively, while the complexation
efficiency (CE) was 92.4% and 90.8% respectively. Moreover, the results of molecular docking further
showed that CBD was encapsulated successfully. The results also displayed that the water solubility of
CBD in CBD/b-CD inclusion complex (IC) and CBD/DM-b-CD IC was significantly increased to 0.395 and
14.118 lg/mL, which was enhanced by 17-fold and 614-fold respectively at such a high LE, and the
in vitro dissolution rate of CBD was also promoted after complexation. Besides, the antioxidant activity
of CBD was improved after encapsulation with b-CD and DM-b-CD. Significantly, the ABTS free radical
scavenging ability of the two inclusion complexes was better than that of Vitamin C (Vc).
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Fig. 2. The chemical structures of CDs.
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1. Introduction

Cannabis sativa L. (hemp) has many kinds of phytocannabinoid
compounds, including cannabidiol (CBD, Fig. 1), which is the sec-
ond most abundant cannabinoid after tetrahydrocannabinol
(THC) [1]. It is noteworthy that CBD has no psychotropic activity,
but THC can cause psychoactive side effects [2,3]. CBD has been
demonstrated to possess a wide variety of biological activities,
including antioxidative [4], antibacterial [5], anticancer [6–8],
anti-inflammatory [9], antidepressant-like [10], hepatoprotective
[11], anti-radiation [12], neuroprotective [13], antipsychotic [14–
16], antiepileptic [17], antidiabetic [18], immunoregulatory [19]
and so on. Therefore, CBD has immense applied value in functional
foods, cosmetic, nutraceutical, and pharmaceutical products. Epid-
iolex�, a pharmaceutical preparation of CBD was approved by the
US Food and Drug Administration (FDA) in 2018 for seizures treat-
ment [20]. However, CBD is a biopharmaceutical classification sys-
tem (BCS) class II drug, indicating that the aqueous solubility of
CBD is very poor, which leads to low oral bioavailability. So it is
urgent to explore an effective strategy for increasing the water sol-
ubility of CBD for its development and application in many fields.

Cyclodextrins (CDs, Fig. 2) are circular table-shaped cyclic
oligosaccharides and composed of glucopyranose units linked by
a-1, 4-glycosidic bonds [21]. The outer surface of CDs is hydrophi-
lic while the inner cavity which can accommodate insoluble mole-
cules is hydrophobic. CDs are often used to improve the water
solubility and chemical stability of biologically active natural prod-
ucts, such as rosmarinic acid [22], resveratrol [23], quercetin [24],
betulin [25], and curcumin [26]. b-cyclodextrin (b-CD, Fig. 2) is one
of the most widely used CDs because its cavity is compatible with
common guests with molecular weights between 200 and
800 g/mol [27]. Lv et al. [28] prepared the inclusion complex (IC)
of CBD with b-CD by suspension method, claiming that the water
solubility of CBD was improved but the data of loading rate was
not presented. Mannila et al. [29] also used b-CD as a drug carrier
to enhance the absorption of CBD in rabbits by sublingual admin-
istration. However, the water solubility of unmodified b-CD is bad.
Furthermore, it could not be used safely because of its nephrotox-
icity [30]. Thus, some substituted b-CD have been obtained
through different chemical modifications and used in medicine,
food, and cosmetic industries, including 2, 6-di-O-methyl-b-
cyclodextrin (DM-b-CD, Fig. 2), which is made by methylation of
the hydroxyl groups at C2 and C6 of all glucose units of b-CD.
DM-b-CD has gained tremendous attention owing to its relatively
flexible cavity size, higher water solubility, low toxicity, and better
inclusion capability [31]. Because of these advantages, DM-b-CD
shows a better potential to be applied than b-CD. Wu et al. [32]
reported that DM-b-CD possessed higher apparent stability con-
stant than b-CD with 2R, 3R-dihydromyricetin, indicating that
the cavity size of DM-b-CD was more suitable. Dong et al. [33] also
Fig. 1. The chemical structure of CBD.
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illustrated that quercetin/DM-b-CD IC had significantly enhanced
dissolution rate and thermal stability compared with those of
quercetin/b-CD IC.

Although several studies about the inclusion complexes of CBD
with CDs have been reported as mentioned above, to the best of
our knowledge there is no article concerning the encapsulation of
CBD with DM-b-CD up to now. Meanwhile, the changes of biolog-
ical activities before and after inclusion are still unclear. Therefore,
the present work was aimed to elucidate the binding behavior
between CBD and DM-b-CD or b-CD, and to evaluate the water sol-
ubility, dissolution performance, and antioxidant activity of CBD/
DM-b-CD IC and CBD/b-CD IC. First of all, we compared the inclu-
sion ability of several CDs, including a-cyclodextrin (a-CD), b-CD,
c-cyclodextrin (c-CD), and DM-b-CD. Then the two inclusion com-
plexes, CBD/DM-b-CD IC and CBD/b-CD IC which exhibited strong
interactions, were prepared, characterized, and investigated. The
structural and thermal properties were analyzed by Fourier trans-
form infrared spectroscopy (FT-IR), powder X-ray diffraction
(PXRD), differential scanning calorimetry (DSC), scanning electron
microscopy (SEM), and nuclear magnetic resonance (NMR). In
addition to the experimental analysis, molecular docking was
employed to estimate the most possible modes and the binding
energy of the combination between CBD and CDs. Furthermore,
the water solubility and in vitro dissolution rate of the inclusion
complexes were assessed to verify the solubility enhancement of
CBD. Finally, antioxidant activity tests based on free radical scav-
enging assay were carried out to evaluate the effect of inclusion
on the antioxidant activity of CBD.
2. Materials and methods

2.1. Materials

CBD (98%, MW � 314) was supplied by Yunnan Hempmon Phar-
maceutical Co., Ltd. (Yunnan, China). a-CD (98%, MW � 973), b-CD
(98%, MW � 1135), c-CD (98%, MW � 1297), DM-b-CD (98%, MW �
1331), and 2, 20-azinabis (3-ethyl-benzothiazoline-6-sulfonic acid)
diammonium salt (ABTS, 98%) were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). 1, 1-
diphenyl-2-picrylhydrazyl (DPPH, 96%) was obtained from Shang-
hai Macklin Biochemical Technology Co., Ltd. (Shanghai, China).
Solvents used in high performance liquid chromatography (HPLC)
analysis were of chromatographic grade. Other reagents, which
were of analytical grade, were purchased from Sinopharm Chemi-
cal Reagents Co., Ltd. (Shanghai, China). Deionized water was used
during the whole experiment process.
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2.2. HPLC analysis

The HPLC (1260 Infinity, Agilent Technology, Palo Alto, USA)
system equipped with a UV/Vis detector was used to quantify
CBD. The HPLC analytical conditions were achieved on a MultoHigh
100 RP18-3l (125 mm � 4.6 mm) column (CS-Chromatographie-
Service GmbH, Langerwehe, Germany) with a mobile phase con-
taining methanol and water in the ratio (87:13, v/v). The flow rate
was 0.2 mL/min. The column temperature was maintained at 35 �C.
The wavelength detected was 220 nm and the volume of each
injection was 10 lL. All the samples were filtered through a
0.22 lm membrane filter before being analyzed.

2.3. Phase solubility study

Phase solubility study for the CBD/CDs system was carried out
following the method described by Higuchi and Connors [34]. An
excess amount of CBD was added into a conical flask containing
10 mL of an aqueous solution of a-CD, b-CD, c-CD, or DM-b-CD
at various concentrations ranging from 0 to 24 mM. The conical
flask was shaken at 30℃ for 24 h in a constant temperature incuba-
tor shaker. Then the suspension was centrifuged at 4,000 rpm for
10 min and the supernatant was filtered through a 0.22 lm mem-
brane filter. Next, the amount of CBD dissolved was evaluated by
HPLC. Phase solubility diagram was obtained by plotting concen-
tration of CBD vs concentration of CD. And the apparent stability
constant (KS) of each CD was calculated from the slope of the phase
solubility diagram according to the following equation (Eq. (1)).

KS ¼ slope= S0 1� slopeð Þ½ � ð1Þ
where S0 (2.3 � 10�2 lg/mL) is the original solubility of CBD in
water.

2.4. Job’s plot

Job’s plot, as a technique of continuous variation, is commonly
used for determining the stoichiometry of inclusion [35]. Briefly,
equimolar (2 � 10�4 M) CBD and CD (b-CD or DM-b-CD) in metha-
nol–water solutions (55:45, v/v) were mixed to a constant volume
(1 mL: 9 mL; 2 mL: 8 mL; 3 mL: 7 mL and so on). After stirring for
1 h at 30 �C, the sample vials were centrifuged at 4,000 rpm for
10 min. The absorbance (Abs) of each solution was measured by
UV/Vis spectroscopy (UV-2802, Unico Instrument, Calabasas,
USA) at 220 nm and DAbs was determined as the difference
between Abs with and without CDs. Then, the Job’s plot was
obtained by plotting DAbs � R vs R (calculated by Eq. (2)).

R ¼ CBD½ �
CBD½ � þ CD½ � ð2Þ
2.5. Determination of thermodynamic parameters

According to the phase solubility diagrams of 30, 40, 50,
60 ± 0.5 �C, the thermodynamic parameters of the encapsulation
process, DG0, DH0, and DS0 were calculated from the Gibbs and
Van’t Hoff equation.

DG0 ¼ �RT � lnKS ð3Þ

lnKS ¼ �DH0=RT þ DS0=R ð4Þ
where T represents temperature, R is the universal gas constant
about 8.314 J/(mol�K), DH0 and DS0 are standard enthalpy change
and entropy change, respectively, DG0 refers to Gibbs free energy
change.
3

For a linear regression curve of lnKS vs 1/T, -DH0/R and DS0/R
play a role as slope and intercept, respectively.

2.6. Preparation of inclusion complexes and physical mixtures

CBD/b-CD IC and CBD/DM-b-CD IC were prepared by freeze-
drying method. The following technological parameters were
determined by optimization. Briefly, CBD and CD were exactly
weighted in a molar ratio of 1:1. CD (b-CD or DM-b-CD, 4 � 10�2

mmol) was solubilized in 40 mL of 40% ethanol, being stirred com-
pletely for 20 min. CBD (4 � 10�2 mmol) was dissolved in 500 lL of
ethanol and the obtained solution was added into CD solution
slowly. The resulting mixture was magnetically stirred at 30 �C
for 6 h, and then filtered through a 0.22 lm membrane. Finally,
the filtrate was lyophilized for 2 days by a vacuum freeze drier
(LGJ-10E, Beijing SiHuan Scientific Instrument, Beijing, China).

To prepare physical mixtures, CBD and CD were uniformly
mixed in a molar ratio of 1:1 using a mortar at room temperature
for 5 min. The physical mixtures were placed in a dryer for use.

2.7. Complexation efficiency (CE) and loading efficiency (LE) of CBD in
the inclusion complexes

HPLC analysis was used to determine the CBD content in the
complexes. In brief, 10 mg of IC was dissolved in 10 mL of metha-
nol, then the obtained solution was treated with ultrasonic pro-
cessing at room temperature for 40 min to allow enough time for
all CBD entrapped to release into the solution. Subsequently, the
sample was centrifuged at 4000 rpm for 5 min and the supernatant
was analyzed by HPLC. The CE and LE were calculated by Eq. (5)
and Eq. (6), respectively.

CE %ð Þ ¼ ðME=MTÞ � 100 ð5Þ

LE %ð Þ ¼ ME= ME þMCð Þ½ � � 100 ð6Þ
where ME refers to the mass of CBD entrapped, MT is the total
weight of CBD added initially, and MC represents the weight of CD.

2.8. Characterization of CBD, CDs, physical mixtures, and inclusion
complexes

2.8.1. PXRD analysis
The PXRD patterns were collected on an Empyrean X-ray

diffractometer (PANalytical B. V., Almelo, Netherlands) equipped
with a Cu Ka (k = 1.5406 Å) radiation source and operated at
40 kV/40 mA. The diffraction data were obtained at 2h diffraction
angles between 5� and 90� with a step size of 0.02626�.

2.8.2. FT-IR analysis
Each sample was adequately mixed with a suitable amount of

KBr, and then the mixture was compressed into a tablet before
testing. FT-IR spectra were recorded with a Nicolet iS50 FT-IR spec-
trophotometer (Thermo Fisher Scientific, Madison, USA) between
4000 cm�1 and 400 cm�1 at an optical resolution of 4 cm�1.

2.8.3. DSC analysis
DSC analysis was carried out on a STA449F3 simultaneous ther-

mal analyzer (Netzsch, Bavaria, Germany). Each sample (5–10 mg)
was heated at a rate of 10 �C/min from 30 to 300 �C under a flowing
argon atmosphere (flow rate: 20 mL/min) in an aluminum pan.

2.8.4. SEM analysis
The surface morphology of each sample was observed by a JSM-

6700F field emission scanning electron microscope (JEOL, Tokyo,
Japan). Before observing, the samples were evenly fixed on a brass
stub using double-sided adhesive tape, and then coated by gold



H. Li, Sen-Lin Chang, Tan-Ran Chang et al. Journal of Molecular Liquids 334 (2021) 116070
sputter, they were made to be electrically conductive. Subse-
quently, the images were taken.

2.8.5. 1H NMR analysis
1H NMR experiment was conducted on an AVANCE III spec-

trometer (600 MHz, Bruker BioSpin, Switzerland) at 25 �C.
DMSO d6 was used as the solvent for all samples. The chemical
shift was presented as ppm, tetramethylsilane (TMS) as the inter-
nal standard.

2.9. Molecular docking

AutoDock 4.2 software (Scripps Research Institute, La Jolla,
USA), a popular and free application for molecular modeling [36],
was used in this work to predict the most dominant conformation
of the inclusion complexes. The structure of CBD was drawn using
ChemBioDraw Ultra 15.0 software (CambridgeSoft, Cambridge,
USA), and then optimized by ChemBio3D Ultra 15.0 (Cam-
bridgeSoft, Cambridge, USA) based on the MM2 molecular force
field. The structure of b-CD was obtained from the Protein Data
Bank (PDB ID: 1z0n) while DM-b-CD was acquired by adding
dimethyl to b-CD. The spatial structures of the CDs were also trea-
ted by the MM2 method in ChemBio3D Ultra 15.0. All the non-
polar hydrogen atoms were made to expose. AutoDockTools 1.5.6
was used to add the gasteiger charges for each atom of the above-
mentioned molecules and AutoGrid 4.2 was employed to estimate
the grid maps before molecular docking. With the preparations
being completed, docking of CBD with CDs was performed using
the Lamarckian genetic algorithm through AutoDockTools.

2.10. Water solubility study

To determine water solubility, an excess amount (equivalent to
10 mg raw CBD) of each sample was suspended in a conical flask
containing 20 mL of deionized water and kept for magnetically
stirring with a speed of 100 rpm for 24 h at 37 �C. Then the suspen-
sion was centrifuged at 4000 rpm for 5 min. The supernatant was
analyzed by HPLC.

2.11. In vitro dissolution study

For in vitro dissolution experiment, deionized water was used
as the dissolution medium. Each sample (equivalent to 1.5 mg
raw CBD) was added into 100 mL of deionized water. The conical
flask containing the suspension was magnetically stirred
(100 rpm) at 37 �C. At different time intervals (0, 5, 10, 15, 20,
30, 45, 60, 90, 120, 180, 240, 360, 480, 720, 1440 min), aliquot
(2 mL) was withdrawn and analyzed by HPLC. At the same time,
2 mL of deionized water was added into the conical flask for main-
taining the initial volume of the dissolution medium.

2.12. Antioxidant activity study

2.12.1. ABTS free radical scavenging activity
The ABTS free radical scavenging capacity of CBD, CDs, physical

mixtures, and inclusion complexes was evaluated based on a pre-
vious method with minor modifications [37]. In brief, 50 mL
methanol solution of ABTS (7 mM) was mixed with 880 lL aque-
ous solution of potassium persulfate (140 mM). The obtained mix-
ture was kept in the dark for 24 h at room temperature. The
prepared ABTS stock solution was diluted about 80 times with
methanol until the Abs reached 0.70 ± 0.02 at 734 nm. As a result,
the ABTS work solution was obtained. Then, 4 mL of ABTS work
solution was added into 1 mL of the sample solution of various
concentrations. The obtained solution was shaken quickly for
30 s and placed in the dark for another 6 min. Subsequently, the
4

Abs at 734 nm was measured by UV/Vis spectroscopy, and Vitamin
C (Vc) was used as a positive control. The scavenging rate of each
sample, expressed as SA (%), was calculated with Eq. (7). The 50%
effective concentration (EC50) of the samples was speculated by
plotting SA (%) vs concentration of each sample.

ABTS SA %ð Þ ¼ 1� Asample � Acontrol

Ablank

� �
� 100% ð7Þ

where Asample is the absorbance of the reaction system (ABTS with
the sample), Acontrol represents the absorbance of the sample back-
ground (methanol with the sample), and Ablank refers to the absor-
bance of the negative control (ABTS with methanol).

2.12.2. DPPH free radical scavenging activity
The DPPH free radical scavenging capacity of CBD, CDs, physical

mixtures, and inclusion complexes was assessed according to a
reported method with some modifications [38]. Briefly, 100 mL
methanol solution of DPPH (0.2 mM) was prepared. Subsequently,
2 mL of DPPH solution was added into 2 mL of the sample solution
of various concentrations. The mixture was shaken sufficiently and
incubated for 30 min. Finally, the Abs at 517 nm was measured by
UV/Vis spectroscopy, and Vc was used as a positive control. The
scavenging rate of each sample, expressed as SA (%), was counted
using Eq. (8). The EC50 value of the samples was determined by
plotting SA (%) vs concentration of each sample.

DPPH SA %ð Þ ¼ 1� Asample � Acontrol

Ablank

� �
� 100% ð8Þ

where Asample represents the absorbance of the reaction system
(DPPHwith the sample), Acontrol refers to the absorbance of the sam-
ple background (methanol with the sample), and Ablank is the absor-
bance of the negative control (DPPH with methanol).

3. Results and discussions

3.1. Phase solubility study

The phase solubility diagrams of CBD with a-CD, b-CD, c-CD,
and DM-b-CD in water at 30 �C were shown in Fig. 3. The phase sol-
ubility analysis is an essential and extensively used technique to
estimate the influence of CDs on the solubility of poorly water-
soluble molecules, the stoichiometric proportion, and the apparent
stability of inclusion complexes [39]. As indicated by the diagrams,
the aqueous solubility of CBD increased linearly with the increas-
ing concentration of CDs within the designed concentration range,
other than a-CD. Therefore, the three linear phase solubility dia-
grams can be classified as AL type diagram based on the definition
of Higuchi and Connors, suggesting that the formation of 1:1 com-
plexes between CBD and the three CDs. However, as the concentra-
tion of a-CD rose, the water solubility of CBD increased faster,
showing a non-linear correlation, which indicated an AP type phase
solubility performance. It demonstrated that the 1:1 and 1:2 CBD/
a-CD IC both existed. The order of the calculated KS (M�1) of the
four CBD/CDs was: DM-b-CD (3227.1) > b-CD (315.4) > a-CD
(126.5) > c-CD (26.8). Just as we predicted, b-CD and its derivative
exhibited better inclusion ability. The lower KS of a-CD and c-CD
were probably due to their unsuitable cavity size, which prevented
CBD molecule from entering the cavity of a-CD [40] or was too big
for CBD to interact effectively with c-CD, respectively. On the other
hand, the KS of DM-b-CD was higher than that of b-CD, suggesting
that the dimethyl substituent can improve the inclusion ability by
enlarging the hydrophobic cavity of b-CD or enhancing a hydrogen
bonding impact [41]. In consideration of the excellent inclusion
ability, b-CD and DM-b-CD were employed in subsequent
experiments.



Fig. 3. Phase solubility diagrams of CBD with various CDs at 30 �C in aqueous solution ((b) is a partial enlargement of (a)).
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3.2. Job’s plot

Job’s experiment was achieved to further validate the stoichio-
metric ratio of the inclusion complexes. Fig. 4 represented the Job’s
plots of CBD/b-CD IC and CBD/DM-b-CD IC. On the basis of this
method, the value of R relevant to the maximum value of DAbs � R
is considered to be the stoichiometric proportion of the IC. The
results showed that the peak values of ordinate appeared at 0.5,
indicating that the stoichiometric ratio of the two inclusion com-
plexes was 1:1, which was consistent with the conclusion of the
phase solubility study. Therefore, the inclusion complexes were
prepared in a 1:1 ratio.
3.3. Thermodynamics analysis

The thermodynamic parameters of the interaction of CBD with
CDs were exhibited in Table 1. DG0 was calculated by Eq. (3) after
the value of KS at different temperatures being obtained. DH0 and
DS0, which were associated with the slope and intercept of Eq.
(4) respectively, were got from the linear regression curves of lnKS

vs 1/T (data not shown in the article). As shown in Table 1, the
value of DG0 for the two CDs at all temperatures was negative
while the values of DH0 and DS0 were positive, indicating that
the complexation processes between CBD and the two CDs were
spontaneous and endothermic. Moreover, the encapsulation
increased the translational and rotational degrees of freedom of
the inclusion complexes instead of making a more ordered system
[42]. Based on the second law of thermodynamics, the positive
Fig. 4. Job’s plots of (a) CBD/b-CD IC and (b) C
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value of DH0 was a major obstacle for the reaction, but its adverse
effect was counteracted by DS0, which was more dominant in the
complexation processes between CBD and the two CDs [43]. Mean-
while, the values of the thermodynamic parameters during the
processes were less than those of the general chemical reactions,
suggesting that there were intermolecular hydrogen bonds and
Van der Waals force, but no covalent bond [44]. Besides, the ther-
modynamic parameters of CBD with the two CDs were distinctly
different. The absolute value of DH0 and DS0 of CBD with DM-b-
CD was less than those with b-CD, while the absolute value of
DG0 was greater. The phenomenon indicated a milder endothermic
reaction, a less disordered system, and a larger tendency to form a
complex in the inclusion process with DM-b-CD. It could be spec-
ulated that the larger and more hydrophobic cavity of DM-b-CD
played an important role, compared with that of b-CD.
3.4. Complexation efficiency and loading efficiency

CE and LE are two important parameters, which are commonly
used to determine the amount of guest molecule entrapped into
the cavity of CDs [45]. Based on Eq. (5) and Eq. (6), it can be deter-
mined that LE has a positive correlation with CE. Table 2 repre-
sented the CE and LE of the two inclusion complexes. For CBD/b-
CD IC, the CE and LE were 92.4 ± 0.49% (n = 3) and 20.4 ± 0.53%
(n = 3), respectively. For CBD/DM-b-CD IC, they were 90.8 ± 0.34%
(n = 3) and 17.7 ± 0.69% (n = 3), respectively. The values of CE of
the two complexes were more than 90%, indicating that almost
all CBD molecules were entrapped. The high values of CE and LE
BD/DM-b-CD IC in 55% methanol at 30 �C.



Table 1
Thermodynamic parameters for CBD/b-CD IC and CBD/DM-b-CD IC at different temperatures.

DG0 (kJ/mol) DH0 (kJ/mol) DS0 (J/mol�K)
T ( �C) b-CD DM-b-CD b-CD DM-b-CD b-CD DM-b-CD

30 �22.26 ± 0.13 �34.90 ± 0.21 81.40 ± 4.54 2.99 ± 0.14 337.98 ± 19.31 125.23 ± 9.49
40 �23.87 ± 0.37 �36.33 ± 0.83
50 �24.99 ± 0.75 �37.51 ± 1.64
60 �33.43 ± 0.51 �38.67 ± 1.11

Results were listed as mean ± SD (n = 3).

Table 2
Complexation efficiency and loading efficiency of CBD/b-CD IC and CBD/DM-b-CD IC.

CE (%) LE (%)

CBD/b-CD IC 92.4 ± 0.49 20.4 ± 0.53
CBD/DM-b-CD IC 90.8 ± 0.34 17.7 ± 0.69

Results were listed as mean ± SD (n = 3).
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can be attributed to the physicochemical properties and chemical
structure of the two CDs. In subsequent experiments, several tech-
niques were adopted to verify that CBD was entrapped into the
cavity of CDs successfully.
3.5. Characterization of CBD, CDs, physical mixtures, and inclusion
complexes

3.5.1. PXRD analysis
PXRD is an effective method to verify the formation of inclusion

complexes with CDs [46]. As shown in Fig. 5, the PXRD pattern of
CBD exhibited several sharp characteristic diffraction peaks at 2h
angles of 10.11�, 17.28�, 18.72�, 20.43�, 21.53�, and 22.03�, which
showed a high degree of crystallinity of CBD. Similarly, b-CD also
displayed many diffraction peaks because of its crystalline state
and the diffraction peak at 12.55� was the sharpest. By contrast,
DM-b-CD showed almost no characteristic peak due to its amor-
phous nature. The diffractograms of the physical mixtures were a
simple superposition of the diffraction patterns of CBD and CDs.
Fig. 5. PXRD patterns of (a) CBD, (b) b-CD, (c) physical mixture (PM) of CBD and b-
CD, (d) CBD/b-CD IC, (e) DM-b-CD, (f) PM of CBD and DM-b-CD, and (g) CBD/DM-b-
CD IC.
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However, compared with the spectra of CBD, CDs, and physical
mixtures, the spectra of the inclusion complexes were substan-
tially different. In the diffractogram of CBD/b-CD IC, the character-
istic sharp peaks of CBD and b-CD almost disappeared completely
while a few new peaks emerged, suggesting the formation of a new
crystalline structure. In the diffractogram of CBD/DM-b-CD IC, the
diffraction peaks of CBD could not be observed, indicating that the
crystalline nature of CBD was destroyed and the state of CBD/DM-
b-CD IC was disordered or amorphous. Therefore, it could be spec-
ulated that an effective interaction existed between CBD and CDs
in the inclusion complexes, which demonstrated that CBD had
been entrapped into the cavity of CDs. Further experiments should
be accomplished to confirm that CBD/b-CD IC and CBD/DM-b-CD IC
were successfully prepared.
3.5.2. FT-IR analysis
FT-IR method can recognize the changes of characteristic peak

position, frequency, and shape of many groups in a molecule.
Therefore, it is widely employed to study the host–guest interac-
tion in inclusion complexes [47]. If CBD forms the inclusion com-
plexes with CDs, the characteristic peaks of CBD probably shift,
decrease, or disappear. The FT-IR spectra of CBD, b-CD, DM-b-CD,
their physical mixtures, and inclusion complexes were shown in
Fig. 6. The spectrum of CBD exhibited two significant characteristic
bands at 3520 cm�1 and 3441 cm�1 corresponding to the stretch-
ing vibration of hydroxyl groups, peak at 3073 cm�1 assigned to
the CAH stretching vibration of the benzene ring, at 2964 cm�1,
2924 cm�1, 2854 cm�1, and 2828 cm�1 denoted for the stretching
vibration of methyl and methylene groups, at 1623 cm�1,
1581 cm�1, 1513 cm�1, and 1443 cm�1 corresponding to benzene
skeleton vibration, at 1375 cm�1 denoted for the bending vibration
of methyl groups, and at 1214 cm�1 for the CAO stretching vibra-
Fig. 6. FT-IR spectra of (a) CBD, (b) b-CD, (c) PM of CBD and b-CD, (d) CBD/b-CD IC,
(e) DM-b-CD, (f) PM of CBD and DM-b-CD, and (g) CBD/DM-b-CD IC.
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tion. For b-CD, the broad band at 3405 cm�1 was denoted for the
stretching vibration of hydroxyl groups. The peak at 2923 cm�1

was assigned to the stretching vibration of CAH, and some other
remarkable peaks at 1654 cm�1, 1158 cm�1, 1031 cm�1 were cor-
responding to HAOAH bending vibration, CAO stretching vibra-
tion, and CAOAC stretching vibration, respectively. For DM-b-CD,
the spectrum was very similar to that of b-CD, except for one more
significant peak at 2840 cm�1 for the stretching vibration of methyl
groups. Like the PXRD patterns, the FT-IR spectra of the physical
mixtures were also presented as a simple superposition of CBD
and CDs, suggesting no interaction between CBD and CDs when
they were mixed physically. It was worth noting that the spectra
of CBD/b-CD IC and CBD/DM-b-CD IC were similar to those of
CDs because of the low content of CBD in the inclusion complexes.
Meanwhile, the characteristic peaks of CBD at 3520 cm�1,
3073 cm�1, 2964 cm�1, 2828 cm�1, and 1214 cm�1 were all disap-
peared nearly. The findings showed that CBD had entirely or partly
entered the cavity of the CDs, resulting in that the vibration of the
above-mentioned groups was restricted. These results further
proved that CBD/b-CD IC and CBD/DM-b-CD IC were successfully
formed.
3.5.3. DSC analysis
DSC analysis which is a common method to study the physical

states of inclusion complexes, was used to investigate the inclusion
complexes of CBD with CDs. The DSC thermograms showed in
Fig. 7 displayed that CBD exhibited a sharp endothermic peak at
its melting point (66 �C) and a small endothermic peak at 259 �C
due to a phase transformation. The DSC curves of b-CD and DM-
b-CD were both characterized by a very wide endothermic band
between 50 �C and 125 �C attributed to dehydration. Moreover,
the DSC curve of DM-b-CD also displayed a large endothermic peak
at 265 �C because of a phase transformation. On the other hand, the
DSC thermograms of the physical mixtures were similar to the
superposition of the individual curves of them, although the peaks
of CBD were smaller. However, the peaks of CBD almost disap-
peared in the DSC curves of CBD/b-CD IC and CBD/DM-b-CD IC. Fur-
thermore, the peak at 265 �C of DM-b-CD shifted significantly in
CBD/DM-b-CD IC, which indicated an interaction between CBD
and DM-b-CD. Therefore, combined with the findings of PXRD
Fig. 7. DSC thermograms of (a) CBD, (b) b-CD, (c) PM of CBD and b-CD, (d) CBD/b-CD
IC, (e) DM-b-CD, (f) PM of CBD and DM-b-CD, and (g) CBD/DM-b-CD IC.
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and FT-IR, it was proved that CBD/b-CD IC and CBD/DM-b-CD IC
had been successfully prepared.

3.5.4. SEM analysis
SEM is generally employed as an auxiliary method to verify the

formation of inclusion complexes and observe their morphology
before and after inclusion [48]. The SEM images of these samples
were displayed in Fig. 8. CBD was crystalline with a nubby shape
of different sizes. b-CD exhibited a prismatic crystal structure of
different sizes, while DM-b-CD was a near-spherical shape with
cavity or cavity fragment structure. On the other hand, the physical
mixtures showed the combination of CBD crystal structure and CDs
structures, indicating no change in the morphology of the host and
guest molecules and no interaction between them. However, the
images of the inclusion complexes were completely different from
those of the physical mixtures. In the inclusion complexes, the
characteristic structures of CBD and CDs disappeared completely.
Both CBD/b-CD IC and CBD/DM-b-CD IC displayed a homogeneous
irregular blocky structure. These findings were consistent with the
conclusions of PXRD, FT-IR, and DSC, from the side confirming that
the inclusion complexes were successfully formed.

3.5.5. 1H NMR analysis
To explore the characteristics of the inclusion complexes, the 1H

NMR spectra of CBD, CDs, their physical mixtures, and inclusion
complexes were analyzed. As shown in Figs. 9, 1H NMR of CBD,
600 MHz, DMSO d6: dH 0.86 (3H, H-15 of CBD), dH 1.26 (4H, H-13,
14 of CBD), dH 1.47 (2H, H-12 of CBD), dH 1.59 (6H, H-6, 7 of
CBD), dH 1.65 (2H, H-2 of CBD), dH 1.92–2.10 (2H, H-1 of CBD), dH
2.30 (2H, H-11 of CBD), dH 2.49 (solvent peak), dH 3.03 (1H, H-3
of CBD), dH 3.33 (water peak), dH 3.83 (1H, H-4 of CBD), dH 4.41–
4.49 (2H, H-8 of CBD), dH 5.08 (1H, H-5 of CBD), dH 6.01 (2H, H-9,
10 of CBD), and dH 8.63 (2H, AOH of CBD), respectively, were all
exactly detected.

If a guest molecule is entrapped into the cavity of CDs, the
chemical environment over the protons (H-3 and H-5), which are
inside the cavity of CDs, will be transformed. Then the chemical
shifts of the protons will be changed, while that of the protons
(H-1, H-2, and H-4) which are outside the cavity will stay the same
as before. Furthermore, the chemical shifts of the protons belong-
ing to the guest molecule will be changed after encapsulation as
well [49]. Therefore, to analyze the interaction between CBD and
CDs, the chemical shift in the 1H NMR spectra of CBD, b-CD, DM-
b-CD, and their inclusion complexes were compared. Nevertheless,
all the values of Dd were � 0.02 (data not shown in the article),
suggesting that the effects due to the inclusion processes on the
chemical shifts of CBD and CDs were negligible. These results were
similar to the findings of Yao et al. [50]. The reason for the insignif-
icant change in chemical shifts might be due to the weak non-
covalent forces between CBD and the CDs. So next, molecular dock-
ing was used to simulate the structures of the inclusion complexes.

3.6. Molecular docking

The possible conformations of the inclusion complexes were
determined through molecular docking. Fig. 10 represented the
molecular structures of CBD/b-CD IC and CBD/DM-b-CD IC with
the lowest docking energy. According to the docking results, there
was no doubt that CBD was embedded in the cavity of the CDs, sug-
gesting that CBD could form inclusion complexes with b-CD or
DM-b-CD theoretically. As shown in Fig. 10(a), the CBD molecule
was not entrapped into the cavity of b-CD completely, but its
hydrophobic ring, which was close to the narrow side of b-CD,
was thoroughly encapsulated into the cavity of b-CD. However,
Fig. 10(b) presented a different structure. The alkyl chain of CBD
penetrated the cavity of DM-b-CD and was close to the narrow side



Fig. 8. SEM images of (a) CBD, (b) b-CD, (c) PM of CBD and b-CD, (d) CBD/b-CD IC, (e) DM-b-CD, (f) PM of CBD and DM-b-CD, and (g) CBD/DM-b-CD IC.

Fig. 9. 1H NMR spectra of (a) CBD, (b) b-CD, (c) PM of CBD and b-CD, (d) CBD/b-CD IC, (e) DM-b-CD, (f) PM of CBD and DM-b-CD, and (g) CBD/DM-b-CD IC in DMSO d6.

Fig. 10. Molecular docking of the lowest docking energy conformation of (a) CBD
with b-CD and (b) CBD with DM-b-CD.
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of DM-b-CD, while the hydrophobic ring of CBD was located at the
wide side of DM-b-CD.

Besides, the interaction energy of the inclusion complexes was
calculated. As shown in Table 3, the torsional energy of the two
8

complexes was equal, while the intermolecular energy, internal
energy, and unbound energy were different because of substitu-
tion. As a result, the binding energy of CBD/DM-b-CD IC was lower
than that of CBD/b-CD IC, indicating that CBD/DM-b-CD IC was
more stable than CBD/b-CD IC. This finding was consistent with
the results of the phase solubility study.
3.7. Water solubility study

The water solubility of CBD in the inclusion complexes with b-
CD or DM-b-CD was evaluated by preparing their saturated aque-
ous solutions. Table 4 showed the water solubility of CBD in
CBD/b-CD IC and CBD/DM-b-CD IC. The water solubility of CBD
was significantly increased to 0.395 and 14.118 lg/mL, which
was promoted by 17-fold and 614-fold respectively, as compared
with that of raw CBD (0.023 lg/mL). As mentioned above, the outer
surface of CD is hydrophilic while the inner cavity which can
accommodate CBD is hydrophobic. And hydrophobic CBD could
interact with the cavity of CD by intermolecular hydrogen bonds



Fig. 11. In vitro dissolution profiles of raw CBD, CBD/b-CD IC, and CBD/DM-b-CD IC
at 37 �C.

Table 3
The lowest energy values for CBD/b-CD IC and CBD/DM-b-CD IC based on Autodock results.

Intermolecular Energy (kcal/mol) Internal Energy (kcal/mol) Torsional Energy (kcal/mol) Unbound Energy (kcal/mol) Binding Energy a (kcal/mol)

b-CD �8.18 �1.40 2.39 �1.40 �5.80
DM-b-CD �9.61 �1.67 2.39 �1.67 �7.22

a Binding Energy = Intermolecular Energy + Internal Energy + Torsional Energy�Unbound Energy.

Table 4
The water solubility of CBD in the form of inclusion complexes at 37 �C.

Water solubility of
CBD (lg/mL)

Fold increase than
raw CBD

CBD/b-CD IC 0.395 17
CBD/DM-b-CD IC 14.118 614
raw CBD 0.023 1
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and Van der Waals force. Therefore, the solubility of CBD could be
improved by using the water-soluble CD as a drug carrier. The
water solubility of CBD in CBD/DM-b-CD IC was better than that
in CBD/b-CD IC because of the higher water solubility and more
suitable cavity of DM-b-CD than b-CD [31]. It also should be noted
that the LE of the two inclusion complexes was 20.4% and 17.7%
Fig. 12. (a) ABTS and (b) DPPH free radical scavenging activity of raw CBD,
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respectively, as mentioned above. To the best of our knowledge,
there is still no report about a 600-fold increase in solubility of
CBD at such a high loading efficiency.

3.8. In vitro dissolution study

In vitro dissolution study simulates the amount of drug released
in the selected dissolution medium at predetermined time inter-
vals. The in vitro dissolution profiles of raw CBD, CBD/b-CD IC,
and CBD/DM-b-CD IC were displayed in Fig. 11. The dissolution
rate of raw CBD was very low even after one day. This should be
associated with the poor aqueous solubility of CBD, which was
not encapsulated to increase its water solubility. In contrast, both
the two inclusion complexes showed a higher dissolution rate than
raw CBD. CBD/b-CD IC released 1.9% of CBD after 30 min and
achieved the maximum dissolution of 2.8% at 180 min, while
CBD/DM-b-CD IC released 66.7% of CBD after 30 min and nearly
released all CBD molecules at 240 min. The dissolution perfor-
mance of CBD/DM-b-CD IC was greatly better than that of CBD/b-
CD IC. The high dissolution rate of CBD/DM-b-CD IC could be attrib-
uted to the high water solubility of DM-b-CD. When CBD/DM-b-CD
IC was dissolved in water, a large number of water molecules
would occupy the position of CBD in the cavity, resulting in that
the interaction between CBD and DM-b-CD changed weaker. On
the other hand, the structure of DM-b-CD might burst because of
swelling by absorption of water molecules, and then CBD was
released from DM-b-CD. Therefore, CBD/DM-b-CD IC had a high
dissolution rate [51,52]. The in vitro dissolution results were in
agreement with the physicochemical and morphological character-
izations mentioned above, confirming the formation of the inclu-
sion complexes, which improved the solubility property of CBD.

3.9. Antioxidant activity study

The antioxidant activity of CBD and its inclusion complexeswere
estimated by ABTS and DPPH free radical scavenging assays. As
shown in Fig. 12(a), raw CBD and its inclusion complexes could
CBD/b-CD IC, and CBD/DM-b-CD IC. Vc was used as a positive control.
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effectively scavenge ABTS free radical. Besides, the ABTS free radical
scavenging rate increased with the increasing concentration of CBD
or the inclusion complexes. And when the concentration of CBD or
the inclusion complexes solutions reached a high degree, the scav-
enging rate tended to be stable. In particular, at low concentration,
the scavenging activity of the inclusion complexes wasmore potent
than that of rawCBD. The calculatedEC50 forABTS free radical exhib-
ited that the scavenging activity of CBD/b-CD IC (8.5 lg/mL) and
CBD/DM-b-CD IC (7.6 lg/mL) was significantly better than that of
raw CBD (9.4 lg/mL), even stronger than that of Vc (9.2 lg/mL). As
shown in Fig. 12(b), raw CBD and its inclusion complexes also could
effectively scavenge DPPH free radical. The changing trend of scav-
enging rate was consistent with that of ABTS free radical. The calcu-
lated EC50 for DPPH free radical showed that the scavenging activity
of CBD/DM-b-CD IC (65 lg/mL) was stronger than that of raw CBD
(80 lg/mL). TheABTS andDPPH radical scavenging ability of amole-
cule was reported to be closely related to its hydrogen-donating
ability [53]. Therefore, the results indicated that the complexation
might promote the hydrogen donation of CBD, which was likely
associated with the new conformation of CBD in the inclusion com-
plexes and the hydrogen bonds formed between CBD and the CDs
thatmade the hydrogen in the hydroxyl groups of CBD releasemore
easily [40]. The resultswere consistentwith some studieswhichhad
reported the stronger antioxidant activity of inclusion complexes
compared with raw compounds, such as myricetin [50], tertiary
butylhydroquinone [47], and oligopeptides [54]. Valh et al. [55] also
reported that the antioxidant of CBDwas promoted bymicroencap-
sulation in liposomes, although the results were not significant.
Besides, a synergistic effect was reported between CBD and THC
regarding their antioxidant activity, which could improve the
antioxidant activityof CBDeffectively [56]. In conclusion, thesefind-
ings indicated that the antioxidant activity of CBD was not elimi-
nated after forming inclusion complexes, but stronger than that of
its raw state.
4. Conclusions

This work showed that CBD formed inclusion complexes with b-
CD and DM-b-CD at a 1:1 stoichiometric ratio based on phase sol-
ubility study and Job’s plot. The thermodynamics analysis demon-
strated that the inclusion process was spontaneous and
endothermic. Then, CBD/b-CD IC and CBD/DM-b-CD IC were pre-
pared and systematically characterized by PXRD, FT-IR, DSC, SEM,
and 1H NMR, which suggested that CBD was transformed from
crystalline to amorphous state after encapsulation. Moreover,
molecular docking further revealed that CBD was encapsulated
successfully. The following experiments displayed that the water
solubility of CBD in CBD/b-CD IC and CBD/DM-b-CD IC was signif-
icantly enhanced by 17-fold and 614-fold respectively at a high
loading efficiency, and the in vitro dissolution performance of
CBD was also improved after complexation. Besides, the antioxi-
dant activity of CBD was enhanced to some extent after forming
inclusion complexes with b-CD and DM-b-CD. It was worth noting
that the ABTS radical scavenging ability of the inclusion complexes
was stronger than that of Vc. In brief, this work provided theoret-
ical and experimental support for expanding the application of CBD
in the food and daily chemical industry. However, the release
behavior and antioxidant activity of the inclusion complexes
in vivo are still unclear, so further researches are required to clarify
these questions.
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