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Abstract 

Dihydroquercetin (DHQ) is a natural occurring dihydroflavonol that has strong antioxidant and antibacterial activities. 
However, its application is limited due to its poor solubility. This study aims to improve the aqueous solubility of DHQ 
by complexing DHQ with β-cyclodextrin (β-CD) to boost its biological activity. DHQ was encapsulated with β-CD 
by freeze drying at a 1:1-M ratio. The structure of DHQ/β-CD complex prepared was elucidated by using Fourier trans-
form infrared spectroscopy, differential scanning calorimetry, X-ray diffraction, scanning electron microscopy, and 1H 
nuclear magnetic resonance (1H NMR). In addition, molecular docking further revealed two energetically favorable 
conformations of the DHQ/β-CD complex, in which DHQ interacted with β-CD via hydrogen bonds. Experimental 
results showed that the solubility of the DHQ increased 22.63-fold by encapsulating with β-CD. Also the dissolution 
rate, antioxidant activity and antibacterial activity of the DHQ were significantly improved by encapsulating. The 
encapsulating with β-CD solves the problem of the poor aqueous solubility of DHQ, and broadens the path for a more 
optimal use of the health promoting effect of DHQ in pharmaceutical and food products.
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Introduction
Dihydroquercetin (DHQ), also known as taxfolin, is a 
dihydroflavonol commonly found in Pseudotsuga taxi-
folia (Yan et  al. 2017). DHQ has been in the spotlight 
because of its potent antioxidant activity (Kurth and 
Frank 1951), which is linked to its antitumor, anti-inflam-
matory, anti-proliferative, anti-diabetic, anti-microbial, 
anti-platelet aggregation and antiviral activity (Wen et al. 
2017; Lia et al. 2016). Moreover, DHQ is also used as sup-
plement to improve health and as additive to extend the 
shelf life of some food products, like chocolate, milk pow-
der, and other fat rich products. However, valorizing the 
potential of DHQ is restricted by its poor water solubility.

Several strategies have been used to improve the water 
solubility of DHQ, such as nanodispersion (Yuangang 
et  al. 2014), crystal engineering (Selivanova and Terek-
hov 2020), and chemical modification (Lia et  al. 2016). 
An emerging technology, which has gained great and 
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increasing interest in improving the solubility of hydro-
phobic compounds is encapsulation by Cyclodextrins 
(CDs) (Priya and Meenakshi 2020). CDs, which can be 
obtained from the enzymatic degradation of linear starch 
(Qi and Zimmermann 2005), are a class of cyclic oligo-
saccharides consisting of 6, 7, and 8 D-glucopyranose 
units linked by α-D-(1,4) bonds in a cyclic manner and 
named α-, β-, and γ-CD respectively (Song and William 
1992). CDs have a toroidal, donut-like shape, in which 
the inner cavity is hydrophobic due to the oxygen and 
hydrogen atoms in the glycosidic bond and the outside 
is hydrophilic because of exposed free hydroxyl groups 
(Conceicao et al. 2018; Crini 2014). The unique structure 
enables CDs to form inclusion complexes with various 
hydrophobic guest molecules by van der Waals forces 
and hydrogen bonds to increase the solubility of bioac-
tive compounds (Priya and Meenakshi 2020) (Fig.  1). 
Among the natural CDs, β-CD has been more broadly 
studied and applied in pharmaceutical and food industry 
than α-CD and γ-CD because of its moderate cavity size, 
ease of preparation, relatively low cost and its capability 
to improve the physical, chemical, and biological proper-
ties of bioactive molecules (Liu et al. 2020). For example, 
Farahat et al. prepared clove essential oil/β-CD complex 
to improve the antibacterial activity against a variety of 
bacteria (Farahat 2020), and Imiquimod/β-CD complex 
prepared by Guedes et  al. greatly improved the solubil-
ity of Imiquimod to develop pharmaceuticals in aqueous 
solution (Guedes et al. 2020).

This study aims to improve the aqueous solubility of 
DHQ by complexing with β-CD and to boost its biologi-
cal activity. It is different from the preparation method of 
previous study (Yang et al. 2011). The DHQ/β-CD com-
plex was prepared by freeze drying. The structure and 
properties of the inclusion complex were studied by using 
ultraviolet spectroscopy (UV), Fourier transform infrared 
spectroscopy (FTIR), differential scanning (DSC), X-ray 
diffraction (XRD), scanning electron microscopy (SEM) 
and 1H nuclear magnetic resonance (1H NMR). Molecu-
lar docking calculation was used to find the energetically 
most favorable conformations of DHQ/β-CD complex 
at the molecular level. The effects of the encapsulation 
on DHQ’s solubility, dissolution rate, thermal stability, 
antioxidant activity and antibacterial activity were deter-
mined. Studying the encapsulation by β-CD provides a 
theoretical support to solve the poor aqueous solubility 
of DHQ, and to promote its application in the pharma-
ceutical and food industries.

Materials and methods
Materials
DHQ (FW = 304.25, purity ≥ 99%) was obtained from 
Maclean Biochemical Technology Co., Ltd. (Shanghai, 
China). β-CD (FW = 1134.98, purity ≥ 98%) was acquired 
from Hynes Optech Co., Ltd. (Tian Jing, China). Anhy-
drous ethanol was provided by Sinopharm Chemical 
Reagent Co, Ltd. (Shanghai, China). Other reagents and 
chemicals were of analytical grade and used without 

Fig. 1  Phase solubility diagram of DHQ in the aqueous solution of β-CD at 30 ℃. The apparent solubility of the DHQ (Y-axis) linearly increases 
with the concentration of β-CD (X-axis) according to the equation given in the figure
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further purification. Ultra-pure water was used through-
out the experiment.

Phase solubility study
DHQ (0.006 g) was slowly added to 10 mL β-CD work-
ing solution with concentrations of 2, 4, 6, 8, and 
10  mM, respectively. The reaction mixture was shaken 
at 150  rpm in a water bath at 30  °C for 24 h in dark to 
achieve dynamic equilibrium. The samples were filtered 
over a 0.22 μm filter and the absorption at 290 nm (A290) 
was determined using a UV–Vis spectrophotometer UV-
5500P (Yuananalysis Instruments Co., Ltd., Shanghai, 
China). 3.04 mg of DHQ powder was dissolved in 10 mL 
water to make 1  mmol/L aqueous solution, which was 
then diluted by water into 0.02 mM, 0.04 mM, 0.06 mM, 
0.08 mM, and 0.1 mM DHQ standard solutions, respec-
tively. The content of DHQ can be calibrated by the fol-
lowing equation from the standard curve: A290 = 8.3544 
C + 0.0319 (R2 = 0.997). The concentration of DHQ (on 
the Y-axis) was plotted against the concentration of β-CD 
(X-axis), to obtain the phase solubility curve (Zhou et al. 
2022). The apparent stability constant (K1:1) of inclusion 
complex was calculated based on the phase solubility dia-
gram according to the Higuchi-Connors Eq. (1).

where K is the apparent stability constant (M−1), S0 is the 
solubility of DHQ in the absence of β-CD at 30  °C and 
the Slope is obtained from a linear regression of the data 
points of the plot.

Preparation of complex
The DHQ/β-CD complex was prepared by freeze dry-
ing. The mixture of DHQ and β-CD (0.14 g) in a 1:1-M 
ratio was dissolved in 50 mL of ethanol/water (3/2, v/v) 
solution. The mixture of DHQ and β-CD was stirred at 
150  rpm in the water bath at 30  °C for 4  h in dark fol-
lowed by centrifugation of the suspension at 12,000 rpm 
and 4  °C for 10  min. The obtained supernatant was fil-
tered through 0.22  μm filter, after which ethanol was 
evaporated by Rotary evaporator SENCO (Shensheng 
Technology Co., Ltd., Huizhou, China) at 60  °C and 
110  rpm for 10  min. The obtained solution was frozen 
overnight in a refrigerator at − 80  °C and then subjected 
to the freeze-drier SCIENTZ-10N (Xinzhi Biological 
Technology Co., Ltd., Ningbo, China) for 48 h to obtain 
the final product in the form of a light yellow solid pow-
der, which was the DHQ/β-CD complex (Carlotti et  al. 
2011; Savic et al. 2015).

(1)K =

Slope

S0(1− Slope)

Preparation of physical mixture
The physical mixture was prepared by weighing and 
mixing DHQ and β-CD in a 1:1-M ratio and thoroughly 
grinding (Benguo et al. 2013).

FTIR
DHQ, β-CD, DHQ/β-CD physical mixture and DHQ/
β-CD complex were separately mixed and pressed 
with KBr in a ratio of 1:30, and KBr alone was used as 
blank control. Then the FTIR spectra were recorded in 
the wavenumber range of 4000–400  cm−1 using FTIR 
spectrometer T27 (BRUKER Company, Germany) 
(Qian et al. 2018).

DSC
Thermal analysis of DHQ, β-CD, DHQ/β-CD physical 
mixture and DHQ/β-CD complex was performed by a 
synchronous thermal analyzer DSC131EVO (Xinghe 
instruments Co., Ltd., Shanghai, China). For DSC 
measurements, the gas flow rate was 20  mL/min and 
the temperature range was 30 ~ 350  °C, with the scan-
ning rate of 16 K/min (Kim 2020).

XRD
The XRD patterns of DHQ, β-CD, DHQ/β-CD physical 
mixture and DHQ/β-CD complex was analyzed using 
X-ray diffractometer DX-2700BH (Haoyuan Instru-
ments Co., Ltd., Dandong, China). The voltage and the 
strength of the electric current were 40 kV and 40 mA, 
respectively. The diffraction angle ranged from 10° to 
60°. The crystallinity was derived from the software 
MDI Jade 6 (Materials Data, CA, USA) (Viswalingam 
et al. 2016).

1H NMR
1H NMR spectra of β-CD and DHQ/β-CD com-
plex were recorded by a NMR spectrometer Advance 
400 (Bruker, USA), with the operating frequency of 
400  MHz, in a 5-mm diameter glass cuvette at room 
temperature (Silva et  al. 2020). D2O was used as the 
solvent.

Molecular docking
Autodock tools-1.5.6 (The Olson Laboratory, Scripps 
Research Institute, CA, USA) was used for molecular 
docking. The structure of DHQ and β-CD were down-
loaded through PubChem organic small molecule bio-
activity database. The molecule structure of β-CD and 
DHQ were optimized to minimize the energy of the 
3D structure by ChemDraw 18.0 and Chem3D 18.0 
(CambridgeSoft, MA, USA). The receptor remained 
rigid, and the ligand remained flexible. The autogrid 
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box parameter was set at 80 Å × 80 Å × 100 Å, and the 
grid spacing parameter was 0.375  Å. The calculation  
was performed using the Lamarckian genetic algo-
rithm (LGA), and other parameters were set to default 
values. The DHQ molecule could move over the whole 
region of the β-CD with 100 runs to obtain all the  
possible binding positions. Pymol 2.2 (Schrödinger 
Inc., NY, USA) was used to analyze docking results  
(He et al. 2022).

SEM
The surface morphology of DHQ, β-CD, DHQ/β-CD 
physical mixture, and DHQ/β-CD complex was ana-
lyzed by SEM S-3000N (Hitachi, Ltd., Tokyo, Japan) 
under the acceleration of 5  kV. Before determination, 
samples were placed on a sample table affixed with car-
bon conductive tape, spread evenly and placed under 
a certain vacuum for ion sputtering gold plating. Pho-
tomicrographs were taken at magnification factor 
for × 2000 (Liu et al. 2022).

Particle size, solubility, and dissolution rate
Sample suspensions were prepared by dissolving 
DHQ and DHQ/β-CD complex separately in 10  mL 
ultrapure water at 25 ± 1  °C. The particle size was deter-
mined in triplicate using a Laser Particle Size Analyzer 
MAL1077738 (Spectrum Instrument Systems, Shanghai, 
China) (Cenobio-Galindo et al. 2019).

An excess amount of DHQ and DHQ/β-CD complex 
were added to 1000 mL of ultrapure water and oscillated 
at 25 ± 1  °C for 24, 30, and 36 h, respectively, to achieve 
a steady state. After centrifuging at 12,000  r/min for 
10  min, the supernatant was passed through a 0.22-μm 
aqueous filter and determined by UV spectrophotometer 
mentioned above. The solubility was obtained according 
to the standard curve (Huo et al. 2020).

The dissolution rate of DHQ and DHQ/β-CD complex 
in phosphate buffer (PBS, PH = 7.4, 0.1  M) was studied 
on the premise of maintaining the sink condition and 
detected by UV spectrophotometer. The speed and the 
dissolution temperature were 50  r/min and 37 ± 1  °C,  
respectively. Samples were taken by syringe within 30 s 
at different intervals (0, 5, 10, 20, 40, 80, 160, 320, 480, 
640, 800  min). The sum of the volumes for collected 
samples should be within 1% of original samples. The 
solutions were centrifuged at 12,000  r/min for 10  min, 
and diluted 100 times after passing through a 0.22-µm 
filter and then measured by UV spectrophotometer. The 
concentrations were derived from the standard curve, 
and the dissolution rates were obtained (Yuangang et al. 
2014; Wan et al. 2021).

TGA​
The weight loss of DHQ and DHQ/β-CD complex was 
determined with a Thermogravimetric analyzer Q600 
(TA INSTRUMENTS, USA). Five milligrams of DHQ 
and DHQ/β-CD complex was uniformly spread in the 
crucible and heated in a dynamic nitrogen atmosphere 
from 30  °C to 600  °C, with a heating rate of 10  °C/min 
and flow rate of 20 mL/min (Katanic et al. 2015).

Antioxidant activity
Determination of DPPH radical scavenging activity
The 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scav-
enging activity of DHQ and DHQ/β-CD complex was 
measured by the method of Li et  al., with slight modi-
fications (Lia et  al. 2016). Twenty microliters of DHQ 
(0.01 ~ 0.06 mM) was added to 380 uL of DPPH solution, 
and the mixture was shaken energetically and placed at 
room temperature in dark for 20  min. The same proce-
dure was performed for DHQ/β-CD complex. Subse-
quently, 200  μL of the incubation mixture was taken 
to a 96-well plate to determine the absorbance value at 
515 nm using a Microplate Reader Synergy LX (BIOTEK 
INSTRUMENTS, INC, USA), with acetic acid buffer 
(pH = 5, 0.01 M) as the blank control. The DPPH radical 
scavenging activity was calculated according to Eq. (2):

where A0 is the absorbance of blank control, A1 is the 
absorbance of the sample in reactive system.

Determination of ABTS radical scavenging activity
The 2,2 ’-azinobis-3-ethylbenzothiazoline-6-sulphonic 
acid (ABTS) radical scavenging activity of DHQ and 
DHQ/β-CD complex was evaluated by the method of El-
Hadad et al. (Cao et al. 2012), with slight modifications. 
Ten microliters of each sample at different DHQ concen-
trations (0.005 ~ 0.01 mM) was added to 190 μL of ABTS 
solution. The same procedure was performed for DHQ/
β-CD complex. Samples were taken to a 96-well plate to 
determine the reduction in absorbance at 734 nm using a 
Microplate Reader in 10 min. PBS was used as the blank 
control. The ABTS radical scavenging activity was calcu-
lated according to Eq. (3):

where A0 is the absorbance of blank control, A1 is the 
absorbance of the sample in reactive system.

Antibacterial activity
The bacterial strains of E. coli BNCC133264 was inocu-
lated into 60 mL of sterile nutrient broth and incubated 
at 37 °C for 24 h. The sterile pipette was used to transfer 
500 μL bacterial suspensions to spread evenly on a plate 

(2)DPPH (%) = (A0 − A1)/A0 × 100%

(3)ABTS (%) = (A0 − A1)/A0 × 100%
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which was poured with complete medium (Shanmugam 
et al. 2016). The DHQ and DHQ/β-CD complex solutions 
that contained equal concentrations of DHQ were pre-
pared to obtain the samples with concentrations of 0.4, 
0.8, 1.2, 1.6, and 2.0  mg/mL. Filter papers with a diam-
eter of 0.6 cm were used as some experimental diffusion 
discs (Wang et  al. 2011). The filter paper was soaked in 
the sample to be tested, and then the test plate was put in 
the incubator. After 24 h, the diameter of the inhibition 
circle was measured using vernier calipers. The average 
size of the diameters was determined for each condition 
for three measurements (Zhang et al. 2020).

Statistical analysis
All experiments were performed at least in triplicate. 
Data were given as mean ± standard error of the mean 
(S.E.M.) or as a typical example.

Results and discussion
Phase solubility study
The analysis of phase solubility was carried out to 
determine the solubility and complexing ability of DHQ 
with β-CD. The phase solubility diagram of DHQ in 
β-CD at 30 °C is shown in Fig. 1. The apparent stability 
constant, K had a value of 455.7 M−1. When the K value 
is between 50 and 5000 M−1, the host molecule is effec-
tive in increasing the solubility of a hydrophobic guest 
molecule, and the inclusion complex formed tends to 
have a good stability (Sadaquat and Akhtar 2020). The 
apparent solubility of the DHQ appeared to increase 
linearly with concentration of β-CD (Fig. 1). This indi-
cates that the inclusion ratio of DHQ and β-CD was 1:1 
(Brewster and Loftsson 2007). When the concentration 
of β-CD was 10 mM, the solubility of DHQ increased to 
5.91 ± 0.45  mM, which was 3.56 times higher than the 
solubility of DHQ without β-CD (1.66 ± 0.23 mM).

FTIR analysis
FTIR absorption was applied to assign the functional 
groups, which form the interaction between β-CD as the 
host molecule and DHQ as the guest molecule. The FTIR 
spectra are depicted in Fig.  2A. In the FTIR spectrum 
of β-CD, the characteristic absorption peaks located at 
3433  cm−1, 2924  cm−1, and 1028  cm−1 represents the 
stretching of –OH bond, –C–H bond and –C–O bond, 
respectively (Khanna and Chakraborty 2018). And the 
absorption band occurring at 1159  cm−1 was caused by 
asymmetric stretching vibrations of the C–O–C glyco-
sidic bridge (Silva et  al. 2020). In the FTIR spectrum of 
DHQ, the characteristic absorption band at 3410  cm−1 
was caused by the vibration of the –OH. The broad 
1639  cm−1 band in the crystalline DHQ spectrum is 
mainly contributed from the C = O stretching and OH 

bending and the 1460  cm−1 band is likely associated 
with C–H bending (Zu et al. 2014; Khlupova et al. 2016).
The absorption bands at 1276 cm−1 and 1367 cm−1 were 
assigned to the vibration of C = O and C–O–C, respec-
tively (Yuangang et  al. 2014). As shown in Fig.  2A, the 
FTIR spectrum of DHQ/β-CD physical mixture showed 
the overlap of FTIR diagrams of DHQ and β-CD, indi-
cating that DHQ has not been encapsulated into β-CD. 
The FTIR spectrum of DHQ/β-CD complex was signifi-
cantly different from that of DHQ and β-CD. The absorp-
tion bands intensities for DHQ at 1276  cm−1 (C = O), 
1367 cm−1 (C–O–C) and 1460 cm−1 (C–H) were greatly 
reduced in the FTIR spectrum of DHQ/β-CD complex. 
Apparently in the inclusion complex, when DHQ is in the 
cavity of β-CD, the vibrations of the groups are restricted. 
In the FTIR spectrum of β-CD, there is a higher absorp-
tion intensity at 1159  cm−1 and 1028  cm−1. However, in 
the DHQ/β-CD complex, the intensity of the correspond-
ing absorption band decreases and slightly shifts. These 
indicated the existence of interactions between DHQ and 
β-CD. No new absorption peaks were observed in the 
FTIR spectrum of DHQ/β-CD complex, comparing with 
that of DHQ and β-CD. It confirms that no new covalent 
bonds are formed during complexing.

DSC analysis
DSC was used to further study the formation of the 
complex between DHQ and β-CD. The DSC results of 
DHQ, β-CD, DHQ/β-CD physical mixture, and DHQ/
β-CD complex are shown in Fig.  2B. The DSC curve of 
the DHQ exhibited an endothermic peak at 247 °C, cor-
responding to its melting points. While β-CD showed 
endothermic peaks at 153  °C and 316  °C, which corre-
spond to the loss of bound water and self-decomposition, 
respectively. The DSC curve of the DHQ/β-CD physical 
mixture was similar to that of β-CD, which indicates that 
when β-CD and DHQ were simply mixed, no new phase 
was generated. However, there was almost no endother-
mic peak in the DSC curve of the DHQ/β-CD complex, 
which differed a lot from that of the DHQ/β-CD physical 
mixture. Probably, the water that was present in the cav-
ity of β-CD has been exchanged for DHQ in the inclusion 
complex, which can explain the disappearance of absorp-
tion peaks at 153 °C.

XRD analysis
The change of the material crystal before and after com-
plexing was analyzed by XRD. X-rays will be diffracted 
as they pass through the crystal, which can provide an 
indirect evidence for the complex formation. As shown 
in Fig.  2C, the XRD pattern of DHQ was in the typical 
crystalline state, which presented numerous well-defined 
and intense diffraction peaks: 14.14° (94.17%), 18.76° 
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(81.68%), 21.52° (89.34%), 25.1° (68.41%), 27.26° (82.73%), 
and 29.74° (99.9%). This diffraction pattern was con-
sistent to previous report (Yuangang et  al. 2014). The 
XRD pattern of β-CD was also in the typical crystalline 
state, in which diffraction peaks were 9.08° (98.08%), 
10.72° (97.13%), 12.56° (91.78%), 15.46° (97.33%), 17.1° 
(96.69%), 17.8° (94.38%), 18.98° (95.00%), 19.62° (94.81%), 
20.9° (95.79%), 22.88° (94.51%), and 27.20° (96.22%). The 
XRD pattern of the DHQ/β-CD physical mixture was 
the superposition of the XRD patterns of the DHQ and 
β-CD, which indicates that the crystal form of the DHQ 
and β-CD were not changed when they were physically 
mixed. However, the XRD pattern of the DHQ/β-CD 
complex was totally different from that of the DHQ/
β-CD physical mixture. It is worth noting that the sharp 

diffraction peaks at 20° ~ 30° that belonged to the DHQ, 
disappeared. This indicates that DHQ and β-CD were 
transformed from a crystalline state to an amorphous 
state. The fact that the XRD patterns of DHQ and β-CD 
are completely different from those of the DHQ/β-CD 
complex suggests the possibility of inclusion complex 
formation.

1H NMR analysis
1H NMR spectra of β-CD and DHQ/β-CD complex are 
shown in Fig.  2D. The peak at 4.79  ppm was related to 
the protons of the D2O solvent. It is known that β-CD 
molecule possesses the unique structure of a torus. In 
the 1H NMR spectrum of β-CD, the H-1, H-2, H-4, and 
H-6 of β-CD were all located outside the cavity, while 

A B

C D

Fig. 2  A is the FTIR spectra of DHQ, β-CD, DHQ/β-CD physical mixture, and DHQ/β-CD complex. B is the DSC curves of DHQ, β-CD, DHQ/β-CD 
physical mixture, and DHQ/β-CD complex. C is the XRD patterns of DHQ, β-CD, DHQ/β-CD physical mixture, and DHQ/β-CD complex. D is the 1H 
NMR spectra of DHQ, β-CD, DHQ/β-CD physical mixture, and DHQ/β-CD complex



Page 7 of 13Xu et al. AAPS Open            (2023) 9:16 	

H-3 was located in medial to the wide ostial end, and 
H-5 was located in medial to the narrow ostial end (Silva 
et  al. 2020).The chemical shifts of β-CD in the free and 
complex states are summarized in Table 1, and it can be 
seen that all β-CD protons are significantly shifted to 
the right to a certain content. The ΔδH of H-1, H-2, and 
H-4 were 0.03, 0.01, and 0.02  ppm, respectively. How-
ever, the chemical shift changes of H-3 and H-5 (0.04 and 
0.07  ppm) were slightly larger than those of H-1, H-2, 
and H-4. Moreover, the change in chemical shift of H-5, 
located at medial and narrow ostial, is larger than that 
of H-3 located at the wide ostial end. This indicates that 
DHQ enters from the narrow ostial end of β-CD.

Molecular docking analysis
Molecular docking that based on the “lock and key” prin-
ciple, was used to elucidate the binding mode and esti-
mate the binding energy between DHQ and β-CD (Li 
et  al. 2022). When DHQ is included, β-CD as the host 
molecule will change its shape to fit the binding and 
maximal the stabilization, and DHQ as the guest mole-
cule will also adjust until the most stable supramolecular 
interactions are gained. The binding of β-CD and DHQ is 
not static or permanent but rather is a dynamic equilib-
rium. The molecular docking results revealed that DHQ 
could simply enter the cavity of β-CD stably and easily 
fits in the cavity, however its orientation in the cavity is 
variable. There were two main docking configurations for 
the β-CD/DHQ complex (Fig. 3B). One was where the A 
and B rings of DHQ were located at the wide and nar-
row ostial of β-CD, respectively, while the C ring of DHQ 
was inserted into the cavity. Relative vertical and lateral 
views was shown in Fig. 3C and E and the docking energy 
was − 5.56 kcal/mol.

The other one was where the A and B rings were 
located at the narrow and wide ostial end of β-CD, 

respectively, and the C ring of DHQ was also inserted 
into the cavity. Its vertical and lateral views were shown 
in Fig. 3D and F. The binding energy of β-CD with DHQ 
in this conformation was − 5.22 kcal/mol. In both confor-
mations above, DHQ was theoretically well encapsulated 
with β-CD.

SEM analysis
SEM is a qualitative method to analyze the morphologi-
cal aspects of the DHQ/β-CD complex. This technique, 
in conjunction with DSC and XRD, allows observing 
changes in the morphology of the DHQ/β-CD complex 
and provides indirect evidence of the presence of the new 
solid phase. As can be seen in Fig. 4, DHQ had an irreg-
ular acicular crystal shape, which is consistent with the 
previous report by Roman et  al. (Terekhov et  al. 2020). 
While β-CD showed irregular prismatic structure with 
a loose porous surface, which is also in agreement with 
a previous report (Gürten et  al. 2018). The SEM image 
of DHQ/β-CD physical mixture showed it was a simple 
mixture of irregular acicular crystals of DHQ and irregu-
lar prismatic of β-CD. The DHQ/β-CD complex appeared 
to have a homogeneous blocky structure. Apparently, the 
morphology of the complex was significantly different 
from that of DHQ and β-CD.

Determination of particle size, solubility and dissolution 
rate
The particle size of the new substance was 
0.70 ± 0.02  mm, which was 4.2 times that of pure DHQ 
2.90 ± 0.03  mm. The solubility of DHQ at 25 ± 1 ℃ was 
1.71 ± 0.16  mM, and the solubility of the prepared new 
substance was increased to 38.69 ± 1.45  mM. The solu-
bility of the new substance in PBS was 25 °C, which was 
22.63 times higher than that of pure DHQ.

The dissolution rate results of DHQ and new substance 
in PBS buffer were shown in Fig. 5. The cumulative disso-
lution of DHQ of the new substance over 60% in the first 
5 min, and the dissolution plateaued at 97% after 160 min 
and remained stable. The accumulation of DHQ was only 
16.03% in the first 5  min and rose to 60% after 40  min, 
after which remained stable. The product obtained 
from the lyophilized preparation consisted of the newly 
formed DHQ/β-CD inclusion complex and part of the 
amorphous DHQ. Their presence allows for increased 
solubility and dissolution. The increased solubility and 
dissolution rate of the new substance means that, after 
oral administration, more DHQ could be released from 
the new substance in the intestinal tract which will 
enhance the bio-accessibility and bioavailability of DHQ.

Table 1  1H NMR (D2O) chemical shift (δ) values of β-CD and 
DHQ/β-CD complex

Hydrogen atom Splitting δ (ppm) ΔδH

β-CD DHQ/β-CD 
complex

H-1 d 5.07 5.04 0.03

H-2 dd 3.65 3.64 0.01

H-3 dd 3.97 3.93 0.04

H-4 dd 3.59 3.58 0.02

H-5 m 3.87 3.80 0.07

H-6 dd 3.87 3.80 0.07
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TGA​
The results on the thermal stability of DHQ,β-CD, 
DHQ/β-CD physical mixture and DHQ/β-CD com-
plex are shown in Fig. 6. The thermogravimetric pro-
file of DHQ was biphasic (Fig. 6A). In the first, slow 
phase, the weight of DHQ was initially reduced by 
4.62% due to water loss in the temperature range of 
30 ~ 250  °C. In the second, fast phase, the weight of 
DHQ decreased by 43.39% in the temperature range 
of 250 ~ 600 °C as a result of thermal decomposition. 

The thermogravimetric profile of the DHQ/β-CD 
complex was also biphasic (Fig.  6B). Compared to 
DHQ, the first, slow phase due to the water loss, cov-
ered a larger temperature range, namely from 30  °C 
to 280  °C, and the decrease was somewhat more, 
namely 9.55%. The second phase from 280  °C to 
600 °C showed a weight decrease of 71.21%. That the 
second phase started at a higher temperature indi-
cated that encapsulating of DHQ with β-CD makes 
DHQ, more stable, a phenomenon that is expected. 

Fig. 3  Molecular docking analysis for the DHQ /β-CD complex. It was shown that DHQ could enter the cavity of β-CD and form stable complex. A 
is the structural formula for DHQ. B is a plot of the number of conformations versus the magnitude of the binding energy. C and D are the vertical 
views of the most stable docking conformations, and E and F are relative lateral views
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However, a higher thermal stability was contradicted 
by the higher weight loss of the DHQ/β-CD complex 
in the second phase. The latter might be explained by 
the 4.2 times smaller particle size of the DHQ/β-CD 

complex compared with that of DHQ (Paola 2015). 
A greater surface area of the smaller DHQ/β-CD 
complex particles, makes it more prone to thermal 
decomposition.

Fig. 4  SEM image of DHQ, β-CD, DHQ/β-CD physical mixture, and DHQ/β-CD complex

Fig. 5  Dissolution rate of DHQ/β-CD complex and DHQ in PBS buffer
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Antioxidant activity analysis
The free radicals like hydroxyl, hydrogen peroxide, alkyl, 
sulfhydryl, phenoxy and p-phenylene, are proved to 
cause biological damage (Gebicki and Nauser 2021). The 
DPPH and ABTS radical scavenging activity are widely 
used to evaluate the of antioxidant ability of polyphenols 
like quercetin, epicatechin and rutin (Kim et  al. 2022). 
CD cavity does not affect antioxidant capacity (Zuluaga 
et al. 2017). The free radical scavenging activity of DHQ 
and DHQ/β-CD complex of DPPH and ABTS radicals is 
shown in Fig. 7. It can be seen that the scavenging activ-
ity of DHQ/β-CD complex on DPPH and ABTS was 
both significantly higher than that of DHQ. The DPPH 
scavenging activity of DHQ/β-CD complex increased 

with the DHQ concentration (0.01 ~ 0.05  mM). When 
the DHQ concentration was 0.05  mM, the DPPH scav-
enging of DHQ and DHQ/β-CD complex increased to 
54.01 ± 0.16% and 65.22 ± 0.08%, respectively. A similar 
result was also obtained in ABTS scavenging activity, in 
which the scavenging activity of DHQ and DHQ/β-CD 
complex reached 52.12 ± 1.94% and 64.96 ± 0.84%, respec-
tively, when concentration of DHQ was increased to 
0.01  mM. The results showed no free radical scaveng-
ing activity of β-CD and therefore data are not shown, 
which is consisted to published literature (Zuluaga et al. 
2017). The results indicate that the antioxidant activity of 
DHQ is increased after being encapsulated by β-CD. This 
may be due to the improved DHQ stability after DHQ 

Fig. 6  Results of thermogravimetric analysis and derivative thermogravimetry of DHQ/β-CD complex (A), DHQ/β-CD physicial mixture (B), DHQ (C), 
and β-CD (D).The rate of the weight loss of DHQ was maximal at 271 ℃, while the DHQ/β-CD complex had this maximum at 327 ℃
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is embedded into the β-CD cavity, making it easier to 
donate electrons to free radicals.

Antibacterial activity analysis
DHQ has an efficient antibacterial activity towards 
Escherichia coli (E. coli) (An et al. 2022). It is speculated 
that the hydrogen atom in the hydroxyl group on DHQ 
can interact with the phospholipid molecule in the cell 
membrane of E. coli via hydrogen bond, thus making 
the membrane structure loose (Kolhir et  al. 1996). The 
inhibition effect of DHQ/β-CD complex on E. coli was 
studied, with sterile water, β-CD and DHQ as controls. 
As shown in Table 2, in the concentration range of DHQ 
from 1.3 to 6.5 mM, the antibacterial effect of the DHQ/
β-CD complex on E. coli was significantly enhanced with 
the concentration increase of DHQ (1.3 ~ 6.5 mM). It was 
also shown that the antibacterial effect of DHQ/β-CD 
complex was significantly higher than that of DHQ. 
For example, at 6.5  mM, the diameter of the inhibition 
zone of DHQ was 11.64 ± 1.37  mm, which increased to 
13.66 ± 1.13  mm for DHQ/β-CD complex. This is prob-
ably due to the higher solubility and dissolution rate of 
DHQ after encapsulating by β-CD.

Conclusions
A complex of DHQ with β-CD was successfully pre-
pared by freeze drying at a 1:1-M ratio. The result of 
1H NMR and molecular docking showed that DHQ 
interacted with β-CD in the cavity via hydrogen bonds. 
The new substance composed of amorphous DHQ and 
DHQ/β-CD inclusion complex improved its solubility 
and dissolution rate compared with pure DHQ, the sol-
ubility of the DHQ was drastically increased (by 22.63-
fold). The dissolution rate, the antioxidant activity and 
antibacterial activity of the DHQ were also significantly 
increased. Apparently, the preparation of DHQ/β-CD 
inclusion complex by freeze-drying method solves the 
problem of the poor aqueous solubility of DHQ, and 
broadens the path for a more optimal use of the health 
promoting effect of DHQ in pharmaceutical and food 
products.
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