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Abstract

Essential oils (EOs) are volatile compounds that may have antimicrobial and antioxidant properties. Despite their potential
application, low water solubility and chemical instability are limiting factors. Nanoencapsulation processes can overcome
this problem, protecting against external factors and promoting a moderate release. Therefore, the objective of the
present study was to encapsulate Cymbopogon citratus (CC) and Origanum vulgare (OV) essential oils in B-cyclodextrin
(BCD) complexes. Different ratios (w/w) between BCD and EOs (96:4, 92:8, 90:10, 88:12) were tested, seeking greater
entrapment efficiency. The particles were characterized by yield, entrapment efficiency, size distribution, morphology,
crystallinity, infrared spectroscopy, and thermal behavior. Furthermore, the thermal (70 °C) and photochemical (UV)
stability of the free and encapsulated EO was evaluated for 48 h. The results showed that the CD-CC 90:10 and CD-OV
90:10 formulations presented greater entrapment efficiency. Crystalline structures of varying sizes (200 to 800 nm),
trapezoidal shape, and tendency to aggregation were obtained. Changes in the BCD crystalline organization and the
suppression of characteristic free oil absorption bands suggest the EO entrapment. Regarding stability results, 3CD-CC
remained constant when CC showed losses of 20% (photodegradation) and 60% (thermal degradation) after 48 h of
stress exposure. Free OV showed slight variations in absorbance over time, while BCD-OV remained constant over 24 h
(thermal degradation) and maintained 60% of oil over 48 h of photo exposure. Furthermore, OV and CC demonstrate
color change over time, while BCD-OV and BCD-CC remained constant. The results demonstrate that nanoencapsulation
can be an interesting tool for protecting EOs.
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1 Introduction

The use of essential oils (EOs) as control agents in the agroindustry has been widely studied due to the varied compo-
sition of terpenes, aldehydes, alcohols, and phenols [1]. These compounds may have antioxidant, anti-inflammatory,
antibacterial, antifungal, and insecticidal activity, arousing interest in the agricultural, food, and pharmaceutical
industries. They appear as an alternative to synthetic additives, increasingly presenting undesirable side effects [2, 3].

Origanum vulgare (OV) and Cymbopogon citratus (CC) stand out in antifungal action due to their carvacrol/thymol
and geranial/neral primary compounds, respectively [4]. Each oil's mechanisms and effectiveness are directly related
to its chemical composition and, consequently, its stability. The compounds are susceptible to external factors such
as temperature, oxygen, and light, and their bioactivity may be impaired [5]. Therefore, different strategies have been
applied to improve stability and facilitate the incorporation of these extracts.

Combining nanotechnology strategies for incorporating essential oils can facilitate their application in foods,
enhancing their properties. In general, micro or nanoencapsulation processes allow the packaging of bioactive
compounds, seeking protection against external factors such as temperature, pH, oxygen, and interaction with other
compounds [6]. The advantage of obtaining nanoscale particles is the increase in the surface area/volume ratio. In
this way, more active sites are available, improving the encapsulated compound’s bioavailability and consequently
allowing greater interaction with enzymes and microorganisms [7].

Cyclodextrins (CD) are cyclic oligosaccharides composed of glucopyranose units linked by a-1,4 glycosidic bonds.
The most common are a-cyclodextrin (six units), B-cyclodextrin (seven units), and y-cyclodextrin (eight units).
B-cyclodextrin (BCD) is the most used due to its ease of obtaining through synthesis, manufacturing, or extraction
processes from natural sources [8]. The conical three-dimensional structure of CD molecules, with an internal cav-
ity of lower polarity than water, is a key feature [6]. This structure allows for the retention of hydrophobic molecules
such as essential oils in the internal cavity, leading to improved solubility in aqueous media. These properties make
CDs suitable for a wide range of applications, including drug and pesticide delivery systems, flavor encapsulation,
odor control, improving chemical stability and solubility, pollutant removal, and smart food packaging [9-11]. How-
ever, it is important to note that studying the most appropriate active and carrier ratio is necessary when forming
essential oil inclusion complexes in CDs. Typically, an increase in this ratio can lead to a decrease in entrapment effi-
ciency [12]. Nevertheless, CDs are considered nanoencapsulation agents, and the efficiency of the process is directly
related to the stoichiometry and polarity of host and guest molecules [11].

Nanoencapsulated essential oils can promote a moderate release of compounds, prolonging antimicrobial activity with
less sensorial impact on the food product [1, 13]. Ebrahimi et al.[14] observed a delay in ripening and microbial counts of
pears when applying gluten-based coatings with cellulose nanoparticles containing oregano essential oil. Nevertheless,
few studies have evaluated the efficiency of the encapsulation method on the stability of oils with different compositions.

In the study by Barbieri et al.[5], different Lippia graveolens chemotypes were encapsulated in # and y-cyclodextrins
(B-CD and y-CD). The authors observed that oils rich in carvacrol and thymol showed the strongest affinity for
y-cyclodextrin, while those with B-caryophyllene presented higher encapsulation efficiency in 3-cyclodextrin. In
contrast, after 14 days of storage, carvacrol concentration in the B-CD complex remained constant, while in the y-CD
complex, the concentration was significantly reduced. The results indicate that interactions between the essential
oil and the encapsulating material may influence stability.

In this context, this study aimed to investigate the effect of nanoscale -cyclodextrin inclusion complexes on
the thermal and photochemical stability of Origanum vulgare and Cymbopogon citratus essential oil. The complexes
were characterized by morphology, size, entrapment efficiency, and thermal behavior. In addition, the compound’s
stability against exposure to UV light and temperature was evaluated in time intervals over 48 h.

2 Material and methods
2.1 Material
Oregano (Origanum vulgare, carvacrol 79.93%, thymol 5.00%, p-Cymene 4.81%) essential oil was purchased from

Harmonie (Florianépolis, SC, Brazil) and Lemongrass (Cymbopogon citratus, neral 45.49%, geranial 36.19%, 3-myrcene
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5.48%) essential oil from Therra (Belo Horizonte, MG, Brazil). 3-cyclodextrin used as coating material was purchased
from (Sigma-Aldrich, Cotia-SP, Brazil). The reagents ethanol, ethyl acetate were of analytical grade.

2.2 Methods

2.2.1 Essential oils characterization

2.2.2 Nanoencapsulation via B-cyclodextrin inclusion complex

Nanoencapsulation of the O. vulgare (OV) and C. citratus (CC) essential oils was carried out through the formation of
inclusion complexes in B-cyclodextrin (BCD), according to the methodology described by Wen et al.[15]. Different pro-
portions (w/w) between encapsulating material (BCD) and essential oil were evaluated (100:0, 96:4, 92:8, 90:10, 88:12).
Initially, B-cyclodextrin was dissolved in 90 ml of ethanol:water solution (1:2, v/v), kept under heating (55 £+ 1 °C) and
constant magnetic stirring for 3 h. After this period, OV and CC were dissolved in 10 ml of ethanol and slowly added to
the BCD solution, dripping through a beaker. Heating and stirring were continued for another 2.5 h. Then, the mixture
was cooled to room temperature and subsequently kept under refrigeration overnight for complete precipitation of the
nanoparticles. The nanoencapsulated essential oils (3CD-OV and BCD-CC) were then recovered through centrifugation
(9000 rpm, 4 °C, 10 min). The supernatant was discarded, and the precipitate was lyophilized. Finally, the dry powder was
stored in sealed plastic bottles and kept in desiccators at room temperature until analysis was carried out.

2.2.3 Nanoparticles characterization

2.2.3.1 Processyield The yield of essential oil (EO) inclusion complexes was evaluated using equation (1):

mass of recovered powder(fCD — EO)(g)
mass of fCD + mass of EO(g)

Yield(%) = x 100 (M

2.2.3.2 Entrapment efficiency The encapsulated essential oil content was determined according to the methodology
described by Wen et al.[15], with modifications. The BCD-OV and BCD-CC (20-30 mg) complexes were washed with 10 ml
of ethyl acetate for 30 seconds in a vortex to remove the surface oil. The liquid was discarded, and then 5 ml of distilled
water and 5 ml of ethyl acetate were added to the washed powder to determine the inside oil content. The mixture was
vortexed for 30 s and then kept in an ultrasonic bath at 40 °C for 5 min. An aliquot of 1 ml was then collected and added
to 9 ml of ethyl acetate to read the absorbance on a UV-Vis spectrophotometer (UV-PC 1601, Shimadzu, Japan) at 275
nm (O. vulgare) and 254 (C. citratus). From the standard curves of OV (Y=17.777x + 0.0062; R?=0.9999) and CC (Y=27.073x
+0.0597; R>=0.9931), the entrapment efficiency (EE%) was determined using equation (2):

EO content inside the particles

EE(%) =
(%) EO concentration added

X 100 )

2.2.3.3 Size distribution—dynamic light scattering (DLS) The size distribution of O. vulgare and C. citratus inclusion com-
plexes (BCD-OV and BCD-CC) was determined by the dynamic light scattering (DLS) technique using the Zetasizer Nano
ZS equipment (Malvern Instruments, United Kingdom). Approximately 10-20 mg of each formulation was added to 10
ml of distilled water and placed in an ultrasonic bath at 25 °C for 3 min. Then, the samples were diluted in distilled water
(1:10) to read (in triplicate) the size distribution and polydispersity index (PDI).

2.2.3.4 Morphology-scanning electron microscopy The morphology of the encapsulated essential oils (3CD-OV and
BCD-CC) was evaluated through scanning electron microscopy (SEM) using a model microscope (JEOL-JSM 6510, Tokyo,
Japan). The samples were deposited on double-sided carbon tape, fixed to the sample holder (stub), and coated with
gold under vacuum. The images were captured with 5 kV voltage acceleration and x500 magnification.
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2.2.3.5 Fourier transform infrared spectroscopy (FTIR) To evaluate chemical changes and possible interactions between
essential oils, 3-cyclodextrin and the inclusion complexes (CD-OV and BCD-CC) were subjected to FTIR (Vertex 70,
Bruker, Germany) in ATR mode. The spectra were recorded in the range of 4000 to 500 cm™' with a resolution of 4 cm™'
in 32 scans.

2.2.3.6 Crystallinity The crystalline profile of the encapsulated oils (BCD-OV and CD-CC) was analyzed using a DRX-
6000 X-ray diffractometer (Shimadzu, Kyoto, Japan), with Cu-Ka radiation (A = 1.5418 Aina20 range from 3° to 60° with
steps of 0.02° at 1°/min.

2.2.3.7 Thermal behavior—differential scanning calorimetry (DSC) and thermogravimetry (TG/DTG) The thermal behavior
of BCD, OV, CC, BCD-0V, and BCD-CC was evaluated by differential scanning calorimetry (DSC) using a DSC 60 Shimadzu
(Japan). Approximately 5 mg of each sample was hermetically sealed in aluminum pans and subjected to a heating rate
of 10 °C/min in the 20-200 °C temperature range under a dynamic nitrogen atmosphere (50 mL/min) [16]. The thermo-
gravimetric curves (TG/DTG) were obtained on a DTG Shimadzu thermobalance (Japan) under a dynamic atmosphere of
synthetic air (10 mL/min), a heating rate of 10 °C/min in the temperature range of 20-600 °C, using platinum pans with
approximately 6 mg of samples.

2.2.3.8 Thermal and photo-stability The thermal and photo-sensibility of OV, CC, and inclusion complexes (BCD-OV and
BCD-CC) were evaluated according to the methodology described by Qiao et al.[17], with slight modifications. Transpar-
ent 20 mL chromatography vials containing 0.02 g of each sample were sealed with a crimp cap and a perforated silicone
septum. The vials were incubated in a drying oven without air circulation (Nova Etica, Brazil) at 70 °C for thermal stability.
The photo-stability was evaluated by incubating the vials in a refrigerated photosensitization chamber (15 ° C) with 4
UV lamps (Philips 15 W G15T8). In both experiments, samples were evaluated in triplicate after 48 h,24 h,8 h,4 h,2 h, 1
h, and 30 min of exposure to heat or UV. After the exposure time, the free or encapsulated oil content was determined
according to the previously described methodology (section 2.2.3.2).

2.2.3.9 Color variation after stress conditions Color changes of OV, CC, BCD-0V, and BCD-CC after 48h of thermal and
photo stress period were evaluated using a Konica Minolta CR-400 colorimeter (Konica Minolta, Osaka, Japan) equipped
with a C 2°illuminant using the CIELAB scale (L*: brightness, a*: (-) green to (+) red, and b*: (-) blue to (+) yellow)[18]. The
total color difference (AE) was calculated with Equations (3), as follows:

e = 4 [(a = )+ (o 25+ (03 -y ] ®

where Ly*, ag* and by* correspond to the parameters evaluated at time zero and L,g*, a,5* and b,g* to the parameters
evaluated after 48h of each stress exposure. According to Gonnet [19], the human eye can distinguish color variations
for AE >1 values.

2.3 Statistical analysis

The data were statistically evaluated using the Minitab trial version program (Minitab 16.1.0, Minitab Inc., State College,
PA, USA). The analysis of variance (ANOVA) and Tukey's test at a 5% probability level were applied.

3 Results and discussion
3.1 Process yield and entrapment efficiency
The formation of oregano essential oil inclusion complexes in B-cyclodextrin (3CD-OV) showed yields of 68-73%,

while for lemongrass (3CD-CC), values between 68 and 83% were found (Table 1). Similar yield values were observed
by Peng et al. [20] encapsulating star anise essential oil in 3-cyclodextrin complexes. These variations may be related

@ Discover



Discover Nano (2024) 19:198 | https://doi.org/10.1186/511671-024-04158-7 Research

Table 1 Inclusion complexes

Formulation Yield (%) Entrapment effi- Mean particle size (hm) PDI
process parameters

ciency (%)

BCD 56.3+8.1° - 770.1+85.6° 0.64+0.0°
BCD-0OV(96:4) 72.0+6.3% 30.1+13.1¢ 1047.2£139.3 0.62+0.15¢
BCD-0V(92:8) 68.4+2.7¢ 73.0+5.6% 541.7+33.4% 0.60+0.0*
BCD-0OV(90:10) 72.9+0.2b 725+11.7 338.3+47.8% 0.97+0.0°
BCD-0V(88:12) 72.3+0.9> 58.0+7.4% 267.8+29.2¢ 0.46+0.0°
BCD-CC(96:4) 68.6+1.4¢ 459+4.8 518.6+77.1 0.78+0.2%°
BCD-CC(92:8) 80.0+2.1%¢ 54.7 +8.0%° 413.1+102.5< 0.55+0.1¢
BCD-CC(90:10) 83.4+0.5 57.0+9.0% 443.3+68.5 0.52+0.2°
BCD-CC(88:12) 81.6+1.7% 48.6+4.25 418.9+120.5< 0.64+0.1>°

“PDI: polydispersity index
“Different lowercase letters in the same column indicate a significant statistical difference using the Tukey
test (p<0.5)

to the difference in polarity between essential oils, which influences their affinity with the BCD hydrophobic cavity.
According to Marques et al. [11], due to the varied composition of essential oils, the most hydrophobic components
will be preferentially incorporated into the 3-cyclodextrin cavity. In this case, some of the compounds may not be
complexed, reducing yield.

The entrapment efficiency was influenced by the ratio between encapsulating material (BCD) and essential oil,
being higher for ratios of 92:8 and 90:10 (Table 1). In the study by Kong et al.[21], the 1:9 ratio between tea tree oil
(Melaleuca alternifolia) and BCD also resulted in greater entrapment efficiency. Typically, in pharmaceutical applica-
tions, isolated compounds are encapsulated in CD with an optimal stoichiometric ratio of 1:1 [22]. For essential oils
(EOs), this proportion may not be met. Ayala-Zavala et al.[23] suggest that the interior cavity of $CD has a limited
capacity for trapping compounds of varying chemical nature. In this sense, an increase in essential oil concentration
can decrease entrapment efficiency, as evidenced in Table 1 for the ratio of 88:12 (BCD-OV and BCD-CC).

3.2 Particle size distribution and morphology

Differences on size (Table 1) and morphology (Figure 1) of empty nanoparticles (3CD) and those containing essen-
tial oils (BCD-OV and BCD-CC) were observed. For the control formulation (Figure 1), irregular-shaped structures
between 200-900 nm were observed, presenting cracks on the surface and mean particle size of 770.1 + 85.6
(Table 1). Samples containing O. vulgare essential oil (Figure 1) showed trapezoidal-shaped particles, smaller sizes
(except for BCD-0V 96:4), and a tendency to aggregate. These aggregates can interfere with light scattering dur-
ing particle size reading [24]. Indeed, even with smaller particles appearing in the micrographs (Figure 1), the size
distribution of some oil-containing formulations (BCD-0OV 96:4, BCD-0OV 92:8) covers a broader range between 100
and 1000 nm. Formulations BCD-OV 96:4 and BCD-0OV 92:8 presented the highest mean particle size (1047.2 £ 139.3
and 541.7 + 33.4, respectively) values which was confirmed by the presence of larger particles on micrographs. Fur-
thermore, regions of particle clusters of smaller sizes were observed (Figure 1) for formulations containing higher
essential oil concentrations (BCD-OV 90:10 and BCD-OV 88:12). These small structures grouped can also explain
the high PDI values. Similar results were observed by Hosseini et al.[25] by encapsulating oregano essential oil in
chitosan nanoparticles. The author observed an increase in particle size for higher essential oils content, reaching
average particle sizes of 400 nm. This result may be related to the surface oil content, explained by the reduction
in entrapment efficiency (Table 1).

For the inclusion complexes containing C. citratus (Figure 2), flat plate structures with cracks and sizes between
300-800 nm were observed for the BCD-CC 96:4 and BCD-CC 92:8 formulations. The CD-CC 90:10 and BCD-CC 88:12
formulations presented trapezoidal morphology, mean particle size of 443.3 + 68.5 and 418.9 + 120.5, respectively,
and a smooth surface, indicating greater entrapment efficiency. Anaya-Castro et al.[26] explain that small fissures
and striations on the surface of B-cyclodextrin inclusion complexes favor the expulsion of volatiles, reducing entrap-
ment efficiency.
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Fig. 1 Micrographs and size distribution of pure B-cyclodextrin (BCD) and inclusion complexes with O. vulgare essential oSil (3CD-OV) in dif-
ferent proportions

3.3 Fourier transform infrared spectroscopy (FTIR)
Figure 3a shows the FTIR spectra of $-cyclodextrin (3CD), O. vulgare (OV) and their inclusion complexes (3CD-OV).

The spectra of pure and encapsulated C. citratus (CC and BCD-CC, respectively) are shown in Figure 3b. In the BCD
spectrum (Figure 3a), characteristic bands at 3290 cm™and 1028 cm™’ correspond to the stretching of the O-H and
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Fig.2 Micrographs and size distribution of B-cyclodextrin (BCD) inclusion complexes with C. citratus essential oil (3CD-OV) in different pro-
portions

C-O-C groups, respectively [16]. For O. vulgare oil, peaks between 800 and 1500 cm are attributed to the presence
of carvacrol, its primary compound, while the peak close to 2955 cm™ is related to the C-H stretching of aromatic
rings, common in essential oils [27, 28]. For C. citratus oil (Figure 3b), characteristic peaks at 2910 cm™ and 1674
cm are related to the stretching of the C-H bond and vibrations of the C=0 bonds present in citral, respectively
[29]. Analyzing the inclusion complexes spectra of O. vulgare (BCD-OV) and C. citratus (BCD-CC), the suppression of
the characteristic peaks of the free oils (2955 and 1674 cm', respectively) indicates the compounds immobilization
through nanoencapsulation. The oil accommodation inside the BCD cavity restricts the vibration of reactive groups,
indicating the formation of the complex. Silva et al.[30] observed similar behavior by forming inclusion complexes
between 6-gingerol and BCD.

3.4 Crystallinity
The crystalline pattern of the inclusion complexes with O. vulgare (Fig. 4a) and C. citratus (Fig. 4b) differed from the

pure BCD. Characteristics peaks at 5°,9.4°, 12.8° 22.9°, 27.2°,32.3° 35° and 40.9 were observed for $CD, as reported by
Jiang et al.[16]. This XRD pattern corresponds to the "cage” crystalline structure. In the "cage" form, the BCD cavity is
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Fig.4 Diffractograms of the inclusion complexes of a Origanum vulgare (3CD-OV) and bCymbopogon citratus (3CD-CC) with
-cyclodextrin (BCD)

blocked by neighboring molecules, making it unavailable to form a micro/nanocapsule with central molecules [21]. The
disappearance of the peak at 9.6° and the appearance of a sharp peak at 11.8° followed by a broadened peak between
18° and 19° (highlighted in grey) in the complexes diffractograms (BCD-OV and CD-OV) suggests a change in the
crystalline conformation, confirming the complexation. Jiang et al.[16] also observed this behavior in the formation of
catechin/B-cyclodextrin complexes. During the formation of inclusion complexes, the "cage" structure is converted into
a "channel-type", where the fCD molecules stack on each other, forming long cylindrical channels [21], resulting in a
different crystalline pattern.

3.5 Thermal behavior
Figure 5a-b shows the thermal curves of BCD, OV, CC, BCD:0V, and BCD:CC complexes. For BCD, a single endothermic

peak is observed at 115 °C, related to residual humidity. Regarding the essential oils, O. vulgare (Fig. 5a) showed succes-
sive melting events in the 95 to 124 °C range, and C. citratus (Fig. 5b) presented two sharp endothermic peaks at 158 °C
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Fig.5 DSC curves of the inclusion complexes of a Origanum vulgare (BCD-OV) and b Cymbopogon citratus (BCD-CC) with B-cyclodextrin
(BCD)

and 183 °C. Compounds of different chemical natures explain this behavior. Except for the CD:0OV (96:4) formulation,
which showed similar behavior to pure BCD, the endothermic events of the encapsulated O. vulgare samples (BCD-OV
92:8, CD-0OV 90:10, BCD-OV 88:12) appear displaced (Fig. 5a), reaching a wider temperature range (88-150 °C). This
result indicates that the inclusion of O. vulgare in 3-cyclodextrin delays the compounds volatilization, providing greater
thermal stability.

For the C. citratus complexes (BCD-OV 92:8, BCD-0V 90:10, BCD-0V 88:12 (Fig. 5b), the pronounced peaks at 158 °C and
183 °C observed for the pure oil disappeared, indicating immobilization of the compounds. Rodrigues et al.[31] observed
a similar result by encapsulating Ocimum basilicum essential oil in -cyclodextrin. The authors suggest that the absence
of endothermic events in the encapsulated oil curve indicates a greater affinity between the volatile compounds and
the hydrophobic cavity of BCD.
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Fig.6 TG and DTG curves of the inclusion complexes of Origanum vulgare (BCD-OV) with -cyclodextrin (3CD)

Thermogravimetric curves (TG) and derivative TG (DTG) of O. vulgare (OV), C. citratus (CC) 3-ciclodextrin (3CD) and
their inclusion complexes (3CD-OV and BCD-CC) are show in Figs. 6-7. For BCD (Fig. 6), two events are observed.
The first (70-120 °C) represents a 6% mass reduction related to dehydration [31]. The second appears between 300
and 335 °C, representing a mass loss of 75%, indicating the temperature range where the fCD undergoes degrada-
tion. For free OV (Fig. 6), it is observed that the mass loss occurs in a single event between 20 and 220 °C. As for the
[BCD-0OV encapsulated oil curves (Fig. 6), the appearance of a lower intensity peak between 220 and 270 °C indicates
the formation of complexes capable of delaying the volatilization of the compounds. Similar behavior was observed
by Marques et al.[32] by encapsulating basil essential oil (Pimenta dioica) in B-cyclodextrin. The authors suggest
that the complexation between oil and BCD was evidenced by the appearance of a second stage of degradation at
higher temperatures than the pure oil. Figure 6 also shows slight inflections in the region between 60 and 220 °C
for the CD-0OV 92:8, CD-0OV 90:10, and BCD-OV 88:12 formulations. Such behavior may be related to degradation
events triggered by the interaction between BCD and OV. The stability results discussed in the next section support
this hypothesis.
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Fig. 7 TG and DTG curves of the inclusion complexes of Cymbopogon citratus (3CD-CC) with B-cyclodextrin (BCD)

The thermogravimetric curve of C. citratus (Fig. 7) shows that degradation occurs in two main stages. The first
between 20-120 °C corresponds to a mass loss of 20%, while 60% is lost between 170-270 °C. Less significant frac-
tions appear close to 400 °C. Regarding BCD-CC 96:4, BCD-CC 92:8, BCD-CC 90:10, and BCD-CC 88:12 curves (Fig. 7),
the disappearance of the first degradation peak (20-120 °C) evidences the protective effect of inclusion complexes.
Moreover, a slight peak appears close to 260 °C, suggesting that volatilization was delayed. As observed for O. vul-
gare complexes, minimal inflections appear below 220 °C, which may be related to CD-CC interactions. In the study
by Martins et al.[29], a single peak of C. citratus degradation between 106-150 °C was observed, corresponding to
a mass loss of almost 90%. Similarly, the authors observed the effect of encapsulation through the appearance of a
lower intensity peak between 180-2200°C for formulations containing C. citratus, maltodextrin, and gelatin.
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Fig.8 Thermal (@) and photo-stability (b) of Origanum vulgare (OV), Cymbopogon citratus (CC) and their inclusion complexes with
-cyclodextrin (BCD)

3.6 Color variation, thermal and photo-stability

Formulations with a 90:10 ratio between BCD and essential oils (OV and CC) were selected for the stability study because
they present greater entrapment efficiency and more homogeneous morphology and size distribution. The thermal and
photodegradation spectrophotometric curves of free and encapsulated O. vulgare and C. citratus are shown in Fig. 8a-b.

Exposure to heat led to changes in the color of free essential oils (Fig. 8a). OV turned from pale yellow to light
orange, reaching an AE of 13.1£2.1 (Table 2, supplementary material), while CC demonstrated less color variation
(AE=5.3+1.4), going from bright yellow to light yellow. Nevertheless, exposure to UV light suggests a more signifi-
cant degradation of OV and CC oils. The OV went from pale yellow to dark orange (AE=13.6 £ 1.1), while the CC went
from bright yellow to pale yellow (AE=11.6 +3.6). Park et al.[18] also observed a greater effect of light on the color
change of fresh kunzea (Kunzea ambigua) essential oil after eight months of storage.

Despite the color change, no significant differences were observed in the OV absorption spectrum, reflecting
minimal variations in the release curve after thermal (Fig. 8a) and photodegradation (Fig. 8b). For CC, thermal stress
caused a 50% loss in oil content after 30 min of exposure (Fig. 8a). In photodegradation (Fig. 8b), this reduction was
observed after 24 h of conditioning.

Degradation compounds can be generated over time due to stressful conditions [33]. If the absorption spectrum
is the same as the primary compounds, the absorbance may be balanced, and the reading may be masked. This may
explain the constancy in the OV spectrophotometric curve. Indeed, Odak et al.[34] observed a decrease of trans-caryo-
phyllene with a simultaneous increase of caryophyllene oxide, a well-known secondary oxidation product, evaluating
the stability of Satureja montana and Lavandula angustifolia essential oils against light and temperature. The authors
observed a color change in S. montana oil triggered by irradiation, going from pale yellow to orange. They point out
that polymerization reactions can be responsible. Najafian [33] observed a similar result when evaluating the aging
of Melissa officinalis L. essential oil under refrigeration and freezing conditions. The authors observed a significant
decay of geranial and neral compounds over the four months of storage. UV-radiation also causes cyclization of citral,
the majority of Lemongrass essential oil, promoting significant flavor changes, as pointed out by Marques et al. [11].

Encapsulation processes aim to improve volatile compounds’ stability, protecting them against external factors[6].
Indeed, no color change was observed for CD:OV and BCD:CC complexes. Regarding the spectrophotometric curve,
the encapsulated OV content remains constant for up to 24 h of thermal stress (Fig. 8a), with a 40% reduction after 48 h
of exposure. In photodegradation, this loss is reached after one hour of exposure (Fig. 8b), with slight variations until the
end of the stress period. These results may be related to interactions between BCD and OV stimulated by stress agents.
As observed in the thermogravimetric curves (Fig. 6), decomposition reactions of the BCD:0V complexes appear in the
temperature range of the study (70 °C). In this case, polymerization reactions may have occurred [34], resulting in changes
in the molecular organization and the release of the trapped oil. For the CD-CC complexes, the oil content remained
constant throughout the thermal and photo stress period, demonstrating good protection for the compounds.
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These findings highlight the potential of 3-cyclodextrin inclusion complexes in protecting essential oils. This char-
acteristic positions them as strong candidates for use in various areas, such as pharmaceuticals, cosmetics, perfumery,
environmental, agriculture and the food industry [9]. Given this versatility, a promising application is in post-harvest
technology, where they can be used as additive for synthesizing edible films and coatings [10]. These complexes can
then be applied as controlled release systems of essential oil in fruit coatings, potentially reducing spoilage of fruits
and vegetables without compromising their sensory qualities. Future research focused on the effects of incorporating
B-cyclodextrin into coatings could lead to significant advances in agricultural and food sciences.

4 Conclusion

The study demonstrated that the nanoencapsulation of O. vulgare (OV) and C. citratus (CC) essential oil (EO) in
B-cyclodextrin (BCD) resulted in crystalline structures of varied sizes (200 to 800 nm), trapezoidal shape and tendency
to aggregation. The highest entrapment efficiency was obtained in BCD-EO proportions of 92:8 and 90:10. Characteriza-
tion by XRD, FTIR, DSC, and TGA confirmed the oil entrapment and the formation of inclusion complexes. Converting a
liquid material into nanosized crystalline structures facilitates essential oil handling and application. Furthermore, the
nanometric complexes prevented color changes in OV and free CC caused by thermal and photo stability. The CD-OV
complexes also prevented compound loss during 24 h of thermal stress and 48 h of UV exposure. For CD-CC, the
compounds remained constant during the 48 h of both stress periods. Further investigation regarding changes in the
chemical composition of degraded EOs should be conducted. The results demonstrate that combining nanotechnology
strategies can maintain the integrity of essential oils during stress conditions. These findings are interesting for further
studies applying encapsulated essential oils as antimicrobial agents.
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