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Abstract This study was carried out to observed B-cy-
clodextrin (B-CD) inclusion complexes containing trans-
cinnamaldehyde (CIN) by using DPPH, ABTS and FRAP
assay. Antioxidative ability was compared between pure
CIN and B-CD-CIN inclusion complexes and particle size,
encapsulation efficiency, and temperature-dependent
release of inclusion complexes were investigated. High
concentration of B-CD (1.8%) as well as guest oil 1:3 molar
ratio (B-CD:CIN) influenced on particle size bigger during
self-assembly process. And particle sizes were increased as
storage period. In the antioxidant capacity results, pure -
CD (1.8%) was antioxidative without CIN especially at
FRAP assay. Antioxidant activity dramatically increased
after 1:1 molar ratio (1.8% B-CD:CIN), especially at DPPH
assay and ABTS"" assay. In this study, B-CD complexation
enhanced CIN solubility and affected increase the antiox-
idant activity of the CIN. Moreover, we need to consider
that molar ratio of between B-CD concentration and CIN is
effective manufacturing condition to improve antioxidant
activity of B-CD-CIN inclusion complexes.
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Introduction

Inclusion complexes formed by molecular self-assembly is
one of encapsulation method which is useful to include
hydrophobic essential oils (Chun et al., 2012; Szente and
Szejtli, 2004). Self-assembly occurs by noncovalent inter-
actions, including ionic bonds, hydrophobic interactions,
hydrogen bonds, and van der Waals forces. The inclusion
component is a unique form of chemical complex in which
one molecule is included within another molecule or an
aggregation of molecules (He et al., 2008; Stella and
Rajewski, 1997; Szente and Szejtli, 2004). There are sev-
eral advantages of inclusion complexes formed by
cyclodextrin. First of all, cyclodextrins (CDs) are cyclic
oligosaccharides consisting of six a-cyclodextrin, seven -
cyclodextrin, eight y-cyclodextrin or more glucopyranose
units linked by a-(1,4) bonds. CDs are hydrophilic outside
and hydrophobic inside therefore they can encapsulate
liphophilic component (Davaatseren et al., 2017; Melgar-
ejo-Flores et al., 2013; Padukka et al., 2000; Ponce et al.,
2010). B-CD is most effective due to its reasonable price
among the CDs. CDs are carbohydrate wall materials and
non-toxic ingredient which can be used as sweeteners
(Adrian et al., 2020). CDs inclusion complexations can
carry functional essential oils which are perfumed,
antioxidant, antibacterial and so on. CDs complexation can
improve stability of encapsulated component as well as
food products against environments like light, heat, pH,
and ionization state. CDs inclusion complexations protect
against chemical reaction such as oxidation, volatility,
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browning reactions, and microbial contamination (Chun
et al., 2012; Ponce et al., 2010; Szente and Szejtli, 2004).

Cinnamon oils (frans-cinnamaldehyde, CIN, 3-phenyl-
2-propenal) are one of antioxidant and antimicrobial
essential oil that gives cinnamon its flavor and odor (Jo
et al,, 2015a, b; Melgarejo-Flores et al., 2013). CIN is
receiving increasing attention as an effective essential oil
owing to its antibacterial and antioxidant properties in
beverages such as fruit juice, milk, and edible film.
Moreover, CIN is widely used as a flavoring agent (food
additives) in foods such as gum, ice cream, candy, and
beverages (Adrian et al., 2020; Jo et al., 2015a, b). How-
ever, there are several limitations that CIN is water insol-
uble, volatile and very sensitive to oxidation in the
presence of light, high temperatures, oxygen, and humidity.
Furthermore, its strong flavor or aroma is unfavorable
sensorial properties.

To overcome limitations, CIN is commonly applied to
encapsulation technology like emulsion system, cyclodex-
trin inclusion method, emulsion-diffusion method, etc.
(Ayala-Zavala et al., 2013; Jo et al., 2015a; Lee et al., 2013).
In various studies, B-CD inclusion complexes of essential
oils like orange oils, oregano oils, eugenol, cinnamon oils,
ginger oils, and fish oils were characterized physico-chem-
ically and biologically by observing particle size, zeta
potential, morphology structure, encapsulation efficiency,
storage stability, and so on (Chun et al., 2012; Choi et al.,
2010; Jo et al., 2015b; Kotronia et al., 2017; Torres-Alvarez
et al., 2020). However, the activity of core material which is
encapsulated component was not evaluated.

In this study, various molar ratios CIN was included into
B-CD complexes and then physical properties of B-CD
inclusion complexes were studied. Moreover, especially
the antioxidant capacity of pure CIN and B-CD-CIN
inclusion complexes was evaluated by using three different
methods such as DPPH, ABTS, and FRAP.

Materials and methods
Preparation of p-CD-CIN inclusion complexes

B-cyclodextrin (B-CD, MW: 1135) purchased from Wako
Pure Chemical Industries, Ltd. (Tokyo, Japan) was prepared
atthe concentrations of 0.3% and 1.8% (w/v) by dissolving in
55 °C distilled water for 1 h by using a shaking incubator
with 250 rpm and then cooled down at room temperature.
For B-CD inclusion complexes by molecular self-assembly,
trans-cinnamaldehyde (CIN: 98%, MW: 132.16) obtained
from Sigma-Aldrich® (USA) was added into $-CD solution
as various mixing molar ratio (1:0.25, 1:0.5, 1:1, 1:2,and 1:3)
with B-CD and mixed at 55 °C for 4 h in a shaking incubator
with 250 rpm and then cooled down at room temperature.
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After completing inclusion processing, free CIN was
removed by using n-hexane which was selected as an organic
solvent to extract free CIN.

Particle size measurement

The average particle sizes were analyzed using the
dynamic light scattering method (Zetasizer®, Nano ZS90;
Malvern Instruments Ltd., Worcestershire, UK). Measure-
ments were carried out at 25 °C in triplicate.

Encapsulation efficiency measurement

One mL of B-CD-CIN inclusion complexes (B-CD-CIN
complexes) solution was mixed with 9 mL of n-hexane and
vortexed vigorously to extract free CIN. The mixture was
separated by centrifugation for 10 min at 3,000 rpm.
Absorbance at 280 nm of the upper hexane layer contain-
ing the free CIN was measured using a UV/VIS spec-
trophotometer (Optizen, Seoul, Korea). The amount of free
CIN was calculated using a previously measured standard
curve and then percent encapsulation efficiency (EE%) was
calculated by using the following equation (Eq. 1).

EE(%) = (Initial CIN—Free CIN)/Initial CIN x 100
(1)

Temperature-dependent release study

There are many environmental stresses which affect food
materials (food additives). Among various stresses, storage
temperature was selected because pure cinnamaldehyde is a
volatile organic compound and its evaporation starts at a low
temperature (< 50 °C). Therefore, we preferentially exam-
ined the temperature-dependent release of CD-CIN-com-
plexes at 25 °C and 37 °C. For temperature-dependent
release study, 1 mL of each B-CD-CIN complexes solution
was introduced into dialysis membrane (MWCO 1000 Da,
Spectrum Laboratories, Inc., USA). Dialysate was distilled
water and given temperatures were at 25 °C and 37 °C,
respectively. At given time, dialyzed extracts were collected
and then analyzed the optical density at 280 nm during each
time interval. After removing dialysate and dialyzed extract,
same amount of fresh dialysate was added.

Antioxidant capacity of pure CIN and CD-CIN
complexes measured by DPPH, ABTS and FRAP

All chemicals were of analytical grade and were purchased
from Sigma Aldrich (USA). All determinations were car-
ried out at least in triplicate, on each occasion and at each
separate concentration of the standard and samples.
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DPPH assay

DPPH radical scavenging activity was determined by using
a modification of the method by Mensor et al. (2001).
Fifty mL of 0.3 mM DPPH was added with 125 mL of
sample. After 30 min, the absorbance of the reaction
mixture was measured at 518 nm by an absorbance
microplate reader (VersaMax ELISA Microplate Reader,
Molecular Devices, USA). Percentage antioxidant activity
was compared against positive control which was the
standard solution of ascorbic acid and then calculated using
the following equation (Eq. 2)

DPPH radical scavenging activity (% )
= [1 - (ABSsample - ABssblank)/(ABScomrol - ABScblank)]
x 100

(2)

ABTS"" radical cation decolorization assay

ABTS"" radical cation scavenging activity was determined
by using the modified method of Re et al. (1999). ABTS
(7.4 mM) was mixed with 2.45 mM potassium persulfate
for 12-24 h in the dark and then absorbance of reaction
mixture was adjusted with ethanol to 0.70 + 0.02 at
732 nm ABTS®" solution. An aliquot (20 uL) of sample
was reacted with 180 uL. ABTS (A732 nm = 0.70 £ 0.02)
for one min then absorbance of reaction mixture was
measured at 732 nm. Percentage antioxidant activity was
compared against positive control which was standard
solution of ascorbic acid and then calculated using the
following equation (Eq. 3)

ABTS radical scavenging activity (% )
= {1 - (ABSsample - ABSsblank)/(ABScomrol)} x 100

(3)

Ferric-ion reducing antioxidant power

The ferric reducing ability of plasma (FRAP) was deter-
mined as a measure of antioxidant capacity by using a
modification of FRAP assay of Benzie and Strain (1996).
To prepare FRAP reagent, 300 mM acetate, pH 3.6 glacial
acetic acid buffer, 20 mM ferric chloride (FeCl;#6H,0),
and 10 mM 4,6-tripryridyls-triazine (TPTZ) were prepared
in 40 mM HCI. All three solutions were mixed together in
the ratio 10:1:1 (v/v/v). The FRAP assay was performed
that 10 pL of sample added 0.3 mL of reagent were incu-
bated at 37 °C for 4 min. Absorbance at 593 nm was
determined relative to a reagent blank. The total antioxi-
dant capacity of samples was determined against a standard
of known FRAP value, ferrous sulphate. Percentage

antioxidant activity was compared against positive control
which was a standard solution of ascorbic acid.

Statistical analysis

The data were analyzed by using one-way ANOVA anal-
ysis of variance. An analysis of variance was performed on
all the variables using PASW statistics 18 (SPSS Inc.,
Chicago, IL, USA). Differences among the means were
compared using Tukey-HSD (Tukey’s Honestly Significant
Difference) Test (p < 0.05).

Results and discussion
Particle size of p-CD-CIN complexes

As Fig. 1 shows, particle size of B-CD-CIN complexes
were varied by B-CD concentration and storage period.
Higher concentration (1.8%) and longer storage time made
inclusion complexes bigger. Moreover, increase of CIN
molar ratio significantly affected particle sizes of B-CD-
CIN complexes and this tendency was shown apparently at
1.8% B-CD-CIN complexes. The particle size of 0.3% CD-
CIN complexes were not increased over 1 pm but 1.8%
CD-CIN complexes were increased near 10 pm at 1:3
molar ratio (CD:CIN) and 10 days of storage period. CD
complexes are getting bigger during the self-assembly
because a high CD concentration is not solved entirely, and
there is still insoluble CD. Moreover, if the molar ratio is
not suitable between CD and core materials, in other
words, if the cavity of CD is not sufficient for core mate-
rial, many CD complexes located around core material for
including core-material. These affect the mean particle size
value, and CD-core-complexes are larger aggregates
depend on assembly time. Furthermore, over self-assembly
time induces self-aggregation. This phenomenon was also
observed at the previous study. In the studies of Chun et al.
(2012) and Jo et al. (2015a), they manufactured
cyclodextrin inclusion complexes with essential oil (euge-
nol and frans-cinnamaldehyde) by various formulations
and then characterized its physical properties during stor-
age. High concentration of CD as well as guest oil influ-
enced particle size bigger during the self-assembly process
(Chun et al., 2012; Jo et al., 2015a).

Encapsulation efficiency and retention amount
of CIN

The encapsulation efficiency (%) and the amount of
encapsulated CIN (pug/mL) were calculated before mea-
suring antioxidant capacity (Table 1). The amount of
encapsulated CIN (pg/mL) was increased depend on CIN
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Fig. 2 Temperature-dependent release study of 1.8% CD-CIN
complexes

molar ratio. In the study of Jo et al. (2015b), the encap-
sulation efficiency of guest compound was > 60% which
was quite higher than other studies. However, the CIN
encapsulation efficiency was lower as < 50% in this study.
Especially, 0.3% B-CD-CIN complexes just showed
1.50-5.88% encapsulation efficiency. The encapsulation
efficiency of molecular inclusion complexation is influ-
enced by the various conditions such as CD type, CD
concentration, the molar ratio of CD and core material,
self-assembly time, etc. The high concentration of CD is a
larger cavity than the low concentration CD. In this study,
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(Mw 1135) and CIN (Mw 132.16) made that small amount
of CIN was included into B-CD.

DPPH radical scavenging activity

DPPH radical scavenging activity has been generally used
for the measurement of antioxidant activity. In this study,
pure CIN and B-CD-CIN complexes were compared their
antioxidant activity and positive control was ascorbic acid.
In Fig. 3(A), pure CIN and 0.3% B-CD-CIN complexes
were under 10% antioxidant activity and it is three times
lower than positive control. And antioxidant activity of B-
CD-CIN complexes were lower than pure CIN except 1:3
molar ratio (f-CD:CIN) sample. Figure 3(B) shows that all
1.8% B-CD-CIN complexes were higher antioxidant
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Table 1 Encapsulation

efficiency of CIN depeding on CD (%) CD:CIN (molar ratio) Encapsulation efficiency (%) Encapsulated CIN (pg/mL)
various concentration of CD or 03 1:0.25 2135 2
CIN . :0. 3
1:0.5 5.88 10
1:1 3.03 10
1:2 4.18 28
1:3 1.5 15
1.8 1:0.25 20.51 100
1:0.5 47.59 470
1:1 34.41 750
1:2 41.25 1650
1:3 45.39 2720
(A) (B)
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Fig. 3 Antioxidant activity comparison by DPPH assay between CIN and CD-CIN complexes formulated with various molar ratio of CD and
CIN; (A) 0.3% CD and (B) 1.8% CD. Values represented mean £+ SD. Means with different superscripts (a—b) differ significantly (p < 0.05)

activity than pure CIN. Moreover, 1:3 molar ratio f-CD-
CIN complexes was similar with positive control as 33%
antioxidant activity.

Host or guest material concentration and form of guest
material influenced antioxidant activity. In other words,
DPPH radical scavenging activity was increased depend on
CIN concentration and it was strongly observed at 1.8% [3-
CD-CIN complexes. And 1.8% B-CD-CIN complexes were
more effective than pure CIN. The 0.3% B-CD-CIN com-
plexes were produced with a small amount CIN through the
molecular inclusion method. Moreover, most of CIN were
not included into B-CD as showing low encapsulation
efficiency (< 6%). The reasons that 1.8% [(-CD-CIN
complexes were more effective are pure 1.8% [B-CD solu-
tion was slightly higher antioxidant activity than 0.3% B-
CD solution and higher encapsulation efficiency was
observed. 1.8% B-CD-CIN complexes were more effective
than pure CIN unlike 0.3% B-CD-CIN complexes. Small
amount of pure CIN was slightly miscible in water without
water soluble carrier but at over of certain concentration,

pure CIN could not dissolved entirely. It was observed that
the solubility of CIN could be improved by forming $-CD-
CIN complexes. Ferreira et al. (2013) observed that the
antioxidant activity of the mangiferin inclusion complex
with B-cyclodextrin. In the result of radical scavenging
activity toward DPPH, mangiferin and B-CD inclusion
complex showed higher antioxidant activity when com-
pared with free mangiferin.

ABTS"" radical cation decolorization assay
(ABTS"* assay)

ABTS®" assay has been also used for measurement of
antioxidant activity like DPPH assay. Pure CIN and -CD-
CIN complexes were compared their antioxidant activity
and positive control was ascorbic acid. The results of
ABTS"" assay showed similar trend with DPPH assay at
0.3% B-CD-CIN complexes that pure CIN was higher
antioxidant activity than B-CD-CIN complexes. And there
were no significant different as CIN ratio (p > 0.05). For
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the 1.8% PB-CD-CIN complexes, B-CD-CIN complexes
showed higher antioxidant activity than pure CIN at all
samples in DPPH assay, but in ABTS®" assay, only 1:2 and
1:3 molar ratio of B-CD-CIN complex showed higher as
over 20% which was higher than positive control. And it
was also observed when B-CD-CIN molar ratio was
increased from 1:1 to 1:2, antioxidant activity dramatically
increased both pure CIN and [B-CD-CIN complexes
(p < 0.05).

Ferric-ion reducing antioxidant power (FRAP
assay)

The results of FRAP assay showed similar trend with
ABTS®* assay at 0.3% B-CD-CIN complexes that CIN was
higher antioxidant activity than f-CD-CIN complexes and
there were no significant different depend on molar ratio
between CIN and B-CD (p > 0.05). Moreover, at 1.8%
CD-CIN complexes, 1:2 and 1:3 (B-CD:CIN) molar ratio of
B-CD-CIN complex showed significant higher antioxidant
activity. Antioxidant activity of B-CD-CIN complex were
increased as CIN molar ratio but there were no significant
difference among1:0.25, 1:0.5, 1:1 and between 1:2 and 1:3
B-CD-CIN complex.

There are many methods to represent antioxidant
activity, and they have a different mechanism such as
scavenging activity, reducing antioxidant power, and lipid
peroxidation. Moreover, a synthetic antioxidant, a natural
antioxidant, or free radicals are used depending on the
antioxidant activity assay. It is necessary to use various
techniques for better precise results because each method
has advantages and disadvantages. In this study, antioxi-
dant capacity of B-CD-CIN complexes measured by DPPH,
ABTS and FRAP. First, presence of B-CD (1.8%) was

effective to show higher antioxidant activity. As Figs. 3, 4
and 5 show, B-CD solution at 1:0 molar ratio (B-CD:CIN)
showed antioxidant activity and higher B-CD (1.8%) was
more effective. At 1.8% B-CD-CIN complexes, there was a
significant change in ABTS®" and FRAP assay (p < 0.05).
Second, as the B-CD-CIN molar ratio increased from 1:1 to
1:2 (B-CD:CIN), the antioxidant activity dramatically
increased both CIN and B-CD-CIN complexes, especially
at DPPH assay and ABTS®" assay. In this study, it was
certainly observed that B-CD complexation enhanced CIN
solubility and it affected the increase of CIN antioxidant
activity. However, antioxidant capacity depended on B-CD
concentration and CIN molar ratio. It was researched that
B-CD complexation method improved the antioxidant
capacity of hydrophobic functional guest materials (cin-
namon oil, eugenol, limonene, polyphenol, etc.) when
evaluated the effect of ethanol extracts of 5 spices. CDs
shapes toroidal and are hydrophobic interior and hydro-
philic exterior because the secondary and primary hydroxyl
groups (—OH) of CD are exposed to the solvent. Therefore,
the interior of the toroids is less hydrophilic, and the
exterior of toroids is more hydrophilic than interior. In B-
CD and CIN molecular complexation, exposed -OH group
of CD and -OH group of CIN can form the hydrogen bond
which may contribute to antioxidant activity (StraZiSar
et al., 2008). However, it could be considered that the
molar ratio of B-CD and CIN can affect chemical interac-
tion between B-CD and CIN and the power of interaction
influence the level of antioxidant capacity during B-CD and
CIN molecular complexation. In the study of Kim et al.
(2004), DPPH radical scavenging activity, the extract of
clove and cinnamon showed the most effective among 5
spices. B-CD molecular inclusion with hydrophobic com-
pounds has been studied and there are lots of scientific
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£ 30 1 30 - ]
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Fig. 4 Antioxidant activity comparison by ABTS assay between CIN and CD-CIN complexes formulated with various molar ratio of CD and
CIN; (A) 0.3% CD and (B) 1.8% CD. Values represented mean £+ SD. Means with different superscripts (a—b) differ significantly (p < 0.05)

@ Springer



Antioxidant activity of B-CD complexes containing zrans-cinnamaldehyde 813
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Fig. 5 Antioxidant activity comparison by FRAP assay between CIN and CD-CIN complexes formulated with various molar ratio of CD and
CIN; (A) 0.3% CD and (B) 1.8% CD. Values represented mean £+ SD. Means with different superscripts (a—b) differ significantly (p < 0.05)

results but the research of B-CD molecular inclusion should
be continuously carried out because B-CD and various
essential oils need their own optimal formulation to be
effective inclusion complexes and their function is also
investigated.
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