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B-CD

K-BCD-MOFs

FIGURE 1. Optical microscope pictures of purified p-CD and metal-organic frameworks based on p-cyclodextrin and potassium cation (K-pCD-MOFs,

magnification is 40 times).

Fourier transform infrared spectroscopy (FTIR)

The LEO, LEO/B-CD and LEO/K-BCD-MOFs inclu-
sion, as well as the physical mixture of LEO and K-BCD-
-MOFs were analyzed by FTIR, which was conducted by
KBr direct compression method, i.e., | mg of the sample was
ground together with KBr (about 100 mg) into a fine pow-
der, and compressed into the holder using a compression
gauge. The liquid LEO was given a drop on the surface of
KBr. The inclusion complexes were cleaned with petroleum
ether 3 times to ensure no presence of LEO on the surface.
The spectra were scanned within the wavelength 4,000 to
450 cm!. The number of scans and spectral resolution were
5 scans and 4 cm’!, respectively.

Scanning electron microscope (SEM)

Besides the microscope observations, the morphological
characterization of K-BCD-MOFs and LEO/K-BCD-MOFs
was further carried out by SEM analysis. Material particles
were fixed on the silicon wafer and sprayed with a 100 nm-thick
gold. The microstructures of the samples, such as the shapes
and surface characteristics, were then observed and photo-
graphed using the SEM.

Statistical analyses

The inclusion rates of LEO to B-CD or K-pCD-MOFs in
the inclusion complexes were compared among the different
mass core/wall ratios by one-way ANOVA, followed by a post-
-hoc multiple comparison (Tukey’s Test). One-way ANOVA
was also performed to compare the differences among LEO,
LEO/B-CD and LEO/K-BCD-MOFs at the same concentra-
tion (concentrations of the two including LEO were expressed
as LEO equivalence) in thermal and pH stabilities, cell viabili-
ties, as well as CAA. All statistical analyses were performed
using the Statistical Package for Social Science (SPSS) ver-
sion 16.0. Three replicates with mean values and standard
deviations were carried out for all statistical analyses.

RESULTS AND DISCUSSION

Formation of K-fCD-MOFs

The K-BCD-MOFs were produced from the purified
B-CD by the methanol diffusion method. The morphology
features of their crystal structures were compared using an
optical microscope (x40) and shown in . They were
both relatively regular and transparent with a neat appear-
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ance. The B-CD showed shorter rectangular shape, while the
K-BCD-MOFs were larger and longer.

Formation of LEQ/B-CD and LEQ/K-fCD-MOFs inclusion
complexes

Based on the formation of the wall material K-pCD-
-MOFs, LEO was microencapsulated as the core to produce
inclusion complexes in different mass core/wall ratios. The in-
clusion rates of LEO/K-BCD-MOFs were shown in Figure 2.
The inclusion rate increased significantly with the increase
of the ratio, i.e., with the increasing mass of wall material
(K-BCD-MOFs), the inclusion rate of LEO to the wall signifi-
cantly increased. The inclusion rate reached up to 93.45% with
the core/wall ratio of 1:10, while no significant changes were
observed for the rate of 95.67% with ratio of 1:12. Therefore,
to save the resource and energy, the mass core/wall ratio of
1:10 was used for the future formation of LEO/K-BCD-MOFs
complexes. In addition, the inclusion rates of LEO to K-BCD-
-MOFs and B-CD were also compared with the ratio of 1:10.
The latter was only 78.42%, which was significantly lower than
the rate of LEO/K-BCD-MOFs with the same ratio.

Properties of LEO, LEO/B-CD and LEOQ/K-CD-MOFs

Thermal stability

The changes of LEO, LEO/B-CD and LEO/K-BCD-
-MOFs inclusion complexes under heat treatment at 90°C
were studied during 10-day period with 1-day interval. After
24-h heat treatment, the preservation rate of LEO decreased
to 53.27%, while the rate of LEO in the LEO/K-BCD-MOFs
complex still remained at 90.13% (Iigure 3A). As the heating
time went on, the preservation rate of LEO and its inclusion
complexes kept a gradually decreasing trend, with LEO’s rate
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FIGURE 2. The inclusion rate of lavender essential oil (LEO) to met-
al-organic frameworks based on B-cyclodextrin and potassium cation
(K-BCD-MOFs) under different core/wall ratios.

Bars with different lower-case letters show significant differences of inclu-
sion rate among different core/wall ratios at p<0.05 according to one-way
ANOVA test. Data are reported as the mean = SD of three replicates.

decreasing more rapidly and significantly than those of the
complexes (Figure 3A). After 10 days, the preservation rate of
LEO/K-BCD-MOFs and LEO/B-CD remained at 66.88 and
31.50%, respectively, while the rate of LEO was only 18.00%
in the same environment (Figure 3A). The thermal stability
of LEO could be significantly improved by embedding with
B-CD and K-pCD-MOFs, especially the latter. These phenom-
ena suggested that K-BCD-MOFs could provide better pro-
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FIGURE 3. Thermal- (A) and pH-stabilities (B, C and D) of lavender essential oil (LEO), LEO/B-cyclodextrins (LEO/B-CD) and LEO/ metal-organic
frameworks based on p-cyclodextrin and potassium cation (LEO/K-BCD-MOFs) inclusion complexes.

The LEO/B-CD and LEO/K-BCD-MOFs inclusion complexes with core/wall ratio of 1:10 were used. Lines with different lower-case letters show sig-

nificant differences of preservation rate at day 10 among LEO, LEO/B-CD and LEO/K-BCD-MOFs under the same conditions at p<0.05 according to
one-way ANOVA test. Data are reported as the mean = SD of three replicates.
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tection for LEO than B-CD against evaporation/degradation
after LEOs were embedded. This could be explained by the
improved thermal stability of both LEO and B-CD rendered
by K-BCD-MOFs. Han et al. [2018] reported that the struc-
tures of CDs were modified, and the CD-MOFs were more
thermally stable in an aqueous medium or in the physiological
environment, as well as showed preferable solubility in water.
Lv et al. [2017] reported that sucralose degraded very fast at
90°C for only one hour with about 14% left, while the stability
of sucralose was dramatically enhanced by CD-MOFs, with
only 13.7% decomposition under the same heat environment
within 24 h. Furthermore, for future and better applications of
LEO, the thermal stabilities of the inclusion complexes under
many other thermal conditions and different working tempera-
ture (e.g., 50, 75, 100 and 121°C) should be studied.

pH stability
The results of the influence of different pH values (3,
7 and 10) on the stabilities of LEO, LEO/B-CD and LEO/
B-CD-MOFs were obtained during 10-day period, and
the variation trends of the preservation rate were shown in
. Under acidic and neutral conditions, the
stabilities of LEO and its inclusion complexes were better
than under alkali condition, and the acid resistance of LEO/
B-CD and LEO/B-CD-MOFs was much stronger than that of
LEO itself (Figure. 3B, C). In strong alkali environment, the
stabilities of LEO and LEO inclusion complexes decreased
sharply. However, the stabilities of these complexes were still
stronger than that of non-included LEO ( ). There-
fore, in general, LEOQ/B-CD and LEO/B-CD-MOFs exhibit-
ed better acid-alkali resistance stabilities than the original oil,
with better applicability under neutral and acidic conditions.
This result can be attributed to the fact that the essential oils
are always stable in weak acidic to neutral environment and
are often applied in acidic conditions [Bensouda et al., 2019;
Wang et al., 2009].

Intracellular antioxidant activities

Reduction reaction of MTT occurs with the presence of
succinodehydrogenase in living cells, and MTT changes from
yellow tetrazolium salt to purple formazan. Therefore, the ab-
sorbance at the maximum absorption wavelength of 570 nm
of the purple product could indirectly reflect the amount of
the living cells [Adach ez al., 2016]. The effects of the different
concentrations of LEO, LEO/B-CD and LEO/K-BCD-MOFs
on the cell viabilities of HeLa cells were analyzed ( ).
Within the concentration range from 0.001 to 0.2 wL/mL, no
significant difference was found among LEO, LEO/p-CD
and LEO/K-BCD-MOFs. Both LEO and its inclusion com-
plexes did not pose negative effects on the HeLa cell viabili-
ties with concentrations lower than 0.2 ul/mL. However, the
HeLa cell viabilities decreased with the concentration higher
than 0.4 uL/mL. The inhibitory effects on cell viabilities of
LEO/K-BCD-MOFs were significantly higher than those of
LEO at concentration 0.4, 0.5 and 1 nL/mL, and also signifi-
cantly higher than LEO/B-CD at 0.5 uL/mL. All the samples
showed similar inhibitions on HeLa cells with the highest
concentration at 2 uL/mL. The growth and viabilities of HeLa
cells were inhibited, indicating the lavender essential oil could

play an anticancer role with the concentrations reaching up
to 0.4 uL/mL. Previous studies showed potential anticancer
and antiproliferative activities of LEO by the induction of
apoptosis and necrosis of cancer cells [Gezici, 2018]. LEO
also exhibited on antitumor effects on the human prostate
cancer, and its antitumor effect was associated with cell pro-
liferation inhibition and apoptosis induction in xenograft tu-
mors [Zhao et al., 2017]. Besides, the components of LEO
also showed anticancer and antitumor effects. For example,
one constituent of lavender oil — perillyl alcohol - has recently
been identified as a potential anticancer agent, which may be
useful in both treatment and prevention [Liston ef al., 2003;
Samaila et al., 2004]. Linalool and linalyl acetate also showed
strong inhibitory effects on human prostate cancer PC-3 and
DU145 cells [Zhao et al., 2017]. Usta et al. [2009] reported
that linalool could decrease the viability of HepG20 to 50%
and 0% by concentrations of 4 uM and 2 uM, respectively.
Differences in the inhibitory activity of LEO and its micro-
capsules were in the order LEO/B-CD-MOFs > LEO/B-CD
> LEQO, and could be easily ascribed to the higher solubility
of B-CD-MOFs than B-CD [Han et al., 2018], as well as the
higher solubility of the complexes than LEO itself. All these
related to the potential applications of LEO as potential an-
ticancer/antitumor agents deserve further researches. Besides
the anticancer role of LEO in killing HeLa cells, in the pres-
ent study we focused on whether the intracellular antioxidant
activities of LEO could be improved by microencapsulation
by K-pCD-MOFs.

Although the chemical methods used to evaluate antioxi-
dant activities in vitro are easy, convenient and inexpensive,
they could reflect neither the antioxidant activities of the anti-
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FIGURE 4. Effects of lavender essential oil (LEO), LEO/-cyclodextrins
(LEO/B-CD) and LEO/ metal-organic frameworks based on B-cyclodextrin
and potassium cation (LEO/K-BCD-MOFs) inclusion complexes on cell
viability in HeLa cells.

The LEO/B-CD and LEO/K-BCD-MOFs inclusion complexes with core/
wall ratio of 1:10 were used. Bars with different lower-case letters show
significant differences among the effects of LEO, LEO/B-CD and LEO/
K-BCD-MOFs on cell viability at p<0.05 according to one-way ANOVA
test. NS: Not significant difference. Data are reported as the mean + SD
of three replicates.
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FIGURE 5. The integral areas of relative fluorescence intensity (A) and the intracellular antioxidant activity (CAA) of lavender essential oil (LEO),
LEO/B-cyclodextrins (LEO/B-CD) and LEO/ metal-organic frameworks based on B-cyclodextrin and potassium cation (LEO/K-BCD-MOFs) (B) in

HelLa cells.

The LEO/B-CD and LEO/K-BCD-MOFs inclusion complexes with core/wall ratio of 1:10 were used. Bars with lower-case letters show significant
differences among LEO, LEO/B-CD and LEO/K-BCD-MOFs at p<0.05 according to one-way ANOVA. Data are reported as the mean = SD of three

replicates.

oxidants in vivo nor the real physiological environment of the
human body. On the other hand, animal models or even hu-
man experiments are relatively expensive and time-consum-
ing. Cell model could predict the antioxidant capacities of the
antioxidants in the human body more accurately than chemi-
cal methods. Therefore, the cell model method is a good
choice to simulate the internal physiological environment of
the human body, study the intracellular antioxidant activities,
and provide an economical and rapid method for better an-
tioxidant research. Consequently, HeLa cells were chosen to
simulate an in vivo environment to investigate the intracellular
antioxidant activities of the LEO and its inclusion complexes
with the concentration of 0.1 uL/mL, which was within the
non-cytotoxic range (<0.2 uL/mL). In the living cells, non-
-fluorescent DCFH-DA could be hydrolyzed by esterases with
the production of 2’,7-dichlorodihydrofluorescein (DCFH)
[Labieniec & Gabryelak, 2007]. The non-fluorescent DCFH
are then oxidized to fluorescent product 2’,7’-dichlorofluores-
cein (DCF) by reactive oxygen species (ROS), which could be
induced by H,O,. The fluorescent intensity of DCF correlates
with the cellular ROS content, and this intensity decreases
with the presence of antioxidants due to their ability to scav-
enge free radicals [Qian et al., 2012; Xu & Chang, 2012].
shows the integral areas of relative fluorescence
intensity of HeLa cells (control) and HeLa cells with LEO
and microcapsules of LEO/B-CD and LEO/ K-BCD-MOFs.
After 1-h H,O, stimulation, the intensity in the control was
about 8 times as that of the blank without H,O, stimulation.
The relative fluorescence intensities of cells with LEO, LEO/
B-CD and LEO/K-BCD-MOFs were all significantly lower
than the control, indicating that both LEO and its inclusion
complexes showed significant intracellular ROS scavenging
activity in HeLa cells. The intracellular antioxidant activity
(CAA) of LEO and its inclusion complexes were also shown
in . LEO/K-BCD-MOFs showed significantly higher

CAA than LEO. The lavender essential oil has been reported
with high contents of oxygenated monoterpenes (31.53%)
and monoterpene hydrocarbons (8.03%) [Dong et al., 2020].
For example, linalool — which is the major oxygenated mono-
terpene of lavender — accounts for 19.71% of its essential oil
[Dong et al., 2020]. The essential oils rich in monoterpenes
and oxygenated monoterpenes generally show a high antioxi-
dative potential [Deba et al., 2008; Tepe et al., 2004]. Mono-
terpenes are very active due to the presence of a double bond
between two carbon atoms (C=C), and thus they could act
as free radical scavengers [Mercier et al., 2009]. Therefore,
lavender essential oil played a role in scavenging intracellular
ROS, leading to the high CAA of LEO and its microencapsu-
lated products.

The higher scavenging ability of LEO/K-BCD-MOFs is
due to the higher solubility and availability in the cells com-
pared to LEO and LEO/B-CD, which is in agreement with
the reported higher solubility of K-pCD-MOFs than B-CD
[Han et al., 2018]. Another possible reason might be the dif-
ferent microencapsulation capabilities of K-BCD-MOFs for
different guest molecules. Yuan et al. [2019] reported that
the microencapsulation by HPCD could change the relative
contents of the major components of LEO dramatically. For
example, contents of linalyl anthranilate and linalool changed
from 42.18% to 24.05% and 34.94% to 60.87%, respectively,
i.e., they found that hydrocarbons and esters decreased, while
conversely, carbonyl compounds and alcohols increased. Al-
cohols and carbonyl compounds were easier encapsulated by
HPCD than other compounds of LEO. This phenomenon
might be attributed to the properties of the hydrophobic cavity
of HPCD [Yuan et al., 2019]. The similar explanation might
apply to the present study. Therefore, future study should be
carried on to analyze the LEO composition before and after
microencapsulation by K-BCD-MOFs, and also to compare
antioxidant activities among different compounds in LEO.
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FIGURE 6. Infrared spectra of metal-organic frameworks based on p-cyclodextrin and potassium cation (K-BCD-MOFs) (A), lavender essential oil
(LEO) (B), physical mixture of LEO and K-BCD-MOFs(C), and LEO/K-BCD-MOFs inclusion complex (D).

The LEO/B-CD and LEO/K-BCD-MOFs inclusion complexes with core/wall ratio of 1:10 were used.

Wu et al. [2019] synthesized porous Zn@MOF and used
it for microencapsulation of thymol for pathogen inhibi-
tion, and the T-Zn@MOF was proved to effectively inhibit
E. coli. The present study was successful in synthesizing ed-
ible MOFs using B-CD and potassium ion. It is hopeful that
K-BCD-MOFs could be applied to the applications of LEO
with improved antioxidant activities in the food industries in
the near future.

Characterization of LEO, LEO/B-CD and LEOQ/K-BCD-
-MOFs

Fourier transform infrared spectroscopy (FTIR)

The Fourier transform infrared spectroscopy technology
is usually helpful in detecting the interaction between cyclo-
dextrin or MOFs as host and the guest molecules [Liu ef al.,
2019; Tu et al., 2020; Yuan et al., 2019]. The inclusion com-
plexes could be confirmed by FTIR with the variation of posi-
tion, intensity and even the shape of the peaks [Yuan ef al.,
2019]. Yuan et al. [2019] employed FTIR to provide the solid
evidence for the formation of inclusion compounds of LEO
by HPCD. Tu er al. [2020] also applied FTIR to support the

formation of an inclusion complex of Mxene/carbon nano-
horn with K-BCD-MOFs. FTIR was also applied to demon-
strate the formation of inclusion complex in the present study.
The infrared spectra of the K-BCD-MOFs, LEO, the physical
mixture of LEO and K-BCD-MOFs, as well as LEO/K-BCD-
-MOFs inclusion complex were shown in . Because
the inclusion complexes were cleaned with petroleum ether
3 times, it could be considered that no LEO existed on the
surface of the inclusion complex. If the absorption peak of
the functional group of LEO could be found in the infrared
absorption spectrogram of the inclusion complexes, we can
deduce that LEO has been encapsulated by K-BCD-MOFs.
The spectrum of K-BCD-MOFs ( ) showed the
characteristic absorption peaks of -CD, suggesting the syn-
thetic K-BCD-MOFs based on B-CD still kept the cavity struc-
ture of B-CD. The absorption peak between 3300-3400 cm'!
belongs to —OH, and the characteristic peak of —CH, is
at 2924 cm’'. The peaks around 1151 cm™ represent the
C-0 stretching vibration absorption peak of K-BCD-MOFs
and the inner cavity of the inclusion complexes.
showed the LEO infrared spectrum with the
characteristic absorption peak of C=0 at 1651 cm. The spec-



Y. Wang et al.

47

B-CD-MOFs

LEO/K-BCD-MOFs

FIGURE 7. Scanning electron microscope pictures of metal-organic frameworks based on p-cyclodextrin and potassium cation (K-pCD-MOFs) and

lavender essential oil (LEO)/K-BCD-MOFs inclusion complex.

The LEO/K-BCD-MOFs inclusion complexes with core/wall ratio of 1:10 were used. The magnifications are 70 and 700 times, respectively.

tra of the physical mixture and the inclusion complex were pre-
sented in , respectively. The main absorption peaks
(-OH, C=0, C-0, -CH, and -CH,) of the two substances
were generally similar to those of K-BCD-MOFs. As the mass
core/wall ratio was 1:10, the amounts of K-BCD-MOFs in both
substances were much larger than that of LEO, resulting in the
embedment of the LEO peaks in the bulk K-BCD-MOFs ma-
trix. As the microencapsulation of LEO by K-pCD-MOFs was
probably due to van der Waals force [Li ez al., 2017], the ab-
sorption frequency and peak shape in the infrared spectra of the
functional groups did not change after the microencapsulation.
However, the peak intensities of the inclusion complexes were
different from those of K-BCD-MOFs and LEO. This could be
explained by the fact that LEO was bound and affected by the
van der Waals force, which might cause the hinderance of its
vibration and finally lead to the changes of intensity or even the
disappearance of the peaks.

Finally, the spectrum of the inclusion compounds was obvi-
ously different from that of the physical mixture, especially re-
garding the C=0 stretching vibration peak (around 1651 cm™)
of LEO. This indicated that the LEO’s environment in the in-
clusion compounds was different from that in the physical mix-
ture. The weakening and the disappearance of some absorp-

tion peaks suggested that LEO has been successfully loaded
as some groups have entered the cavity of CD. All the above
infrared results proved the formation of LEO/K-BCD-MOFs.

Scanning electron microscope (SEM)

SEM has been commonly used to characterize the mor-
phology and crystal structures of different MOFs [Wu et al.,
2019]. To further characterize the inclusion complexes, the
microstructures of K-BCD-MOFs and LEO/K-BCD-MOFs
were observed by SEM. First, the representative SEM im-
ages of K-BCD-MOFs were shown in . The crystal-
line K-BCD-MOFs has a long cuboid morphology, which is
consistent with other researches [Liu ef al., 2019; Tu et al.,
2010]. The present study and the previous researches indi-
cated K-pCD-MOFs were a rectangular solid with various
sizes from millimeter to micron. For instance, Liu et al. [2019]
showed the size of K-pCD-MOFs varied from 500 nm to 2 or
several millimeters once examined by transmission electron
microscope (TEM) and SEM. shows the size of
K-BCD-MOFs was around several millimeters. Besides, by
comparison with , K-pCD-MOFs could be deemed
smooth and long cubic crystals, while LEO/K-BCD-MOFs
exhibited a relatively rough surface, which is a new image.
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FIGURE 8. The scheme for the possible microencapsulation mechanism of lavender essential oil (LEO) by metal-organic frameworks based on
B-cyclodextrin and potassium cation (K-BCD-MOFs) as the inclusion materials.

Linalool as the main component of LEO was taken as an example.

Possible mechanism of the production of LEQ/K-BCD-
-MOFs microcapsule
The formation of K-BCD-MOFs was plotted in

The potassium ion (K*) is paired with seven oxygen atoms
(O) of the four surrounding B-CD [Lu et al., 2015]. On the
other hand, to further deduce the microencapsulation mecha-
nism of the production of LEO/K-BCD-MOFs microcapsule,
linalool is taken as an example as it is the main component of
LEO [Dong et al., 2020]. The optimum mass core/wall ratio
of linalool to K-BCD-MOFs at 1:10 is equaled to the molar
ratio of about 1:1. The scheme for the possible microcapsule
formation is shown in . In detail, when linalool was
encapsulated by K-BCD-MOFs, one K-BCD-MOFs molecules
could encapsulate one linalool molecule ( ). The spe-
cific reaction mechanism of the microencapsulation between
LEO and K-BCD-MOFs deserves further research by single
crystal X-ray diffraction, elemental analysis, and so forth.

CONCLUSIONS

Studies on the microencapsulation of lavender essential
oil by 8-CD and K-BCD-MOFs as well as analyses of the sta-

bility and antioxidant activity in HeLa cells of the LEOQ/B-CD
and LEO/K-BCD-MOFs inclusion complexes were carried
out. Our results showed the formation of a complex between
LEO and CD-MOFs, as evidenced by FTIR and SEM. Fur-
thermore, the microcapsules of LEO/K-BCD-MOFs were
proved to be more thermally and acid-base stable than LEO,
and its intracellular antioxidant effect was also significantly
improved by encapsulation. The microencapsulation of LEO
by K-BCD-MOFs not only did not inhibit the intracellular
antioxidant activities of LEO, but also significantly improved
their ROS scavenging abilities. All these indicated the appli-
cation of lavender essential oil to food and medicine would
be expanded, as the new functional K-BCD-MOFs materials
prepared based on B-CD have great benefits to future. This
information provides solid evidence and foundation for the
future applications of LEO, and thus improves the produc-
tion of tailor-made commodities by addressing different
requirements of manufacturers of this herbal plant as medi-
cines, herbal teas, food seasoning, cosmetics, and efc. The
advantages of K-pCD-MOFs make them not only limited to
chemical industry, but also applicable to new fields including
foods, pharmaceuticals or health care products, efc.
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