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Abstract: In this study, different amounts of cinnamomum essential oil (CEO) were encapsulated in
chitosan nanoparticles (NPs) (CS-NPs) through oil-in-water emulsification and ionic gelation. An
ultraviolet-visible spectrophotometer, Fourier-transform infrared spectroscopy, synchronous thermal
analysis, and X-ray diffraction were employed to analyze the CEO encapsulation. As observed
by field-emission scanning electron microscopy, NP size analysis and zeta potential, the prepared
CS-NPs, containing CEO (CS-CEO), were spherical with uniformly distributed sizes (diameters:
190-340 nm). The ranges of encapsulation efficiency (EE) and loading capacity (LC) were 4.6-32.9%
and 0.9-10.4%, with variations in the starting weight ratio of CEO to CS from 0.11 to 0.53 (w/w). It
was also found that the antioxidant activity of the CS-NPs loaded with CEO increased as the EE
increased. The active ingredients of the CEO were prevented from being volatilized, significantly
improving the chemical stability. The antioxidant activity of CS-CEO was higher than that of the free
CEO. These results indicate the promising potential of CS-CEO as an antioxidant for food processing,
and packaging applications.
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1. Introduction

Owing to the potential hazards of artificial food additives to human health, natural, functional,
and bioactive ingredients have drawn considerable attention because of their proven health benefits [1].
Essential oils (EOs) obtained from medicinal and herbal plants are recognized for their antioxidant
properties. EOs from different herbs have been utilized as food flavors and medicines, and in
the preparation of fragrances, which are volatile and fat-soluble [2-9]. The compositions of plant EOs
are complex and contain high amounts of phenols, acetones, terpenes, alcohols, and aldehydes, which
exhibit good antibacterial, antioxidant, and insecticidal properties. Although the pharmacological
effects of EOs have long been known, their application in the food industry is still limited [10,11].
Cinnamomum EO (CEO), known for its strong inhibitory, microbicidal, and antioxidant properties,
as well as other beneficial properties [12], is extracted from tree species that are widely distributed
in the tropics and southern subtropical regions. Such properties are mainly due to the presence
of cinnamaldehyde, eugenol (the main ingredient of CEO), and monoterpene hydrocarbons at low
concentrations [13,14]. CEO has been proven to be a good antibacterial and antioxidant agent because
of its volatility and ease of degradation under environmental or processing conditions (e.g., high
temperature, low pressure, and presence of air and light), but its utilization in the maintenance of
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food quality and reduction of food oxidation is limited [15]. Encapsulation is an effective strategy to
improve the sensitivity to degradation and promote the stability of the biologically active compounds
in CEO during the processing and storage stages [16].

Nanoencapsulation is an emerging technology among the various techniques employed for
encapsulation; it is widely employed in the food and nutrition industries. The nanoencapsulation of
biologically active compounds has been demonstrated as a reliable and effective approach toward
increasing the physical and chemical stabilities of active substances, thereby protecting them from
volatilization and harmful environmental conditions, and extending the shelf life of food [17].
Additionally, it can improve water solubility, control delivery, facilitate absorption, and reduce
toxicity and cost [18]. Chitosan (CS) is a natural cationic polysaccharide with good biocompatibility,
low toxicity, and excellent biodegradability, and is considered an ideal option for food packaging [19-22].
It has been reported that CS, as a nanoparticle (NP) carrier, can encapsulate EOs and improve their
stability. Mustafa employed spray-drying technology to encapsulate oregano EO in CS-NPs [23].
The obtained particles exhibited good thermal stability and antifungal activity, and could be utilized
as alternatives to synthetic preservatives in the agricultural sector. Khalili prepared NPs through
the self-assembly of CS and sodium benzoate and encapsulated thyme EO in NPs [24]. It was found
that fungus growth was completely inhibited at a pure EO concentration of 400 mg/L under sealed
conditions. The same effect was achieved when the NPs were concentrated at 300 mg/L. It was found
that NPs could significantly improve the stability and antifungal activity of thyme EO. Ali Mohammadi
embedded eucalyptus EO in CS-NPs, which were applied on the surface of cucumber to significantly
improve its physicochemical quality and prolong its shelf life [25]. Moreover, oxidation, as one of
the important reactions that result in the corruption of food during processing and storage [26], shortens
the shelf life of products by causing changes in flavor, texture, and color. Oxidation is not conducive to
human health, and many reactive oxygen intermediates can induce a variety of diseases.

However, most of the aforementioned studies focused on the antibacterial properties of NPs and
their food preservation applications. Research on the structure, physical properties, and oxidation
resistance of NPs is still rare. Finally, to the best of our knowledge, the literature on the antioxidant
activities of CEO encapsulated in CS nanoparticles is especially sparse.

This study aimed to prepare and characterize water-soluble CS-tripolyphosphate (TPP) NPs
containing different amounts of CEO through oil-in-water emulsification and ion gelation techniques,
which are nontoxic, convenient, and controllable [27]. The characteristics of the microcapsules were
tested through encapsulation efficiency (EE), loading capacity (LC), particle size, zeta potential,
scanning electron microscopy (SEM), Fourier-transform infrared (FI-IR) spectroscopy, and X-ray
diffraction (XRD). Furthermore, the oxidation resistance of the CS-CEO was evaluated. This study
aims to provide considerable advances in the fields of food and agriculture.

2. Materials and Methods

2.1. Materials

CS (deacetylation degree of 80-95%, viscosity of 50-800 mPa’s) was purchased from Sinopharm
Group Chemical Reagent Co., Ltd. (Beijing, China). CEO (purity of 90%) was purchased from Zhuhai
Weijia Food Additive Co., Ltd. (Zhuhai, China). TPP and sodium hydroxide (analytical reagent grade)
were purchased from Aladdin Industrial Co., Ltd. (Shanghai, China). Tween 80 (chemical grade) was
purchased from Chengdu Kelong Chemical Reagent Co., Ltd. (Chengdu, China). Glacial acetic acid
(chemical grade) and ethanol (purity of 90%) were purchased from Tianjin Zhiyuan Chemical Reagent
Co., Ltd. (Tianjin, China).
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2.2. Sample Preparation

2.2.1. CS-CEO

CS-CEO were prepared using the following steps. CS (0.28 mg) was added to an aqueous acetic
acid solution (1% v/v, 40 mL) and stirred at 60 °C for 1 h, after which it was filtered through a 1 pm
pore-sized filter. The pH of the preprepared CS solution was adjusted to 4.0-4.8 by 1 mol L™! of sodium
hydroxide. Then, Tween 80 (SN 45-55; 0.75% w/v) was added to the solution (40 mL) and stirred at
50 °C for 30 min to obtain a homogeneous mixture. Different amounts of CEO (0.03, 0.07, 0.11, and
0.15 g) were added to the homogeneous mixture and cooled to 25 °C [28-30].

TPP was dissolved in distilled water (0.15% w/v, 20 mL) [31], added dropwise to the fine,
homogeneous emulsion (40 mL), and stirred for 30 min to form opalescent suspensions. NPs were
collected by centrifugation at 10,000 rpm for 15 min at 25 °C and subsequently washed three times with
water before being suspended via vortex mixing (15 s, vortex mixer XW-80A, The Haimen Lindberg
Instrument Manufacturing Co., Ltd., Haimen, China). The obtained suspensions were immediately
lyophilized at —58 °C for 48 h (vacuum freeze dryer, DGJ-10, Shanghai Bridge Feng Industrial Co.,
Ltd., Shanghai, China). Both the lyophilized CS-NPs and the suspensions were stored at 4 °C. Figure 1
illustrates the preparation of CS-CEO.

Ionic crosslinking

Figure 1. Process of preparing CS-CEO.
2.2.2. CS-NPs

The preparation of CS-NPs followed the same steps for preparing CS-CEO, without adding CEO.
2.3. Analytical Methods

2.3.1. EE and LC

The oil content of CS-CEO was tested using an ultraviolet-visible (UV-vis) spectrophotometer
(SPECORD plus 50, Analytik Jena AG, Jena, Germany). The CEO standard was prepared in 95%
absolute ethanol at a concentration range of 1-9 ug/mL. At a wavelength of 275 nm, the absorbance was
measured using SPECORD plus 50, and a standard curve was drawn. An aliquot (3 mL) of the prepared
suspension was added to an aqueous hydrochloric acid solution, uniformly mixed (2 mol L~!, 30 mL),
and heated in a water bath at 50 °C for 30 min. After cooling, it was transferred to a 50 mL volumetric
flask containing 95% ethanol solution. The mixture was centrifuged at 10,000 rpm for 10 min at 25 °C,
and the supernatant was collected. In sequence, the CEO content was measured, employing a UV-vis
spectrophotometer at a wavelength of 275 nm. A blank CS-NP (without CEO) was also prepared.
The CEO content was calculated using an appropriate standard curve of free CEO in a solvent of
hydrochloric acid and ethanol, 2:1 v/v (RZ = 0.999). The values for three samples were determined



Processes 2020, 8, 834 40f 13

for each experimental preparation, and the mean values were reported. EE and LC of CEO were
calculated, employing Equations (1) and (2) [25].

EE% — Weight of loaded CEO < 100% 1
° ~ 'Initial weight of CEO ° M)
LC% — Weight of loaded CEO < 100% 5
® " Weight of sample ° @)

2.3.2. SEM

The morphology of the lyophilized NPs was analyzed by field-emission SEM (FE-SEM, SU-8020,
Hitachi High-Technologies Co., Tokyo, Japan). The sample was plated with a thin layer of gold under
high-vacuum conditions, and representative FE SEM images were obtained at different magnifications.

2.3.3. Particle Size

The particle sizes of both CS-NPs and CS-CEO were measured with an NP size analyzer (Nano
ZSP, Malvern Instruments Co., Worcestershire, UK). The lyophilized NPs were suspended in distilled
water and stirred in a water bath at 60 °C for 30 min. Following incubation, the suspension was filtered
through 1 um pore-sized filters, and the particle sizes were determined.

2.3.4. Zeta Potential Analysis

Solutions (water) containing 1 mg/mL of CS-NPs and CS-CEO were prepared, and the zeta
potential was tested using an NP size analyzer (Nano ZSP, Malvern Instruments, Worcestershire, UK).

2.3.5. FT-IR

The structures of CS, pure CEO, CS-NPs, and CS-CEO were investigated by FI-IR, in the range of
400-4000 cm™! (VERTEX 70 FT-IR, Bruker Corporation, Mannheim, Germany). The dried NPs were
mixed with potassium bromide and pressed into discs to prepare a transparent sample.

2.3.6. Thermogravimetric Analysis (TGA)

Thermal analyses (TA) of the samples were conducted using a synchronous thermal analyzer
(NETZSCH STA 449 F5, NETZSCH, Selb, Germany). Each of the prepared samples (7-10 mg) was
placed in a standard aluminum crucible and heated at a stable rate of 10 °C min~!. The temperature
was raised from 25 to 600 °C with nitrogen as the shielding gas.

2.3.7. XRD

XRD patterns were obtained using an X-ray diffractometer (Smartlab 3 KW, Rigaku Corporation,
Tokyo, Japan). The angle was varied over a 20 range of 5-50° at a constant rate of 6° min~!. The voltage
and current were set to 40 kV and 40 mA.

2.3.8. Antioxidant Activity (AOA)

The antioxidant activities (AOAs) of the different amounts of CS-CEO were determined according
to the following methods:

2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging assay and
Hydroxyl free radical scavenging assay.

The DPPH free radical scavenging assay was performed as described previously (with some
modifications) [32]. Samples (10 mg each) of CS-CEO (0.11:1, 0.25:1, 0.39:1, or 0.53:1 w/w) and CEO
were suspended in ethanol (99%, 20 mL) to obtain a final concentration of 500 pg mL~!. In sequence,
they were vigorously stirred for 2 h to release the CEO. The mixture was then centrifuged at 25 °C for
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10 min to obtain the supernatant for analysis. An aliquot of each supernatant (1 mL) of the mixture
was mixed with the DPPH ethanol solution (0.0001 mol L1 mL). After shaking, the mixture was left
to react in a dark at room temperature for 2 h. The absorbance was measured at 517 nm by UV-vis
spectroscopy. The CS-NPs of unloaded CEO were used as the control. The percentage of AOA was
evaluated using Equation (3).

Acontrol - Asample
DDPHscavenging activity(o/o) = Acontrol x 100%, (©))
contro

where Acontrol and Agample are the absorbances of the control and CEO-NP samples, respectively.

The hydroxyl radical scavenging activity was determined by the Fenton reaction, which tests
the ability of mixtures to hydroxylate salicylates in the presence of NPs [33,34]. The test mixtures
consisted of 1.0 mL of a CS-NP solution (loaded or unloaded with CEO) and CEO, 1.0 mL of FeSOy4
(6 mmol L™1), 1.0 mL of H,O, (6 mmol L), and 1.0 mL of sodium salicylate (6 mmol L), After
incubation at 37 °C for 30 min, the absorbance of the mixture was measured at 510 nm. The hydroxyl
radical scavenging activity was calculated, employing an equation which was similar to that of
the DPPH assay (Equation (3)).

2.3.9. Statistical Analysis

The data were analyzed using analysis of variance (ANOVA) with the SPSS 23.0 program (SPSS
Inc., Chicago, IL, USA). The statistical correlations were evaluated by Pearson’s correlation coefficients,
and a p-value < 0.05 was considered statistically significant. The figures were drawn using the Origin
8 program (OriginLab Co., Northampton, MA, USA).

3. Results and Discussion

3.1. EEand LC

The standard curve is shown in Figure 2 (y = 0.1212x + 0.2423 (R? = 0.9977)). From the UV-vis
spectroscopy results, the EE and LC of CS-CEO, loaded at different initial weight ratios of CEO to
CS (w/w), were calculated according to Equations (1) and (2). As observed in Table 1, the EE of
CS-NPs ranged from 4.6% to 32.9%. With the initial increase in the CEO content, the EE also increased
gradually, and the maximum value was obtained at a CEO to CS weight ratio of 0.39:1. However, when
the amount of CEO increased further, the appearance of the mixture changed from milky white to light
yellow, and the EE decreased. The decrease in EE due to the utilization of the highest tested initial
weight ratio of CEO to CS might be interpreted as being a result of the concentrations of CS and TPP
being constant and the formation of NPs being limited. The encapsulation of CEO reached saturation,
and the excess CEO was free or adsorbed only on the surface of NPs. These findings are consistent
with those of previous reports [35]. The LC of the CEO embedded in CS-NPs was in the range of
0.9-10.4% (Table 1). The data shown in Table 1 indicate an initial increase in LC with the increase of
CEO content. However, in the third case, with the addition of CEO (0.15 g), the LC slightly decreased,
i.e., from 10.4% to 10.3%. This result is consistent with those of previous studies on the encapsulation
of carvacrol and eugenol in CS-TPP NPs [36-39].
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Figure 2. Standard CEO curves.

Table 1. EE and LC of CEO containing CS-NPs by UV-vis spectrophotometry.

NO CEO: CS (w/w) EE (%) LC (%)
NPO 0:1 0 0
NP-A 0.11:1 46+05 09+0.3
NP-B 0.25:1 225+15 78 +0.7
NP-C 0.39:1 329+23 104 + 0.7
NP-D 0.53:1 246 +0.5 103 £1.5

Results are reported as the mean + SD, n = 3.

3.2. Characterization of CS-NPs by SEM, Particle Size Analyzer, Zeta Potentials, FT-IR, TGA, and XRD

The FE-SEM images effectively captured accurate information about the particle structure and
morphology of the NP samples. Figure 3a,b show the FE-SEM images of CS-NPs, loaded and unloaded
with CEO, respectively, at a CEO to a CS weight ratio of 0.39:1. As shown in Figure 3b, CS-NPs loaded
with CEO were uniformly distributed in size, with a spherical shape, and the surface was smooth
(without cracks), indicating that the CEO was well encapsulated in NPs.

The particle size distribution was also determined using a particle size analyzer (PSA), as shown
in Figure 3c,d. The figures show that the average diameter of the CS-NPs is 100-140 nm. The CS-CEO
exhibited an average diameter in the range of 190-340 nm. The particle size values, determined
from the PSA images, were slightly higher than those measured by FE-SEM. This may be caused by
the swelling of the CS layer or the aggregation of the NPs while they were dispersed in water [24].
With the addition of CEO, the particle size of the CS-NPs gradually became larger and the distribution
became wider. This may be due to the embedding of CEO. Kavaz et al. obtained similar results in CS
and Cyperus articulatus rhizome EOs [35].
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Figure 3. FE-SEM images of (a) CS-NP and (b) CS-CEO, at a CEO to CS weight ratio of 0.39:1 and
magnification of 1.0 x 10°. Particle size distribution of (¢) CS-NPs and (d) CS-CEO loaded at a CEO to
CS weight ratio of 0.39:1.

The potentials of the CS-NP and CS-CEO solutions, shown in Table 2, were 23.47 and 17.33 mV,
respectively. With the embedding of the CEO, the potential of the CS-NP solution decreased due to
the charge generated by the NPs containing EOs shielding the amino groups of CS. Similar results
were obtained by Luque-Alcaraz et al. in CS and pepper tree Eos [40].

Table 2. Zeta potential of CS-NP and CS-CEO solutions.

Sample Zeta Potential (mV)
CS-NP 23.47 £ 1.06
CS-CEO 17.33 £ 1.16

Figure 4 illustrates the FI-IR spectra of CS, CS-NPs, pure CEO, and CS-CEO. CS exhibited
characteristic peaks at 3481 (-OH and -NH, stretching), 1642 (amide I band), 1553 (amide II, N-H
bending), 1060 (C-O-C stretching), and 594 cm™! (pyranoside ring stretching vibration). In the case
of CS-NPs, the peak of amide IT (-NH; bending) shifted from 1553 to 1536 cm™!, and a new peak
appeared at 1243 cm™! (P = O); this indicates the formation of an ionic complex via the electrostatic
interactions between the NH3" groups of CS and the phosphate groups of TPP within CS-NPs [28].
The pure CEO spectra exhibited characteristic peaks at 2923 (C-H stretching), 1449 (CH; bending), 1119
(C-O-C stretching), and 891 cm™! (C-H bending of the aromatic ring). All of the above characteristic
peaks appeared in the spectra of CN-CEO NPs at similar wavenumbers, indicating that there was no
measurable interaction between CEO and CS-NP. Moreover, compared to the FT-IR spectra of CS-NPs,
the addition of CEO resulted in the appearance of a strong C-H bending mode absorption band of
the aromatic ring at 891-792 cm™, verifying the presence of CEO within the CS-NPs.
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Figure 4. FT-IR spectra of CS, CS-NPs, CEO, and CS-CEO loaded at a CEO to CS weight ratio of 0.39:1.

The TGA thermograms of CS, pure CEO, CS-NP, and CS-CEO are presented in Figure 5a. CS
exhibited two stages of weight loss: the first, from 60 to 120 °C, was ascribed to the adsorbed water;
the second, from 185 to 330 °C, was due to the degradation of CS, dehydration of the glycoside rings,
depolymerization, and decomposition of the acetylated and deacetylated units of CS. However, pure
CEO only exhibited a single stage of weight loss: the temperature of its maximum degradation rate was
162 °C and it was almost completely degraded before 175 °C, which was compared with microcapsules.
Thus, the thermal stability of EOs of microcapsules could be improved. CS-NPs exhibited distinct
thermal characteristics from CS due to the crosslinking of CS and TPP [41].

—— CS-CEO-NP
[=—CEO

= CS-NP
—CS

Weight loss (%)
DTG (%)

s 05

— CEO

— CS5-NP
= CS-CEO-NP

T T
300 400
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T
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T
100

200

T T T T
300 400 500 600

Temperature (C)

Figure 5. (a) TGA and (b) DTG thermograms of the CS powder, CEO, CS-NPs, and CS-CEO loaded at

an initial CEO to CS weight ratio of 0.39:1.

Figure 5b presents the derivative thermogravimetry (DTG) curves. The DTG curve of CS-NPs
displayed endothermic peaks at 200 and 279 °C and was increased to higher temperatures (218 and
281 °C) by the encapsulation of CEO. It was also observed that the embedded CEO (in CS-NPs)
decomposed at a higher temperature (281 °C) than that of the free CEO (175 °C). These results may be
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explained by the inclusion of CEOs in CS-NPs, and demonstrate that the thermal stability of CEOs
was improved via encapsulation. This result indicates that CS-CEO can broaden the scope of CEO
application in the food industry, which is in agreement with the results reported by Hadidi et al. [42].

The crystallographic structures of CS, CS-NPs, and CS-CEOQ are presented in Figure 6. CS exhibited
two strong peaks at 20 values of 10° and 20°, indicating a high degree of crystallinity. The two peaks of
CS-NPs shifted to higher values of 11.69° and 22.8°, and the intensities of the peaks were significantly
reduced, possibly because of the disruption of the crystal structure of CS after it was crosslinked
with TPP. The width of the peaks was attributed to the crystallite size. Generally, the wider the peak,
the lower is the degree of crystallinity [29]. The widest peak observed was for CS-CEO, compared

to those of CS and CS-NPs, indicating that the encapsulation of CEO may have further reduced
its crystallinity.

Intensity(a.u)

1 N 1 N 1 M 1 N 1
10 20 30 40 50
26(°)

Figure 6. XRD patterns of the CS powder, CS-NPs, and CS-CEO loaded at an initial CEO to a CS weight
ratio of 0.39:1.

3.3. AOA

It is well known that the DPPH free radical is very stable and can be stored for long periods.
However, when it encounters a substance that can release a hydrogen atom (or being oxidized),
the DPPH radical is eliminated. Consequently, the color of the compound in the solution changes from
purple to light yellow. This reactivity is a suitable tool for the evaluation of the free radical scavenging
activities of antioxidants [43,44]. Hydroxyl radicals are highly reactive free radicals in biological
systems, and cause oxidative degradation of cell membrane lipids [45]. Herein, the AOA of bioactive
CS-NPs containing the CEO was assessed by its percentage of DPPH and hydroxyl radical inhibition.
The scavenging activities of CS-NPs containing different amounts of CEO are shown in Figure 7. As
observed, the AOA of CS-CEO was higher than those of free CEO and CS. The percentage of scavenging
activities of the DPPH and hydroxyl radicals displayed similar tendencies, increasing with an increase
in the initial CEO content. The percentages of radical scavenging activities of the DPPH and hydroxyl
radicals were in the ranges of 20.6-56.9% and 21.0-53.4%. However, at the highest addition of CEO
(0.15 g) in both assays, their percentage of scavenging activities slightly decreased to 55.7% and 51.6%,
respectively. At the highest EE (32.9%), the percentages of scavenging activities of both the DPPH
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and hydroxyl radicals attained maxima of 56.9% and 53.4%. These results indicate that the radical
scavenging activities reflected the variation in EE. A small amount of CS-CEO could significantly retain
the AOA of CEO, and could be indirectly controlled as EE changes.

©1 a b (Il orrH| 60 | b [ Rsi

Scavenging activity (%)
Scavenging activity (%)

NP-0 NP-A NP-B NP-C NP-D CEO NP-0 NP-A NP-B NP-C NP-D CEO
Different amounts of cinnamomum essential oil Different amounts of cinnamomum essential oil

Figure 7. Scavenging activity of (a) DPPH and (b) -OH of CS-NPs loaded with different amounts of
CEO (NP-0, NP-A, NP-B, NP-C, and NP-D with initial CEO to CS weight ratios of 0:1, 0.11:1, 0.25:1,
0.39:1, and 0.53:1, respectively). Bars with different letters are significantly different (p < 0.05).

The free radical scavenging activity of pure CEO has been reported in the literature. This effect is
mainly due to the activities of some compounds, such as cinnamaldehyde and eugenol, which may
be encapsulated in nanocapsules and employed as controlled release agents, displaying excellent
AOA. In these studies [46,47], it was demonstrated that encapsulation improved the stability of many
oxidation-sensitive substances and prevented the volatilization of their active ingredients. Thus,
the AOA of bioactive compounds could be effectively protected by this encapsulation technique [48].

However, the DPPH and -OH free radical scavenging abilities of pure CEO were only 19.5%
and 22.6%, which may be due to the instability of CEO in air, which affects its antioxidant capacity.
Microcapsules can prevent EOs from being affected by external factors. In addition, CS has a certain

antioxidant capacity, and the synergistic effect of CS and natural substances can have a good antioxidant
effect [49].

4. Conclusions

CEO was successfully encapsulated in CS-NPs via oil-in-water emulsification and ionic gelation.
The CS-CEO exhibited regular spherical shapes, the mean diameters of which ranged from 190 to 340 nm.
The optimal EE of CS-CEO was obtained by utilizing a mixture of CS and CEO at a weight ratio of 1:0.39.
The chemical structure, thermal stability, and crystallinity of the products were assessed by FI-IR, TGA,
and XRD. A significant improvement was observed in terms of CEO stability. Through the DPPH and
hydroxyl radical scavenging assays, it was found that their scavenging activities paralleled the EE of
CS-CEO. CS-CEO significantly retained the AOA of the CEO, and could be indirectly controlled as
the EE changed. These findings confirm that CEO can be effectively encapsulated in CS-NPs to further
facilitate its utilization in the food industry.
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