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Background: Allyl isothiocyanate is an excellent antimicrobial compound that has been
applied in the development of active food packaging materials in the last years. However,
the high volatility of this compound could prevent a lasting effect over time. In order
to avoid this problem, cyclodextrin inclusion complexes have been proposed as an
alternative, being beta-cyclodextrin (3-CD) as the main candidate. In addition, -CD could
act as a relative humidity-responsive nanoparticle. In this regard, the aim of this study was
to develop inclusion complexes based on B-CD and AITC as relative humidity-responsive
agents, which can be used in the design of active food packaging materials.

Methods: Two different B-CD:AITC inclusion complexes (2:1 and 1:1 molar ratios)
were obtained by the co-precipitation method. Entrapment efficiency was determined
by gas chromatography, while inclusion complexes were characterized through thermal,
structural, and physicochemical techniques. Antifungal capacity of inclusion complexes
was determined in a headspace system. Furthermore, the AITC release from inclusion
complexes to headspace at different percentages of relative humidity was evaluated by
gas chromatography, and this behavior was related with molecular dynamic studies.

Key Findings and Conclusions: The entrapment efficiency of inclusion complexes was
over to 60%. Two coexisting structures were proposed for inclusion complexes through
spectroscopic analyses and molecular dynamic simulation. The water sorption capacity
of inclusion complexes depended on relative humidity, and they exhibited a strong
fungicide activity against Botrytis cinerea. Furthermore, the AITC release to headspace
occurred in three stages, which were related with changes in B-CD conformational
structure by water sorption and the presence of the different coexisting structures. In
addition, a strong influence of relative humidity on AITC release was evidenced. These
findings demonstrate that g-CD:AITC inclusion complexes could be used as potential
antifungal agents for the design of food packaging materials, whose activity would be
able to respond to relative humidity changes.

Keywords: allyl isothiocyanate, active packaging, beta-cyclodextrin, Botrytis cinerea, inclusion complexes, gas
chromatography, headspace, responsive release
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INTRODUCTION

Allyl isothiocyanate (3-Isothiocyanatoprop-1-ene, AITC) is
an oily organosulfur compound with an aliphatic structure
produced by Brassicaceae family (1). It is the major antimicrobial
component in the essential oils from black (Brassica nigra) and
brown mustard (Brassica juncea), and it is approved as GRAS by
the FDA (2). Vapor-phase AITC has been distinguished for its
excellent antifungal capacity in fruits at low concentration (3).
It is known that the volatile compounds coming from essential
oils are the main reason for their antimicrobial properties (4).
The advantage of these active volatile compounds is that they
can penetrate in most of the food matrixes, favoring their action
from the headspace to the food surface. For this reason, AITC
has been considered an excellent option to the design of active
food packaging, which requires a microbiological control over the
entire food surface. Indeed, Bahmid et al. demonstrated that the
release of this compound from a cellulose acetate film was directly
related with the sorption capacity of AITC in different types
of beef, producing different antimicrobial effects on them (5).
Likewise, active materials containing AITC have been validated
in many different food stuffs, such as meat products (6), bakery
(7, 8), fruits, and vegetables (9). However, it has also been
reported that high volatility of AITC could prevent a lasting effect
over time (10).

To improve the antimicrobial efficacy of volatile compounds,
the complexation with cyclodextrins has been widely applied and
reported (11-14). Cyclodextrins are cyclic oligosaccharides with
a toroidal conic shape composed by 6, 7, or 8 (alpha, beta, or
gamma-cyclodextrin) glucose units linked by a-1,4 glycosidic
bonds (15). The external wall of these molecules is hydrophilic,
as a result of primary and secondary hydroxyl group positions
that favor its solubility in water. In contrast, the glycoside-
bonds are oriented toward the internal cavity, which made
it more hydrophobic. Due to this, cyclodextrins are able to
form host:guest inclusion complexes (IC) with a wide variety of
hydrophobic molecules (11, 16).

The encapsulation properties of an IC can lead to an increase
of the water solubility and thermostability of a guest compound
or to a masking effect of its odor or flavor due to the interaction
with the cyclodextrin cavity (16). Moreover, one of the most
attractive properties about IC is related to the control on the
release of the guest compounds (11). This fact can be the key
to the design of active packaging materials, where it is required
to maintain a specific activity over time. In this regard, the
versatility of the IC could allow their incorporation in packaging
materials, such as polymer films, fibers, nanofibers, hydrogels,
and aerogels (17-19). Therefore, they could be derived in several
active packaging systems, such as bags, trays, sachets, pads, labels,
among others (20).

Within the cyclodextrins family, beta-cyclodextrin ($-CD)
has been the most studied and used to the formation of
IC due to its low cost, good availability, and the cavity size
(6.0-6.5 A diameter) that allows the complexation of a wide

Abbreviations: AITC, allyl isothiocyanate; B-CD, beta-cyclodextrin; IC, inclusion
complexes; RH: relative humidity; PM, physical mixture.

range of hydrophobic compounds (16). Furthermore, one of
the aspects that differentiate notably the B-CD from the other
cyclodextrins is the low water solubility (21). This difference in
the water solubility is due to the existence of high intramolecular
interactions and also because PB-CD tends to retain water
molecules around it and inside the cavity (22). Thus, the relative
humidity (RH) would influence significantly the guest compound
release as was evidenced in a previous study of -CD with eugenol
and cinnamaldehyde (12).

On the other hand, RH is also a very important extrinsic factor
that determines the quality of food (23). In this way, the IC with
B-CD could be useful for the design of RH-responsive antifungal
food packaging. Unlike common active food packaging materials,
responsive food packaging materials are activated as response to
changes in the food or the surrounding atmosphere conditions,
such as RH (24). Thus, the incorporation of f-CD IC in an RH-
responsive packaging material could maintain its functionality
at low RH, while high RH could trigger compound release
(Figure 1). In consequence, an active atmosphere could be
generated in order to avoid food decay during storage and
distribution, which is one of the actual challengers in active food
packaging engineering (25).

Based on the above, the aim of this work was to study the AITC
release from B-CD:AITC IC to headspace during the exposure
from different percentages of RH and to evaluate how this release
favors the generation of an active atmosphere that is able to
control Botrytis cinerea growth.

MATERIALS AND METHODS

Materials

B-CD pharma grade (MW = 1,134.98g mol~!, 98.5% purity)
was obtained from Cyclolab, Ltd. (Budapest, Hungary). AITC
(MW = 99.15g mol™!) with 95% purity, and butylated
hydroxytoluene (BHT) as a stabilizer (<0.1%) was purchased in
Sigma Aldrich (Santiago, Chile). Acetonitrile with HPLC grade
and technical grade solvents were acquired from Merck S.A.
(Santiago, Chile). Botrytis cinerea (B05.10 strain) was gently
provided by Center of Plant Biotechnology, Faculty of Biological
Science, Universidad Andres Bello, Chile.

IC Preparation

Two different B-CD:AITC initial molar ratios were considered
(2:1 and 1:1) in order to evaluate the differences in entrapment
efficiency of IC. The IC was prepared by co-precipitation
according to a previously reported method with some
modifications (12). Briefly, 5g of pure p-CD were put in an
amber flask with 50 mL of ethanol: water 1:2 (v/v) and stirred at
50°C for 2.5h. Then, the corresponding amount of pure AITC
(according to the B-CD:AITC molar ratio) was added to the
flask, and it was hermetically sealed to avoid the volatilization of
the compound. The mixture was stirred with a magnetic stirrer
for 30 min at 50°C; then, it was cooled at room temperature for
1 h and refrigerated overnight. The solid phase was recovered by
vacuum filtration and washed with 10% (v/v) ethanol solution
to remove the possible superficial AITC. This recovered solid
phase was dried in a CoolSafe 55-4 Pro freeze dryer (Labogene,
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FIGURE 1 | RH-responsive capacity of the IC inside a packaging material.

Denmark). Finally, the fraction below 45 um was selected using
a #325 Tyler sieve. Samples were kept in hermetic glass flasks and
stored in desiccators containing activated silica gel at 25°C until
further characterization.

Physical Mixtures Preparation

PM with molar ratios -CD:AITC of 1:1 and 2:1 were prepared.
Freeze dried p-CD and pure AITC were mixed with a spatula in
a ceramic mortar until a homogeneous mixture was obtained.

Verification of the IC Formation

Entrapment Efficiency and AITC Content in IC

To determinate complexed AITC content, the active compound
was extracted from 5mg of IC with acetonitrile (5mL) in
hermetically sealed vials, using an IST-4075 incubator shaker
(Jeio Tech, Korea) at 150 rpm and 25°C for 24h. The
insoluble phase (8-CD) was separated by centrifugation, and the
supernatant was analyzed using a Perkin Elmer Clarus 500 gas
chromatographer system with a flame ionization detector (FID)
and a ZB-50 capillary column (30 m x 0.53 mm ID, 1.00-pm film
thickness, Phenomenex, Torrance, USA). The volume injection
was 1 pL in a 1/2 split mode. The oven temperature started at
60°C for 1 min, and then raised to 200°C at 20°C min~!; after
2 min, the temperature is increased at 20°C min~! until 240°C,
then kept for 0.5 min. Helium was used as carrier gas at 50 mL
min~!. The injection and detector temperature were fixed at 80
and 290°C, respectively. The compound was quantified using
a calibration curve previously prepared from eight solutions of
AITC in acetonitrile with concentrations between 0 and 100 ppm
(R = 0.99). From this analysis, it was possible to determine the
EE according to Equation 1 (13).

released AITC content

EE (%) = - X
theoretical AITC content

100 (1)

where real complexed AITC content was the AITC content in the
IC, and theoretical AITC content corresponded to the initial AITC
amount used to prepare the IC. The experiments were carried out
in triplicate, and the average was reported.

Thermogravimetric Analysis

The TGA of B-CD, AITC, IC, and PM were carried out on
a TGA/DSC 1 analyzer (Mettler Toledo, Switzerland). Samples
(6 mg) were heated in an alumina crucible (70 pL) from 30 to
700°C at a rate of 10°C min~! in a nitrogen atmosphere. TGA
was performed in duplicate.

X-Ray Diffraction

The XRD patterns of freeze-dried 3-CD and IC were obtained
with a Diffractometer D5000 (Siemens, Germany) at 30 mA and
40 kV with CuKa (k = 1.54 A) radiation at room temperature and
0.02° s~! step size in a 20 range of 2-20°. It is important to note
that the XRD pattern of AITC was not acquired since it is a liquid
substance, and, therefore, it produces no diffraction patterns (26).

Fourier-Transform Infrared Spectroscopy

FTIR spectra of B-CD, AITC, IC, and PM were obtained using
an Alpha IFS 66 V spectrometer (Bruker, Germany). The spectra
were acquired from 4,000 to 400 cm ™! with 64 scans by the KBr
disc technique.

Proton Nuclear Magnetic Resonance ('H-NMR)
Spectroscopy

Samples of B-CD and powder IC (10 mg) were dissolved in
DMSO-d6 (0.7mL) that contained tetramethylsilane (TMS) as
reference (27, 28). Then, 200 L of the solution were transferred
to 5-mm 'H-NMR tubes, and spectra were acquired using an
Ultrashield NMR spectrometer (Bruker, Switzerland) at 300 mHz
and 300 K.
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IC Characterization

Water Sorption Capacity

The water sorption capacity of freeze-dried B-CD, and IC
was determined using the standard isopiestic static-gravimetric
method (29). For this, 125 mg of each sample was put separately
in 30-mm diameter plates at 20°C and 23, 50, or 97%
RH. Desiccators with saturated salt solutions of potassium
acetate, magnesium nitrate, and potassium sulfate were used
to maintain constant RH. The samples were weighted in an
electronic analytical balance one time a day until constant weight
(£0.001 g), condition that was reached after 7 days. The change
in water content was determined in a dry basis. The experiments
were carried out in triplicate; average was reported.

Antifungal Activity Against Botrytis cinerea

As the AITC is a volatile compound, a vapor-phase experiment
was designed to evaluate the antifungal activity of IC against
B. cinerea. For this, a 50-mm diameter potato dextrose solid
agar (PDA) disc was put in the center of a sterile petri dish
(150-mm diameter). Then, 10 WL of B. cinerea spore suspension
(10° spores/mL) was inoculated in the middle of PDA disc.
Subsequently, 20 mg of B-CD (control of B-CD) and different
amounts (4, 6, 10, and 20 mg) of IC distributed in 2 plates (30-
mm diameter) were put around the agar disc without contact (see
Supplementary Figure 1). The different amounts of IC and the
corresponding concentration of AITC calculated based on 0.2L
of air inside the plate (headspace) are detailed in Table 1. A petri
dish without IC was used as a control sample. Finally, the system
was sealed with Petrifilm® to avoid AITC leakage and stored at
20°C. The radial fungal growth was measured until the fungus
covered the entire surface of PDA disc in the control sample (5th
day). The radial inhibition (% RI) was calculated according to
Equation 2.

RI(%) = (Xc — Xcr)/Xc * 100 (2)

where X, was the fungal-growing halo (mm) of the control
sample, and X¢r was the fungal-growing halo (mm) of the petri
dish with B-CD or IC. The antifungal assay was carried out in
triplicate, and average was reported.

TABLE 1 | Antifungal assay conditions of 8-CD:AITC IC against B. cinerea.

IC amount (mg) AITC concentration inside the plate** (ppm)

B-CD:AITC_2:1 B-CD:AITC_1:1
0 - -
4 0.66 1.03
0.99 1,56
10 1.64 2.59
20 3.29 5.17

20mg of B-CD (control of B-CD).
“Calculated based on real AITC content in IC (section Verification of the IC Formation)
and 0.2 L of air as the headspace in the plate.

AITC Release From IC

The same saturated salt-water solutions (0.6 mL) used for water
sorption capacity determination were prepared into 22-mL
headspace vials and conditioned at 20°C for 30 min. Then, a
sample of 0.2 mg of IC was put into a 0.3-mL flask, and it was put
inside headspace vials (see Supplementary Figure 2). Headspace
vials were sealed (silicone/PTFE septum and an aluminum hole
cap) and stored at 20°C. To determine the AITC headspace
concentration, the vials were analyzed at different times using
a Perkin Elmer Turbomatrix 40 headspace analyzer, which was
coupled to a Clarus 580 gas chromatographer equipped with
the ZB-50 capillary column described in section Entrapment
Efficiency (EE) and AITC Content in IC. The vials were placed on
the headspace autosampler system and thermostated for 10 min.
Needle and transfer line temperature in headspace was set at
35 and 45°C, respectively. Headspace samples of 0.2 mL were
transferred to gas chromatographer where the oven started at
40°C for 0.5 min; it increased at 20°C min~! until 120°C; after
0.5 min, the temperature raised at 20°C min~! to 270°C, and it
remained for 0.5 min. Helium was used as carrier gas at 54.5mL
min~!. The injection and FID detector temperature were fixed at
240 and 260°C, respectively. The released AITC was quantified
using a calibration curve prepared by the procedure described
in section Calibration Curve for AITC Release Determination.
The % of released AITC in each time was calculated using
Equation 3.

released AITC
real complexed AITC content

Released AITC (%) = x 100 (3)

where released AITC was the released AITC from the IC, and
real complexed AITC content was the AITC content in 0.2 mg of
IC, determined in section Entrapment Efficiency (EE) and AITC
Content in IC. The experiments were carried out in triplicate, and
average was reported.

Calibration Curve for AITC Release Determination
Eight solutions with different concentrations of AITC in
acetonitrile were prepared. Then, 5 pL of each solution was
injected through the septum of sealed headspace vials (22 mL).
Thus, concentrations from 0 to 0.5 ppm in the headspace were
achieved. The vials were analyzed through the headspace-gas
chromatography method described in section AITC Release
From IC. Each point was carried out in triplicate. The average
of the area behind AITC peak in the chromatogram vs. AITC
concentrations in the headspace was plotted to obtain the
calibration curve (R? = 0.97).

Molecular Dynamic Studies

The molecule dockings and IC conformation were acquired
and selected with the procedure described in a previous study
(12). The MD simulations of two conformations were performed
using NAMD 2.6 (30) with the Charmm33b force field (31).
The molecules were previously parametrized by ACPYPE web
portal application at http://webapps.ccpn.ac.uk/acpype (32), and
a water box of 50 x 50 x 50 A with 3,837 water molecules was
employed to soak each IC conformation. A general protocol was
used with a cutoff value of 14 A, followed by 100,000 steps of
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minimization and 50 ps of heating (0-298 K), comprising an
initial phase of equilibrium and, finally, 140 ns of recording
data of the molecular dynamics. Data were analyzed using the
Qtiplot software.

Statistical Analysis

Statistical analysis was carried out by using InfoStat software
Student version (Universidad de Cérdoba, Argentina). Paired
Student t-test was applied to determine differences in the
entrapment efficiency and in an antifungal assay. In addition,
water sorption capacity of B-CD, B-CD:AITC_2:1 and f-
CD:AITC_1:1 was compared through analysis of variance (one-
way ANOVA), followed by Tukey test. All analyses were
considered significant differences at the level of p < 0.05.

RESULTS AND DISCUSSION

Verification of the IC Formation

EE and AITC Content in IC

Table 2 resumes the AITC content in the different developed
IC and the associated EE. These results evidenced that the
initial molar ratio had a significant effect in such parameters.
A higher EE % was evidenced when the 2:1 molar ratio was
used compared to 1:1. This may be because the excess of p-
CD molecules could offer a higher probability to complex AITC
molecules. Similar results were founded by Ohta et al. (33),
where lower rate constants of AITC decomposition were reached
when higher concentrations of B-CD were added. Moreover,
this fact could also be associated with the stoichiometry of
formed IC. According to Zhang et al. (34), a 1:1 stoichiometry
is suitable for B-CD:AITC IC due to the structure of the guest
compound. In this regard, EE near to 100% was expected for
both B-CD:AITC_2:1 and B-CD:AITC_1:1. However, this EE
% was not achieved probably due to decomposition of some
AITC by its exposition to aqueous media (33). Moreover, it
is important to consider the volatilization of AITC at 50°C,
reducing the AITC concentration that is available in the aqueous
medium, and as a result, generating a lower EE in the IC.
Despite this, the EE values were higher than those reported
in a previous research for compounds with a linear structure
similar to AITC (13). In comparison with this last study, the
increase from 30 to 50°C during active compound addition
could favor the AITC complexation due to higher solubility
of B-CD at higher temperature (35). Furthermore, the lower
polarity and higher size of the hydrophobic allyl part of AITC
would facilitate the interaction with the cavity of the B-CD.
By contrast, AITC showed a lower EE than other compounds
with a high volume section, such as aromatic rings, cycloalkane,
or cycloalkene structures (36, 37). In a previous article, it was
shown that the volume of the hydrophobic group of the guest
molecule is essential to favor the intermolecular interactions with
cyclodextrin cavity (12), which was confirmed by this study.
However, as was discussed above, better performance (high EE)
in AITC complexation with B-CD also depended on another
factor such as the initial molar ratio and preparation conditions.

TABLE 2 | AITC content and EE of 8-CD:AITC IC.

Molar ratio p-CD:AITC AITC content (mgairc/9dic) EE (%)
2:1 32.93 + 0.85° 78.83 + 2.38°
1:1 49.63 + 1.612 61.53 +2.05°

Main values with the same superscript letter (a or b) in each column indlicate no statistically
significant differences in the parameter (p > 0.05) according to Student’s T-test.

TGA

According to Figure 2, AITC evaporation was centered at 105°C
during TGA analysis. Moreover, thermogram of B-CD showed
two phases: (i) dehydration at 82°C, and (ii) thermal degradation
of the cyclodextrin ring at 325°C, which is in accordance with
other authors (38, 39).

On the other hand, the thermograms of IC were compared
to PM to verify the effective AITC thermal protection by p-CD
and also to analyze the thermal stability of IC. In all IC and PM
thermograms and DTG, the maximum mass loss was centered
at around 320°C, which corresponds to the B-CD thermal
decomposition. Moreover, PM showed a thermal phase between
90 and 100°C related to the evaporation of AITC (zoomed zone).
However, this phase did not appear in IC, which confirmed the
AITC complexation. Conversely, the IC presented a good thermal
stability (higher than 300°C). This fact allows to ensure the use of
IC in high temperature processes, such as the extrusion for the
development of polymeric packaging materials.

XRD Analysis

Figure 3 shows the XRD diffractogram of freeze-dried f-CD
with the characteristic bands at 4.5, 10.9, 12.8, and 18.1° in
the 20 value (27, 28). In the case of IC, the peaks at 4.5 and
18.1° disappeared, new peaks between 6 and 7° were registered,
and the signal at 12.8° in the B-CD pattern shifted to 12°
in IC. In general, these changes in the intensity and position
of peaks could be related with the host:guest interaction that
is interpreted as evidence of AITC complexation with -CD
(40). Furthermore, the diffractograms evidenced a change in
the packing arrangement of the molecules. According to the
requirements described by Tanwar et al. (22), the pure B-CD
showed an XRD pattern of an “herringbone” packing type,
while the B-CD:AITC samples exhibited a “channel” packing
arrangement, being this the typical structure of an IC with
B-CD (15).

FTIR Spectroscopy

In order to obtain information about the AITC complexation
with B-CD, the IC and PM were analyzed by FTIR spectroscopy
(Figure 4). The pure B-CD spectrum showed bands at 3,274,
2,925, 1,644, 1,152, 1,077, and 1,020 cm™! related to hydroxyl
groups (-OH stretching), methylene groups (C-H stretching),
H-O-H bending of hydroxyl groups, glycoside skeleton (-C-
O- stretching), and the secondary and primary O-H bending of
hydroxyl groups, respectively (41, 42). On the other hand, the
AITC spectrum showed bands at 2,080, 1,416, and 920 cm ™! that
were assigned to isothiocyanate group stretching (-NCS), -CH-
CH- shear, and R-C-CH; bending of the allyl group, respectively
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FIGURE 3 | XRD patterns of freeze-dried B-CD and B-CD:AITC IC.
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FIGURE 4 | Chemical structure of AITC, B-CD, and FTIR spectra where the solid line corresponds to IC and the pointed line to PM.

(43, 44). The spectra of PM showed the characteristic bands of
pure B-CD and AITC, evidencing no interaction between them.
Conversely, the spectra of IC revealed mainly absorption bands
associated with the B-CD structure; however, it was possible to
observe small displacement in some of them. Thus, the bands
corresponding to glycoside were slightly displaced to 1,155 cm ™!
This behavior could be explained due to the interaction between
the hydrophobic part of AITC and the internal cavity of the p-
CD. In addition, small bands associated with the isothiocyanate
group of AITC at 2,080 cm~! were displaced to 2,090 cm~! for
p-CD:AITC_1:11C, and secondary and primary ~OH bonds of -
CD were slightly displaced to 1,079 and 1,023 cm ™!, respectively.
These observations could demonstrate a possible interaction
between the -NCS group located outside the $-CD cavity and the
external -OH group corresponding to the cyclic oligosaccharide.
In this regard, the -NCS group could be oriented on either
side on B-CD (primary or secondary face), leading to different
IC structures (see Supplementary Figure 3). Furthermore, these
proposed structures are consistent with those described by Ohta
et al. for IC of AITC with a-CD (45).

TH-NMR Spectroscopy

The 'H-NMR spectroscopy is a technique that allows to
know B-CD:AITC IC structures (44). Therefore, this technique
was used in order to stablish possible IC structures and to
relate them with the AITC release process. The obtained 'H-
NMR spectra and labeling of B-CD protons were added as
Supplementary Figure 4. The corresponding chemical shifts (5)
of the protons in B-CD and B-CD:AITC IC are resumed in
Table 3. Since § values were equal for B-CD:AITC_2:1 and p-
CD:AITC_1:1, showing that the molecular structure was the
same independently of the initial molar ratio, only one A§ value

TABLE 3 | "H-NMR chemical shift values for B-CD and g-CD:AITC IC in DMSO-ds
at 300 mHz and 300 K.

Proton* Chemical shift

B-CD (80) B-CD:AITC (5) A8 (8 - 80)
H-1 4.8314 4.8311 —0.0003
H-2 3.3005 3.3009 0.0004
H-3 3.6321 3.6339 0.0018
H-4 3.3497 3.3502 0.0005
H-6 3.6608 3.6602 —0.0005
H-5 3.5747 3.5776 0.0029
OH-2 5.7190 5.7189 —0.0001
OH-3 5.6651 5.6632 —0.0019
OH-6 4.4353 4.4355 0.0002

"Protons are labeled in the Supplementary Figure 4.

was presented in Table 3. The § values of H-1, H-2, H-4, and H-
6 in IC were similar to those of -CD. In contrast, 10-fold higher
A4 values were observed for H-3 and H-5 with 0.0018 and 0.0029
ppm, respectively. These changes would indicate a modification
of the B-CD cavity. According to literature, these differences
in AS values between IC and B-CD are the best evidence to
verify the formation of a cyclodextrin IC (46). Moreover, these
values correspond to electronic shielding, which indicates that
there were atoms that interacted with the mentioned protons.
According to FTIR spectroscopy observations, these atoms could
correspond to the allyl group of AITC molecules. Moreover,
OH-3 showed a high downfield shift. This could indicate that
more electronegative atoms were surrounding this outside group
of B-CD (47). Once again, these findings are consistent with
FTIR spectroscopy observations, where the -NCS group of AITC
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seemed to be exposed to the B-CD secondary face. Similar
observations have been reported for IC of AITC with a-CD,
where the polar region of the guest compound was preferably
oriented to the wider ring of the cyclodextrin (48).

IC Characterization

Water Sorption Capacity

Figure 5 represents the average of water content in samples
after 7-day exposure at different percentages of RH at 20°C.
It was found to have a higher water sorption capacity in all
samples from 50% RH (capital letters). Moreover, pure freeze-
dried B-CD resulted in a higher water content than IC at all
RH (lowercase letters). This fact can be explained because p-
CD is able to accommodate water molecules both inside and
outside of it due to the presence of different primary and
secondary hydroxyl groups in the glucopyranose structure (49,
50). However, when the IC was formed, the availability of the
hydroxyl groups oriented to the inner cavity of the B-CD was
reduced by the presence of AITC. In addition, as is shown in the
Supplementary Figure 5, the surface of B-CD was changed by

the formation of IC. Here, IC showed a less porous surface, which
could possibly affect the water sorption capacity of the p-CD.

On the other hand, B-CD:AITC_2:1 presented a higher water
content than B-CD:AITC_1:1 (Figure 5). However, this effect
could be also related with the assumption of the stoichiometry
1:1 in the IC, since the p-CD:AITC_2:1 sample could contain -
CD molecules without AITC; as a result, they would be able to
sorb more water molecules.

Antifungal Capacity

Figure 6 summarizes the antifungal activity (expressed as RI %)
of B-CD:AITC_2:1 (Figure 6A) and p-CD:AITC_1:1 (Figure 6B)
against B. cinerea after 3 and 5 days of exposure in a headspace
system at 20°C. Normal growing of B. cinerea was evidenced
with B-CD (% RI = 0.1 £ 0.02); by contrary, IC affected
the fungal growth according to the exposed amount. Thus,
although 4, 6, and 10mg of B-CD:AITC_2:1 or 4 and 6 mg of
B-CD:AITC_1:1 inhibited B. cinerea growth until 3rd day, the
effectiveness in these samples was significantly reduced at Day
5 (p > 0.05). On the contrary, when 20 mg of p-CD:AITC_2:1
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or 10mg of B-CD:AITC_1:1 were used, a total inhibition
(100% RI) of fungal growth was reached and maintained
over time. The difference in % RI with 10mg of IC 1:1 and
2:1 ratio could be related with the AITC content shown in
Table 1. In addition, IC from the last-mentioned samples was
removed at Day 5, and no fungal growth was evidenced at
Day 10 of the assay (see Supplementary Figure 6). These results
evidenced the fungicide function of inclusion complexes against
B. cinerea.

On the other hand, according to Table 1, the AITC headspace
concentration was 2-3 ppm in samples where B. cinerea was
totally inhibited. Ugolini et al. reported the use of similar
concentrations of pure AITC in the vapor phase to prevent
this fungus growth in fruits (3). Thus, it further reinforces
that IC formation maintains the antifungal capacity of AITC
at low concentrations and that its action is prolonged in time.
Consequently, this IC could be considered as potential antifungal
agents for the design of antifungal materials.

AITC Release From IC

In order to explain the influence of RH on the AITC release
from IC, it was exposed to different percentages of RH at
20°C. Figure 7 resumes the releasing curves of AITC during
for 18h. A clear effect of RH on the release of AITC from
both IC was evidenced, and this effect was consistent with
the water sorption of IC. To understand the mechanism of
AITC release from IC, water sorption isotherms were graphed
(Supplementary Figure 7). Herein, a plateau from 0.5 aw was
observed for both B-CD:AITC_2:1 and B-CD:AITC_1:1, which
evidenced the formation of a crystalline hydrate structure (51).
This hydrate was probably achieved by the “sequential binding
of the individual water” hydration mode reported by Pereva
et al. (50). In this mode, the formation of a f-CD hydrate starts

through the interaction between one water molecule (n = 1) and
hydroxyl groups of the primary face of oligosaccharide. Then,
subsequent water molecules interact with the already ligand
water molecules and with the other hydroxyl groups of the
narrow face of B-CD. This interaction produces the increase of
the number of water molecules (n > 2), generating the occlusion
of the B-CD primary face due to hydrogen bond interactions.
Therefore, RH over 50% could favor the release of the AITC from
the IC due to movements produced in the B-CD structure by
its hydration. Furthermore, the possible exposure of the AITC
polar group outside the B-CD cavity (described in the FTIR
spectroscopy results section) could increase the polarity of the
media. This fact, in turn, could attenuate the enthalpy of IC
formation, and, thus, a significant change in the conformational
structure of the -CD could be produced (50).

On the other hand, Figure 7 shows that AITC release occurred
in three stages: (i) a burst initial release, (ii) a slight drop of
the release, and (iii) a slight final release until reaching the
equilibrium. These stages could be associated with the behavior of
water sorption of the SIST1 and SIST2 structures as represented
in Supplementary Figure 3. For SIST2, the -NCS group of AITC
oriented to the primary face of B-CD could favor the easy
interaction between water molecules and the narrow face of
the B-CD, prompting its significant distortion (50) that resulted
in the fast release of AITC. Therefore, the first stage of AITC
release could be associated with the IC with a SIST2 structure.
Subsequently, the total release of AITC from this structure or a
change in its conformation (explained in DM studies) could be
related to the drop of compound release (Stage 2). Furthermore,
another possible explanation for this drop is the presence of
a higher amount of water in the system that could favor the
complexation of AITC in the IC (52). After this stage, the IC
with SIST1 structure where the -NCS group was oriented to the
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secondary face of B-CD could remain in the IC samples due to
its better stability in the presence of water over time (see DM
results, SIST1 in Figure 8). Thus, the last stage of AITC release
was probably associated with SIST1 structure because the binding
of individual water molecules could produce a slight “push” effect
of AITC due to the occlusion of the primary face of B-CD.
Furthermore, as SIST1 structure was more stable in water, a low
rate of AITC release was obtained in this stage.

On the other hand, there was no difference between the
total percentage of released AITC from B-CD:AITC_2:1 and
B-CD:AITC_1:1, probably due to the presence of the same
structures (SIST1 and SIST2) in both samples. In this regard,
it is important to point that the f-CD:AITC_2:1 released 1, 59,
and 100% of AITC content at 23, 50, and 97% RH, respectively;
while B-CD:AITC_1:1 released 3, 56, and 100% of AITC at
abovementioned RH. This is strong evidence to support that RH
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is a very important factor that is able to control the AITC release
from B-CD:AITC IC to headspace. This behavior is useful for
the design of antifungal food packaging with responsive capacity
to RH, and to recommend the better conditions to maintain the
activity of packaging material before its use.

MD Studies

MD studies were carried out in order to understand the
AITC release from the different proposed IC structures during
140 ns. The MD results were analyzed; after that, complete
stabilization of the two simulated systems was reached. Docking
studies allowed the selection of conformation of AITC and
B-CD. Moreover, the final IC structures (SIST1 and SIST2)
were obtained by the energy binding and lowest —AG values.
Figure 8 shows that, at the beginning, the AITC position of
SIST1 presented a reversion to SIST2, showing the coexistence
of the two IC structures. However, AITC did not present this
behavior in the SIST2, showing higher stability. Then, the AITC
molecule was removed at approximately 70 ns from SIST1 and
at approximately 90 ns from SIST2. This fact was observed
in Figure 8 by the deviation of original coordinates compared
with the new position along the simulation. Finally, the AITC
in the SIST2 returned to its original position; however, in
the SISTI, it returned as SIST2, and it started to change the
IC structure again. These observations are coherent with the
proposed structures in the FTTR and !H-NMR analyses presented
in Supplementary Figure 3. Moreover, the events explain the
first fast AITC release and the slight drop in the experiment of
AITC release from IC.

CONCLUSIONS

AITC was successfully complexed with p-CD, forming IC with a
1:1 stoichiometry and a channel packing arrangement. The DM
studies allowed to confirm the coexistence of two IC structures,
which was according to the position of AITC in the IC as
proposed by analysis of FTIR and 1H-NMR spectroscopy. The
IC at low amounts (20mg of p-CD:AITC_2:1 or 10-mg f-
CD:AITC_1:1) was able to inhibit B. cinerea growth over time
and showed a fungicide function. On the other hand, the water
sorption of IC was depended on RH. Here, the water sorption
behavior was intimately related to AITC release, confirming that

REFERENCES

1. Huang T, Qian Y, Wei J, Zhou C, Huang T, Qian Y, et al. Polymeric
antimicrobial food packaging and its applications. Polymers. (2019)
11:560. doi: 10.3390/polym11030560

2. Chen H, Gao H, Fang X, Ye L, Zhou Y, Yang H. Effects of allyl
isothiocyanate treatment on postharvest quality and the activities of
antioxidant enzymes of mulberry fruit. Postharvest Biol Technol. (2015)
108:61-7. doi: 10.1016/j.postharvbio.2015.05.011

3. Ugolini L, Pagnotta E, Matteo R, Malaguti L, Di Francesco A, Lazzeri L.
Brassica meal-derived allyl-isothiocyanate postharvest application: influence
on strawberry nutraceutical and biochemical parameters. J Sci Food Agric.
(2019) 99:4235-41. doi: 10.1002/jsfa.9654

the RH value significantly influenced on the guest compound
release. This allows to suggest B-CD:AITC IC as potential
antifungal agents for the design of food packaging materials,
whose activity would be able to adapt to RH changes.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

CM-S: conceptualization, methodology, validation, investigation,
formal analysis, data curation, writing the original draft,
visualization, and funding acquisition. FR-M: conceptualization,
writing, editing, project
administration, and funding acquisition. CM: conceptualization,
software, writing, review, and editing. AH: methodology. JB:
resources. AG: project administration and funding acquisition.
MG: resources and funding acquisition. All authors contributed
to the article and approved the submitted version.

resources, review, supervision,

FUNDING

This research was funded by Agencia Nacional de Investigacion
y Desarrollo (ANID-Chile) through Ph.D. scholarship [ANID-
PFCHA/Doctorado Nacional/2019-21190326], FONDECYT
project [1180686], and CEDENNA [AFB180001]. Moreover,
Direccion de Investigacién cientifica y  Tecnologica
(DICYT-USACH) funded this publication.

ACKNOWLEDGMENTS

The authors thank the supercomputing infrastructure of the
NLHPC [ECM-02] for its partial support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnut.2021.
799779/full#supplementary-material

4. Bouarab Chibane L, Degraeve P, Ferhout H, Bouajila J, Oulahal N. Plant
antimicrobial polyphenols as potential natural food preservatives. J Sci Food
Agric. (2019) 99:1457-74. doi: 10.1002/jsfa.9357

5. Bahmid NA, Dekker M, Fogliano V, Heising J. Development of a moisture-
activated antimicrobial film containing ground mustard seeds and its
application on meat in active packaging system. Food Packag Shelf Life. (2021)
30:100753. doi: 10.1016/j.fpsl.2021.100753

6. Olaimat AN, Holley RA. Inhibition of Listeria monocytogenes on cooked
cured chicken breasts by acidified coating containing allyl isothiocyanate
or deodorized Oriental mustard extract. Food Microbiol. (2016) 57:90-
5. doi: 10.1016/§.fm.2016.02.001

7. Quiles JM, Manyes L, Luciano F, Mafes J, Meca G. Influence of
the antimicrobial compound allyl isothiocyanate against the Aspergillus

Frontiers in Nutrition | www.frontiersin.org

11

January 2022 | Volume 8 | Article 799779


https://www.frontiersin.org/articles/10.3389/fnut.2021.799779/full#supplementary-material
https://doi.org/10.3390/polym11030560
https://doi.org/10.1016/j.postharvbio.2015.05.011
https://doi.org/10.1002/jsfa.9654
https://doi.org/10.1002/jsfa.9357
https://doi.org/10.1016/j.fpsl.2021.100753
https://doi.org/10.1016/j.fm.2016.02.001
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Mufoz-Shuguli et al.

Responsive and Antifungal Inclusion Complexes

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

parasiticus growth and its aflatoxins production in pizza crust. Food Chem
Toxicol. (2015) 83:222-8. doi: 10.1016/j.fct.2015.06.017

. Lopes LE Meca G, Bocate KCP, Nazareth TM, Bordin K, Luciano FB.

Development of food packaging system containing allyl isothiocyanate against
Penicillium nordicum in chilled pizza: Preliminary study. J Food Process
Preserv. (2018) 42:¢13436. doi: 10.1111/jfpp.13436

. Gao H, Wu W, Chen H, Qin Y, Fang X, Jin TZ. Microbial inactivation

and quality improvement of tomatoes treated by package film with
allyl isothiocyanate vapour. Int ] Food Sci Technol. (2018) 53:1983-
91. doi: 10.1111/ijfs.13787

Shin J, Kathuria A, Lee YS. Effect of hydrophilic and hydrophobic
cyclodextrins on the release of encapsulated allyl isothiocyanate (AITC) and
their potential application for plastic film extrusion. ] Appl Polym Sci. (2019)
136:48137. doi: 10.1002/app.48137

Kfoury M, Auezova L, Greige-Gerges H, Fourmentin S. Encapsulation in
cyclodextrins to widen the applications of essential oils. Environ Chem Lett.
(2019) 17:129-43. doi: 10.1007/s10311-018-0783-y

Herrera A, Rodriguez FJ, Bruna JE, Abarca RL, Galotto MJ, Guarda A, et al.
Antifungal and physicochemical properties of inclusion complexes based on
B-cyclodextrin and essential oil derivatives. Food Res Int. (2019) 121:127-
35. doi: 10.1016/j.foodres.2019.03.026

Abarca RL, Rodriguez FJ, Guarda A, Galotto MJ, Bruna JE. Characterization of
beta-cyclodextrin inclusion complexes containing an essential oil component.
Food Chem. (2016) 196:968-75. doi: 10.1016/j.foodchem.2015.10.023

da Rocha Neto AC, Beaudry R, Maraschin M, Di Piero RM, Almenar E.
Double-bottom antimicrobial packaging for apple shelf-life extension. Food
Chem. (2019) 279:379-88. doi: 10.1016/j.foodchem.2018.12.021

Jansook P, Ogawa N, Loftsson T. Cyclodextrins: structure, physicochemical
properties and pharmaceutical applications. Int J Pharm. (2018) 535:272—
84. doi: 10.1016/j.ijpharm.2017.11.018

Crini G, Fourmentin S, Fenyvesi E, Torri G, Fourmentin M, Morin-Crini
N. Cyclodextrins, from molecules to applications. Environ Chem Lett. (2018)
16:1361-75. doi: 10.1007/s10311-018-0763-2

Patinio Vidal C, Lopez de Dicastillo C, Rodriguez-Mercado F, Guarda A,
Galotto MJ, Munoz-Shuguli C. Electrospinning and cyclodextrin inclusion
complexes: an emerging technological combination for developing novel
active food packaging materials. Crit Rev Food Sci Nutr. (2021) 19:1-
16 doi: 10.1080/10408398.2021.1886038

Becerril R, Nerin C, Silva F. Encapsulation systems for antimicrobial
food  packaging components: an  update. (2020)
25:1134. doi: 10.3390/molecules25051134

Szente L, Fenyvesi E. Cyclodextrin-enabled polymer composites for
packaging. Molecules. (2018) 23:1556. doi: 10.3390/molecules23071556
Muioz-Shuguli C, Vidal CP, Cantero-Lépez P, Lopez-Polo J. Encapsulation of
plant extract compounds using cyclodextrin inclusion complexes, liposomes,
electrospinning and their combinations for food purposes. Trends Food Sci
Technol. (2021) 108:177-86. doi: 10.1016/j.tifs.2020.12.020

Ryzhakov A, Do Thi T, Stappaerts J, Bertoletti L, Kimpe K, S& Couto AR,
et al. Self-assembly of cyclodextrins and their complexes in aqueous solutions.
J Pharm Sci. (2016) 105:2556-69. doi: 10.1016/j.xphs.2016.01.019

Tanwar S, Barbey C, Dupont N. Experimental and theoretical studies of the
inclusion complex of different linear aliphatic alcohols with cyclodextrins.
Carbohydr ~ Polym. (2019) 217:26-34. doi: 10.1016/j.carbpol.2019.
04.052

Man CMD. Shelf Life. Chichester, UK: John Wiley & Sons, Ltd. (2015).
Brockgreitens J, Abbas A. Responsive food packaging: recent progress
and technological prospects. Compr Rev Food Sci Food Saf. (2016) 15:3-
15. doi: 10.1111/1541-4337.12174

Chen X, Chen M, Xu C, Yam KL. Critical review of controlled release
packaging to improve food safety and quality. Crit Rev Food Sci Nutr. (2019)
59:2386-99. doi: 10.1080/10408398.2018.1453778

Figueroa-Lopez KJ, Enescu D, Torres-Giner S, Cabedo L, Cerqueira MA,
Pastrana L, et al. Development of electrospun active films of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) by the incorporation of cyclodextrin
inclusion complexes containing oregano essential oil. Food Hydrocoll. (2020)
108:106013. doi: 10.1016/j.foodhyd.2020.106013

Gao S, Liu Y, Jiang J, Ji Q, Fu Y, Zhao L, et al. Physicochemical properties
and fungicidal activity of inclusion complexes of fungicide chlorothalonil

Molecules.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

with B-cyclodextrin and hydroxypropyl-p-cyclodextrin. J Mol Lig. (2019)
293:111513. doi: 10.1016/j.molliq.2019.111513

Bejaoui M, Galai H, Amara ABH, Ben Rhaiem H. Formation of water soluble
and stable amorphous ternary system: ibuprofen/p-cyclodextrin/PVP. Glas
Phys Chem. (2019) 45:580-8. doi: 10.1134/S1087659619060130

Zarate L, Garnica AM, Prieto L, Poveda JC, Cerén M. Adsorption isotherms of
flours from pre-cooked clones of Criolla potato (Solanum tuberosum Group
Phureja) South American tuber - ProQuest. Int Food Res J. (2016) 23:2504-12.
Phillips JC, Braun R, Wang W, Gumbart ], Tajkhorshid E, Villa E, et al.
Scalable molecular dynamics with NAMD. J Comput Chem. (2005) 26:1781-
802. doi: 10.1002/jcc.20289

MacKerell AD, Banavali N, Foloppe N. Development and current status
of the CHARMM force field for nucleic acids. Biopolymers. (2000) 56:257-
65. doi: 10.1002/1097-0282(2000)56:4<257::AID-BIP10029>3.0.CO;2-W
Sousa Da Silva AW, Vranken WE, ACPYPE—AnteChamber PYthon Parser
interfacE. BMC Res Notes. (2012) 5:367. doi: 10.1186/1756-0500-5-367

Ohta Y, Takatani K, Kawakishi S. Kinetic and thermodynamic analyses of the
cyclodextrin-allyl isothiocyanate inclusion complex in an aqueous solution.
Biosci Biotechnol Biochem. (2000) 64:190-3. doi: 10.1271/bbb.64.190

Zhang Q-F, Jiang Z-T, Li R. Complexation of allyl isothiocyanate

with  B-cyclodextrin.  Eur Food Res Technol. (2007) 225:407-
13. doi: 10.1007/s00217-006-0431-9

Jozwiakowski ~ MJ, Connors KA. Aqueous solubility behavior
of  three  cyclodextrins.  Carbohydr  Res. (1985) 143:51-

9. doi: 10.1016/S0008-6215(00)90694-3

Ozdemir N, Pola CC, Teixeira BN, Hill LE, Bayrak A, Gomes CL. Preparation
of black pepper oleoresin inclusion complexes based on beta-cyclodextrin
for antioxidant and antimicrobial delivery applications using kneading and
freeze drying methods: a comparative study. LWT Food Sci Technol. (2018)
91:439-45. doi: 10.1016/j.1wt.2018.01.046

Trindade GGG, Thrivikraman G, Menezes PP, Franga CM, Lima BS,
Carvalho YMBG, et al. Carvacrol/B-cyclodextrin inclusion complex inhibits
cell proliferation and migration of prostate cancer cells. Food Chem Toxicol.
(2019) 125:198-209. doi: 10.1016/j.£ct.2019.01.003

Pan J, Ai E Shao P, Chen H, Gao H. Development of polyvinyl alcohol/B-
cyclodextrin antimicrobial nanofibers for fresh mushroom packaging. Food
Chem. (2019) 300:125249. doi: 10.1016/j.foodchem.2019.125249

Mohandoss S, Atchudan R, Immanuel Edison TNJ, Mandal TK, Palanisamy
S, You SG, et al. Enhanced solubility of guanosine by inclusion complexes
with cyclodextrin derivatives: preparation, characterization, and evaluation.
Carbohydr Polym. (2019) 224:115166. doi: 10.1016/j.carbpol.2019.115166
Ogawa N, Nagase H, Loftsson T, Endo T, Takahashi C, Kawashima
Y, et al. Crystallographic and theoretical studies of an inclusion
complex of p-cyclodextrin with fentanyl. Int ] Pharm. (2017)
531:588-94. doi: 10.1016/j.ijpharm.2017.06.081

de Oliveira FS, de Freitas TS, da Cruz RP, do Costa MS, Pereira RLS, Quintans-
Junior LJ, et al. Evaluation of the antibacterial and modulatory potential of
a-bisabolol, B-cyclodextrin and a-bisabolol/B-cyclodextrin complex. Biomed
Pharmacother. (2017) 92:1111-8. doi: 10.1016/j.biopha.2017.06.020

Garrido B, Gonzélez S, Hermosilla ], Millao S, Quilaqueo M, Guineo J, et al.
Carbonate-B-cyclodextrin-based nanosponge as a nanoencapsulation system
for piperine: physicochemical characterization. J Soil Sci Plant Nutr. (2019)
19:620-30. doi: 10.1007/s42729-019-00062-7

Maruthupandy M, Seo J. Allyl isothiocyanate encapsulated halloysite covered
with polyacrylate as a potential antibacterial agent against food spoilage
bacteria. Mater Sci Eng C. (2019) 105:110016. doi: 10.1016/j.msec.2019.110016
Adhikari S, Daftardar S, Fratev F, Rivera M, Sirimulla S, Alexander K, et al.
Elucidation of the orientation of selected drugs with 2-hydroxylpropyl-p-
cyclodextrin using 2D-NMR spectroscopy and molecular modeling. Int J
Pharm. (2018) 545:357-65. doi: 10.1016/j.ijpharm.2018.05.016

Ohta Y, Takatani K, Kawakishi S. Effects of ionized cyclodextrin on
decomposition of allyl isothiocyanate in alkaline solutions. Biosci Biotechnol
Biochem. (2004) 68:433-5. doi: 10.1271/bbb.68.433

Zhu G, Zhu G, Xiao Z. A review of the production of slow-release flavor by
formation inclusion complex with cyclodextrins and their derivatives. J Incl
Phenom Macrocycl Chem. (2019) 95:17-33. doi: 10.1007/s10847-019-00929-3
De Graaf RA. Basic principles. In: In Vivo NMR Spectroscopy: Principles and
Techniques. Chichester, UK: John Wiley & Sons, Ltd. p. 1-42.

Frontiers in Nutrition | www.frontiersin.org

January 2022 | Volume 8 | Article 799779


https://doi.org/10.1016/j.fct.2015.06.017
https://doi.org/10.1111/jfpp.13436
https://doi.org/10.1111/ijfs.13787
https://doi.org/10.1002/app.48137
https://doi.org/10.1007/s10311-018-0783-y
https://doi.org/10.1016/j.foodres.2019.03.026
https://doi.org/10.1016/j.foodchem.2015.10.023
https://doi.org/10.1016/j.foodchem.2018.12.021
https://doi.org/10.1016/j.ijpharm.2017.11.018
https://doi.org/10.1007/s10311-018-0763-2
https://doi.org/10.1080/10408398.2021.1886038
https://doi.org/10.3390/molecules25051134
https://doi.org/10.3390/molecules23071556
https://doi.org/10.1016/j.tifs.2020.12.020
https://doi.org/10.1016/j.xphs.2016.01.019
https://doi.org/10.1016/j.carbpol.2019.04.052
https://doi.org/10.1111/1541-4337.12174
https://doi.org/10.1080/10408398.2018.1453778
https://doi.org/10.1016/j.foodhyd.2020.106013
https://doi.org/10.1016/j.molliq.2019.111513
https://doi.org/10.1134/S1087659619060130
https://doi.org/10.1002/jcc.20289
https://doi.org/10.1002/1097-0282(2000)56:4<257::AID-BIP10029>3.0.CO;2-W
https://doi.org/10.1186/1756-0500-5-367
https://doi.org/10.1271/bbb.64.190
https://doi.org/10.1007/s00217-006-0431-9
https://doi.org/10.1016/S0008-6215(00)90694-3
https://doi.org/10.1016/j.lwt.2018.01.046
https://doi.org/10.1016/j.fct.2019.01.003
https://doi.org/10.1016/j.foodchem.2019.125249
https://doi.org/10.1016/j.carbpol.2019.115166
https://doi.org/10.1016/j.ijpharm.2017.06.081
https://doi.org/10.1016/j.biopha.2017.06.020
https://doi.org/10.1007/s42729-019-00062-7
https://doi.org/10.1016/j.msec.2019.110016
https://doi.org/10.1016/j.ijpharm.2018.05.016
https://doi.org/10.1271/bbb.68.433
https://doi.org/10.1007/s10847-019-00929-3
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Mufoz-Shuguli et al.

Responsive and Antifungal Inclusion Complexes

48.

49.

50.

51.

52.

Ohta Y, Matsui Y, Osawa T, Kawakishi S. Retarding effects of cyclodextrins on
the decomposition of organic isothiocyanates in an aqueous solution. Biosci
Biotechnol Biochem. (2004) 68:671-5. doi: 10.1271/bbb.68.671

Hadaruga NG, Bandur GN, David I, Hadaruga DI, A.
on thermal analyses of cyclodextrins and cyclodextrin complexes.
Chem  Lett. (2019) 17:349-73. doi: 10.1007/s10311-018-

review

Environ
0806-8
Pereva S, Nikolova V, Angelova S, Spassov T, Dudev T. Water
inside B-cyclodextrin cavity: amount, stability and mechanism of
binding. Beilstein ] Org Chem. (2019) 15:1592-600. doi: 10.3762/bjoc.
15.163

Dos Santos C, Buera MP, Mazzobre MF. Influence of ligand structure
and water interactions on the physical properties of B-cyclodextrins
complexes. Food Chem. (2012) 132:2030-6. doi: 10.1016/j.foodchem.2011.
12.044

Shrestha M, Ho TM, Bhandari BR. Encapsulation of tea tree oil
by amorphous beta-cyclodextrin powder. Food Chem. (2017) 221:1474-
83. doi: 10.1016/j.foodchem.2016.11.003

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Mufioz-Shuguli, Rodriguez-Mercado, Mascayano, Herrera,
Bruna, Guarda and Galotto. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Nutrition | www.frontiersin.org

13

January 2022 | Volume 8 | Article 799779


https://doi.org/10.1271/bbb.68.671
https://doi.org/10.1007/s10311-018-0806-8
https://doi.org/10.3762/bjoc.15.163
https://doi.org/10.1016/j.foodchem.2011.12.044
https://doi.org/10.1016/j.foodchem.2016.11.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Development of Inclusion Complexes With Relative Humidity Responsive Capacity as Novel Antifungal Agents for Active Food Packaging
	Introduction
	Materials and Methods
	Materials
	IC Preparation
	Physical Mixtures Preparation
	Verification of the IC Formation
	Entrapment Efficiency and AITC Content in IC
	Thermogravimetric Analysis
	X-Ray Diffraction
	Fourier-Transform Infrared Spectroscopy
	Proton Nuclear Magnetic Resonance (1H-NMR) Spectroscopy

	IC Characterization
	Water Sorption Capacity
	Antifungal Activity Against Botrytis cinerea

	AITC Release From IC
	Calibration Curve for AITC Release Determination
	Molecular Dynamic Studies

	Statistical Analysis

	Results and Discussion
	Verification of the IC Formation
	EE and AITC Content in IC
	TGA
	XRD Analysis
	FTIR Spectroscopy
	1H-NMR Spectroscopy

	IC Characterization
	Water Sorption Capacity
	Antifungal Capacity

	AITC Release From IC
	MD Studies


	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


