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A B S T R A C T   

The application of turmeric essential oil (TEO), a natural effective antibacterial agent, in food preservation is 
limited due to high volatility and low stability. This study aimed to improve its stability and release behavior by 
synthesizing TEO/hydroxypropyl-β-cyclodextrin (HP-β-CD) inclusion complex (IC) in a saturated aqueous solu-
tion. An orthogonal experimental design was used to determine the optimal process conditions (HP-β-CD to TEO, 
g/mL), 16:1; stirring speed, 850 r/min; encapsulation time, 2 h), achieving a comprehensive score value of 
85.62% for TEO/HP-β-CD-IC. Through comprehensive characterization, the results showed that TEO was 
completely embedded in HP-β-CD with increased stability. Free TEO exhibited a weight loss of 67.64% between 
30 and 300 ◦C, while TEO/HP-β-CD-IC had a mass loss of only 9.33%. HP-β-CD and TEO/HP-β-CD-IC showed 
positive ZP values that were 124.76 mV and 132.16 mV, respectively. The release behavior and release kinetics 
of TEO/HP-β-CD-ICs were also studied, and the results showed that TEO/HP-β-CD-IC release rate increased under 
higher temperature and relative humidity—consistent with Fick’s diffusion.   

1. Introduction 

Turmeric (Curcuma longa L.), a perennial herb, has been widely used 
in Asia as a safe and edible medicine, spice, and food additive (Chum-
roenphat et al., 2021). Turmeric essential oil (TEO), the main turmeric 
metabolite, is the key contributor to its pharmacological effects (Ferreira 
et al., 2013). Generally, essential oils (EOs) have great application po-
tential in different fields, but their high volatility, poor water solubility, 
and sensitivity to the environmental components (e.g., light, oxygen, 
heat, pressure, and chemicals) limit their applications in different fields 
(De Santana et al., 2020; Shetta et al., 2019). A suitable method to 
protect TEO from evaporation and degradation and improve their sta-
bility is therefore needed urgently. Encapsulation is one of the most 
effective technologies for improving the stability, masking the taste or 
odor, and extending the shelf life of a food product. Microencapsulation 
of TEO in capsules using an appropriate wall material can help prevent 
adverse reactions and effects of environmental conditions during storage 
(Mehran et al., 2020). Several researchers have reported that alginate, 

chitosan, or cassava starch can be used for turmeric EO (TEO) encap-
sulation and controlled release (Lertsutthiwong et al., 2008, 2009; Li 
et al., 2019; Mustapha et al., 2019). However, these methods have the 
limitations of low loading capacity and poor release. To address this 
issues, we fabricated a TEO/hydroxypropyl-β-cyclodextrin (HP-β-CD) 
inclusion complex (IC) to enable TEO encapsulation and controllable 
delivery. To our knowledge, there are few reports on embedding TEO 
with HP-β-CD. HP-β-CD is a cyclic oligosaccharide containing seven D- 
(+) -glucopyranose units with a circular structure of hydrophobic cavity 
and a hydrophilic external structure. Compared with natural cyclodex-
trins (CDs), HP-β-CD can provide a more convenient complexation 
process due to its structure and amorphous nature (Adhikari et al., 
2018). Furthermore, HP-β-CD is a hydroxyalkyl derivative, which can 
also be used as a substitute for α-CD, β-CD, or γ-CD to increase water 
solubility, complexation ability, and toxicological property (Gould and 
Scott, 2005). 

EOs are commonly used for food preservation due to their antibac-
terial and antioxidant properties. Several studies have shown that EOs 
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can prolong the shelf life of food and maintain food quality, which were 
affected by the release characteristics of EOs from the IC (Li et al., 2020; 
Zhou et al., 2021). However, the release behavior and release kinetics of 
TEO embedded in HP-β-CD during long-term storage under different 
relative humidity (RH) and temperature conditions remain unknown. 

The current study aimed to encapsulate TEO in HP-β-CD to enhance 
its stability, thus increasing its applicability in various industries, 
especially the food industry. TEO was encapsulated in HP-β-CD using a 
saturated aqueous solution method and the prepared TEO/HP-β-CD-IC 
were optimized using an orthogonal design and then characterized. 
Finally, several release kinetic models were used to study the release 
behavior of TEO/HP-β-CD-IC at different temperatures and RH. This 
study has laid a theoretical and experimental basis for applying TEO/ 
HP-β-CD-IC in food preservation. 

2. Materials and methods 

2.1. Materials 

Turmeric was procured from Jiangxi Zhangshu Tianqitang Tradi-
tional Chinese Medicine Pieces (Zhangshu, China), HP-β-CD from 
Shandong Binzhou Huike Cyclodextrin Technology (Binzhou, China), 
petroleum ether from Xilong Science (Shantou, China), and anhydrous 
sodium sulfate and methanol from Sinopharm Chemical Reagent 
(Shanghai, China). Moreover, sodium chloride, anhydrous calcium 
chloride, and anhydrous potassium carbonate were all purchased from 
Shanghai Macleans Biochemical Technology (Shanghai, China). 

2.2. TEO/HP-β-CD-IC preparation 

Briefly, turmeric was pulverized into a fine powder, followed by 
passing through an 80-mesh sieve and extracting TEO by hydro- 
distillation of 500 g of the sieved powder for 5 h using a double-layer 
glass reactor (S212-30L; Shanghai Yujie Instrument) (Commission, 
2015). Next, the extracted TEO was collected and then mixed with 
anhydrous sodium sulfate (Na2SO4), followed by filtration, to remove 
any water remaining after extraction. This TEO was stored in sealed 
glass vials at 4 ◦C in dark before further use. 

TEO/HP-β-CD-IC was prepared by dissolving a given mass of HP- 
β-CD in deionized water until saturation. Next, based on the different 
ratios of HP-β-CD and TEO in the orthogonal analysis table, the corre-
sponding volume of TEO was dispersed in absolute ethyl alcohol, fol-
lowed by adding it to the aqueous HP-β-CD solution and agitating the 
mixture at 40 ◦C with a magnetic stirrer at the indicated time period and 
speed for the experiments. After cooling the mixture at 4 ◦C in a 
refrigerator for 24 h, TEO/HP-β-CD-IC was obtained by centrifugal 
separation, and the precipitate was washed with petroleum ether, fol-
lowed by filtration and freeze-drying until a constant weight. 

2.2.1. Optimization of TEO/HP-β-CD-IC formulation 
Orthogonal design can be used for rapid and economical selection of 

some representative points as test points (Yang et al., 2015). In this 
experiment, TEO/HP-β-CD-IC was prepared by the saturated aqueous 
solution method, and an L9 (34) orthogonal analysis was used to deter-
mine the optimal conditions for preparing TEO/HP-β-CD-IC, including 
the ratio of HP-β-CD to TEO (g/mL), stirring speed (r/min), and 
encapsulation time (h), which were selected as three influencing factors 
(marked as A, B, and C in Table S1, respectively). 

2.2.2. Comprehensive score value (CSV) 
Briefly, TEO (2 mL) was put into a 500-mL round bottom flask, fol-

lowed by adding 300 mL of distilled water for TEO extraction. Blank 
recovery (BR) was calculated to be 78.0% by equation (1) (Wang et al., 
2015). 

BR (%)=
VC

VA
× 100 (1)  

where Vc indicates the amount (mL) of TEO extracted; and VA, amount 
(mL) of initially added TEO. 

In order to determine IC rate, TEO/HP-β-CD-IC was placed in a 
round-bottomed flask, followed by adding 300 mL of purified water to 
extract TEO while accurately measuring the TEO content (mL) of TEO/ 
HP-β-CD-IC. The IC rate of EO was determined by equation (2) (Wang 
et al., 2015). 

IC rate of TEO (%)=
VIC

VA × BR
× 100 (2)  

where VIC is the amount (mL) of measured TEO in TEO/HP-β-CD-IC; VA, 
the amount (mL) of initially added TEO. 

The yield of IC was defined as the ratio of TEO/HP-β-CD-IC to HP- 
β-CD and TEO. The yield of IC was determined by equation (3) (Wang 
et al., 2015). 

IC yield (%)=
MIC

MCD + MEO
× 100 (3)  

where MIC is the amount (g) of the TEO/HP-β-CD-IC; MCD, HP-β-CD 
amount (g) of initially added to the TEO/HP-β-CD-IC, and MEO, TEO 
amount (g) initially added to the TEO/HP-β-CD-IC. 

The experiment was conducted using the IC rate of TEO, with the 
yield of IC as an index. These indexes were given appropriate weight 
coefficients, resulting in a CSV for the optimal IC process. The IC rate of 
EO is an important index to measure the IC effect: The higher the IC rate, 
the better the IC effect of EO. Therefore, a weight coefficient of 0.5 was 
assigned to the IC rate of TEO. The IC yield also occupied an important 
position in the industry’s actual production application, i.e., in the same 
amount of HP-β-CD, the greater the IC yield, the better the IC effect of 
TEO. Therefore, a weight coefficient of 0.5 was assigned to TEO here, 
and the CSV was determined by equation (4) (Liu et al., 2018; Wang 
et al., 2015). 

CSV (%)= IC rate of TEO × 0.5 + IC yield × 0.5 (4)  

2.3. Physical and chemical characterization of TEO/HP-β-CD-IC 

2.3.1. Preparation of a physical mixture of TEO and HP-β-CD 
A TEO/HP-β-CD physical mixture (PM) was prepared as the control. 

We used a mortar and pestle to manually grind TEO and HP-β-CD for 15 
min to make them uniform. 

2.3.2. Scanning electron microscopy (SEM) 
HP-β-CD and TEO/HP-β-CD-IC were examined through SEM at an 

accelerating voltage of 15 kV. Briefly, the prepared powders were first 
fixed to the aluminum post with a double-sided tape, followed by gold- 
plating with a sprayer (EIKO IB-5, Shanghai Platinum Scale Trading Co., 
Ltd, Shanghai, China) and observing the powders under a scanning 
electron microscope (JSM-6380LV, JEOL, Japan) at 300 ×

magnification. 

2.3.3. 1H nuclear magnetic resonance (NMR) 
1H NMR spectra of HP-β-CD and TEO/HP-β-CD-IC were obtained on 

an NMR spectrometer (AVANCE NEO 600, Bruker, Germany) at 600 
MHz and 298 K. Before analysis, HP-β-CD and TEO/HP-β-CD-IC samples 
were dissolved in D2O (Lima et al., 2019). 

2.3.4. Particle size and Zeta potential (ZP) 
Particle size and ZP were analyzed on a ZP and nanoparticle size 

analyzer (NanoPlus3, Micromeritics Instrument, USA). The dynamic 
light scattering method was used to measure the particle size under a 
backscattering detector at 633 nm, 25 ◦C, and 173◦. The surface charge 
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at the interface of TEO/HP-β-CD-IC oil droplets was measured using the 
phase analysis light scattering method (Acevedo-Fani et al., 2015). 

2.3.5. Fourier-transform infrared (FT-IR) spectroscopy 
The FT-IR spectra of TEO, HP-β-CD, PM, and TEO/HP-β-CD-IC were 

collected from 400 to 4000 cm− 1 on an FT-IR Spectrometer 
(AVATAR360, Thermo Nicolet Corporation, USA) with 32 scans at a 4 
cm− 1 resolution. Briefly, each sample was then diluted with potassium 
bromide (KBr) powder at a mass ratio of 1:100, followed by pressing the 
sample into the disc with a diameter of 8 mm, distributing the sample 
evenly on a piece of KBr window and clamping the sample with another 
piece of KBr window (Rakmai et al., 2017). 

2.3.6. X-ray diffractometry (XRD) 
X-ray diffraction patterns of TEO, HP-β-CD, PM, and TEO/HP-β-CD- 

IC were obtained on an X-ray diffractometer (DY1602, Malvern 
analytical, Netherlands) with a 40-kV, 40-mA copper target X-ray tube 
under Cu Kα radiation. All samples were measured at a 2θ angle of 
5◦–40◦, a 0.02 step width and a 0.5 s/step counting time (Wei et al., 
2017). 

2.3.7. Differential scanning calorimetry (DSC) 
DSC analysis of TEO, HP-β-CD, PM, and TEO/HP-β-CD-IC was per-

formed using a simultaneous thermal analyzer under a dynamic nitrogen 
atmosphere (100 mL/min) in an aluminum crucible at a heating rate of 
10 ◦C/min and a temperature range of 30–500 ◦C (~2 mg of each 
sample) (Lima, et al., 2019). Each set of the test was done in triplet. 

2.3.8. Thermogravimetric analysis (TGA) 
Thermal properties of TEO, HP-β-CD, PM, and TEO/HP-β-CD-IC were 

investigated on a simultaneous thermal analyzer (STA449F5, Germany 
Naichi Instrument Manufacturing, Germany). In a nitrogen atmosphere, 
a 10 mg sample was heated from room temperature to 500 ◦C at a 
heating rate of 10 ◦C/min (Yin et al., 2021). All samples were done in 
triplet. 

2.4. Release kinetics of the TEO from TEO/HP-β-CD-IC 

The influence of RH and temperature on the amount of TEO released 
by TEO/HP-β-CD-IC was evaluated using the method reported by Yin 
et al. (2021) with some modifications. Briefly, 3 g of calcium chloride (4, 
27, and 40 ◦C), 3 mL of saturated potassium carbonate (4 and 27 ◦C), and 
saturated sodium chloride solution (4, 27, and 40 ◦C) were filled in a 
70-mL glass vial with RH at 0%, 45%, and 75%, respectively. 
TEO/HP-β-CD-IC were stored under 75% RH at 40 ◦C in a constant 
climate chamber (PRX-25OB, Ningbo Haishu Saifu Experimental In-
strument Factory, Ningbo, China). Then, a 2-mL glass vial containing 
0.1 g of TEO/HP-β-CD-IC was placed in a 70-mL glass vial, sealed, and 
stored at 4, 27, and 40 ◦C for 27, 20, and 9 days, respectively. Next, 
TEO/HP-β-CD-IC in the 2-mL glass vial was dissolved in 50% (v/v) 
methanol solution, and the amount of TEO released from the headspace 
was measured by spectrophotometry at 230 nm. The amount of TEO 
released was determined as the total amount of TEO in the 
TEO/HP-β-CD-IC at the beginning of storage minus that at the end of 
storage. 

2.5. Statistical analysis 

Statistical analyses were performed using SPSS 16.0 software (SPSS, 
Inc., Chicago, IL, USA). The figures were constructed using Origin 8.5 
(Origin Lab, Northampton, MA, USA) and GraphPad Prism 8 (GraphPad 
Software, Boston, USA). 

3. Results and discussion 

3.1. Orthogonal design for optimal formulation selection 

Table 1 shows experiment results of the L9 (34) orthogonal design 
corresponding to four columns and nine rows. The IC yield and IC rate of 
TEO were calculated as CSVs for selecting the best process parameters. 

As shown in Table 1, RC > RA > RB, and the CSVs values were 
affected by the various factors in the following order of stirring time >
ratio of HP-β-CD and TEO > encapsulation speed. The inclusion process 
was gradual, with guest molecules entering the molecular cavity of the 
inclusion material, followed by intermolecular interaction, indicating 
that time was an important factor affecting the inclusion effect. Gener-
ally, the molecular cavity provided by HP-β-CD cannot be completely 
occupied by the guest molecules and the ratio of the host and guest 
molecules in the IC has a greater influence on IC formation, i.e., the 
number of molecular cavities provided by the inclusion material in-
creases in a host-guest molecular ratio-dependent manner, thereby 
increasing the probability of guest molecules being included or the in-
clusion rate. In this process, appropriate agitation favors the molecular 
movement of the inclusion material to suppress its intermolecular 
interaction and promote the full contact of the inclusion material with 
the guest molecules to facilitate their entry into the molecular cavity of 
the inclusion material. 

The optimal level of the aforementioned three factors was deter-
mined by K values. Comparison of different k values revealed A3B2C3 as 
the optimal prescription with a CSV of 85.62% under ratio of HP-β-CD 
and TEO (g/mL), 16:1; stirring speed, 850 r/min; encapsulation time, 2 
h. The validation experiment was performed to determine if the TEO/ 
HP-β-CD-IC prepared by the optimal process had the highest combined 
score. The combined score of TEO/HP-β-CD-IC prepared by the A3B2C3 
process conditions was 86.12%, which was higher than the optimal 
value in the results of the orthogonal test protocol. 

3.2. Characterization of TEO/HP-β-CD-IC 

3.2.1. SEM analysis 
Morphological examination is a qualitative technique for observing 

the surface structure of raw materials or prepared formulation. The SEM 
images of HP-β-CD and TEO/HP-β-CD-IC are shown in Fig. 1A-B, 
respectively. The inclusion process may change HP-β-CD morphology, so 
the morphological differences before and after HP-β-CD inclusion indi-
cate IC formation (Rakmai et al., 2017). Here, the typical morphology of 

Table 1 
Orthogonal experiment design and results.  

No. Factors IC rate of TEO 
(%) 

IC yield 
(%) 

CSV 
(%) 

A* (g/ 
mL) 

B* (r/ 
min) 

C* (h) 

1 3 3 1 94.58 52.60 73.59 
2 1 2 3 95.74 73.91 84.83 
3 3 1 3 95.27 67.95 81.61 
4 1 3 2 95.50 72.27 67.97 
5 2 3 3 95.22 69.00 82.11 
6 3 2 2 95.48 68.68 82.08 
7 2 2 1 97.20 67.45 82.32 
8 2 1 2 97.79 61.24 79.52 
9 1 1 1 97.55 73.09 85.32 
K1 238.12 246.45 241.23 – – – 
K2 243.95 249.22 229.57 – – – 
K3 246.92 243.45 248.54 – – – 
k1 79.37 82.15 80.41 – – – 
k2 81.32 83.07 76.52 – – – 
k3 82.31 81.15 82.85 – – – 
R 2.93 1.93 6.32 – – – 

Note: A denotes the ratio of HP-β-CD to TEO (g/mL); B, stirring speed (r/min); C, 
encapsulation time (h). 
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HP-β-CD was reported as amorphous spherical particles with cavity 
structures (Lima, et al., 2019; Wei et al., 2017). However, the original 
form of HP-β-CD disappeared in TEO/HP-β-CD-IC, showing an irregular 
block structure. This significant change in particle morphology can be 
attributed not only to TEO–HP-β-CD interaction, but also to water loss 
during TEO/HP-β-CD-IC, leading to agglomeration (Lima, et al., 2019). 
Compared with HP-β-CD, TEO/HP-β-CD-IC presented a larger particle 
size, which is consistent with particle size analysis in the latter. 

3.2.2. 1H NMR analysis 
NMR can be used to confirmed that guest and CD molecules have 

formed ICs because when guest molecules penetrate the cavity of CD, the 
chemical shift of CD changes. In addition, NMR can provide information 
about the molecular conformation of supramolecular structure and the 
direction of penetration of the guest molecules in the CD cavity (Yao 
et al., 2014). When the environment surrounding the H atoms in the CD 
cavity changes due to complexation with the guest molecules, the 
chemical shift of the CD changes. When the formation of ICs, H− 5, and 
H− 3 toward the inner cavity of CD chemically shifts, H− 1, H− 2, and 
H− 4 atoms demonstrate chemical shifts toward the external cavity 
(Adhikari, et al., 2018). 

Table 2 presents the values of the chemical shift difference between 
HP-β-CD protons in the presence and absence of TEO and the chemical 
shifts (δ) of free HP-β-CD and TEO/HP-β-CD-IC. In the free HP-β-CD 
spectrum, the shifts were shown to be 5.167, 3.506, 3.942, 3.412, and 
3.789 ppm for H− 1, H− 2, H− 3, H− 4, and H− 5, respectively, consistent 
with those reported in previous studies on flavonoids and HP-β-CD (Qiu, 
et al., 2014). However, in TEO/HP-β-CD-IC spectrum, the chemical shift 
of HP-β-CD changed somewhat relative to free HP-β-CD. In Tables 2 and 
it was shown that the chemical shift difference of H− 2, H− 3, and H− 4 
was small (− 0.004, − 0.003 and − 0.001 ppm), in contrast to a relatively 
large chemical shift difference for H− 1(− 0.019 ppm) and H− 5 (− 0.012 
ppm). H− 1, H− 2 and H− 4 were located on the outer surface of HP-β-CD, 
whereas H− 3 and H− 5 were located in the cavity of HP-β-CD; H− 3 was 
located at the large mouth end, and H− 5 was located at the small mouth 
end (Wei, et al., 2017). The chemical shift value of the H− 5 was larger 
than that of H− 3. The results indicated that TEO entered the cavity of 
HP-β-CD molecule from the small mouth end, causing a large change in 
the external H− 1 of HP-β-CD, which confirmed the formation of the 
TEO/HP-β-CD-IC. 

3.2.3. Particle size and ZP analysis 
The particle size distributions of HP-β-CD and TEO/HP-β-CD-IC are 

shown in Fig. 2A and Table S2. And the median diameters D50 were 
204.3 nm and 644.6 nm for HP-β-CD and TEO/HP-β-CD-IC, respectively. 

The surface charge of nanoparticles (NPs) is important for their 
targeted adsorption, bioavailability, and particle stability (Matshetshe 
et al., 2018). Table S2 presents the surface charge of HP-β-CD and 
TEO/HP-β-CD-IC. HP-β-CD and TEO/HP-β-CD-IC showed positive ZP 
values that were 124.76 mV and 132.16 mV, respectively. As reported 
by Wissing et al. (2004), an absolute ZP > 30 mV could provide good 
stability, whereas an absolute ZP of ~20 mM would provide short-term 
stability, with a fast aggregation observed at a ZP of 5 mV. It is worth 
mentioning that TEO/HP-β-CD-IC ZP values were significantly higher 
than HP-β-CD values indicating a superior stability. 

3.2.4. FT-IR analysis 
FT-IR is an important tool to confirm the complexation of TEO with 

HP-β-CD. Fig. 2B shows the FT-IR spectra of TEO, HP-β-CD, PM, and 
TEO/HP-β-CD-IC. HP-β-CD showed characteristic peaks at 3405 cm− 1 

(O–H stretching vibration), 2929 cm− 1 (C–H stretching vibration), 1647 
cm− 1 (H–O–H bending vibration), 1157 cm− 1 (C–O–C asymmetric 
stretching vibration), 1082 cm− 1(C–C stretching vibration), and 1031 
cm− 1 (C–O stretching vibration) (Yao et al., 2014). TEO demonstrated 
some characteristic peaks at 2873–3021 cm− 1 (C–H stretching vibra-
tions) (Ban et al., 2020). Moreover, the bands at 2963, 1686, 1448, and 
1377 cm− 1 represented C–H stretching vibration, C––C stretching, C–OH 
absorption bending vibration, and the CH3 bend, respectively (Noghabi 
and Molaveisi, 2020), and the band at 878 cm− 1 indicated = CH2 
bending vibration (out of plane). For the PM sample, more typical 
characteristic eigen peaks (1750–1000 cm− 1) belonging to TEO can still 
be observed, indicating that TEO and HP-β-CD are relatively dispersed in 
the PM sample. The spectra of TEO/HP-β-CD-IC and HP-β-CD were 
highly similar, with almost complete disappearance of characteristic 
absorption peaks of TEO, indicating that TEO molecules were embedded 
in the HP-β-CD cavity. Unlike the PM sample, since the TEO was 
embedded inside, the FT-IR test could only detect the functional groups 
on the surface of the HP-β-CD and might not detect the corresponding 
vibrational peaks of the TEO inside the HP-β-CD, and thus the charac-
teristic peaks of the corresponding TEOs in the TEO/HP-β-CD-IC almost 
disappeared. 

3.2.5. XRD analysis 
The formation of TEO/HP-β-CD-IC was further investigated by its 

XRD patterns (Wei, et al., 2017). Specifically, the physical state of TEO 
after complexation with HP-β-CD was analyzed by XRD method, and 
Fig. 2C shows the XRD patterns of TEO, HP-β-CD, PM, and 
TEO/HP-β-CD-IC. TEO exhibited one characteristic peak at 2θ of 17.72◦, 
while both HP-β-CD and TEO/HP-β-CD-IC had a different characteristic 
peak at 18.65◦. Meanwhile, the amorphous HP-β-CD had no crystalline 
peak, and TEO/HP-β-CD-IC had no characteristic peak corresponding to 

Fig. 1. SEM images of HP-β-CD (A) and TEO/HP-β-CD-IC (B; magnification, 500 × ).  

Table 2 
Main chemical shift values (δ) of HP-β-CD and TEO/HP-β-CD-IC.  

Proton HP-β-CD δ (ppm) TEO/HP-β-CD-IC δ (ppm) Δδ(ppm) 

H− 1 5.167 5.148 ﹣0.019 
H− 2 3.506 3.502 ﹣0.004 
H− 3 3.942 3.939 ﹣0.003 
H− 4 3.412 3.411 ﹣0.001 
H− 5 3.789 3.777 ﹣0.012 

Note: Δδ denotes chemical shift difference (i.e., changes). 
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TEO, suggesting that TEO was completely embedded in HP-β-CD. 

3.2.6. DSC analysis 
Whether TEO is embedded in TEO/HP-β-CD-IC was further investi-

gated by DSC to compare HP-β-CD-IC and TEO/HP-β-CD-IC (Hadidi 
et al., 2020). The DSC curves of TEO, HP-β-CD, PM, and 
TEO/HP-β-CD-IC are shown in Fig. 2D. The DSC curve of HP-β-CD 
showed two characteristic peaks, corresponding to HP-β-CD dehydration 
at about 95 ◦C and decomposition at 349 ◦C. Meanwhile, the exothermic 
peak of TEO near 153 ◦C was caused by the loss of EO quality. TEO 
exhibited a endothermic peak at 275 ◦C, attributable to its decomposi-
tion. The DSC thermogram of the PM showed the characteristic peaks of 

HP-β-CD and TEO. In contrast, the DSC thermogram of TEO/HP-β-CD-IC 
exhibited an endothermic peak related to HP-β-CD, while no charac-
teristic peaks related to TEO, further confirming the successful encap-
sulation of TEO. 

If the encapsulated bioactive material is not fully incorporated into 
the encapsulated polymer, its DSC thermogram shows a single peak for 
each compound (bioactive substance and polymer). If there is no EO–NP 
interaction, the peak characteristics of the package cannot be observed 
(Hadidi et al., 2020). 

3.2.7. TG analysis 
TG analysis is a thermal analysis method in which changes in the 

Fig. 2. (A) Particle sizes distribution of HP-β-CD and TEO/HP-β-CD-IC. (B) FT-IR spectra, (C) X-ray diffractograms, (D) DSC curves, (E) TG, and (F) DTG curves of 
TEO, HP-β-CD, PM, and TEO/HP-β-CD-IC. 

Y. Qiang et al.                                                                                                                                                                                                                                   



Current Research in Food Science 8 (2024) 100668

6

physicochemical properties of materials are measured on the basis of the 
increase in temperature or changes over time (Zhu et al., 2014). The 
thermal stability of TEO, HP-β-CD, PM, and TEO/HP-β-CD-IC were 
investigated by TG. In the TGA curves (Fig. 2E), the pure HP-β-CD 
exhibited a two-stage weight loss: water loss at <135 ◦C and main 
HP-β-CD molecule degradation at >296 ◦C. Due to volatility, the free 
TEO showed a 67.64% weight loss at 30− 300 ◦C, indicating its thermal 
sensibility. Meanwhile, TEO/HP-β-CD-IC also showed water loss be-
tween 30 and 300 ◦C, with a mass loss equivalent to 9.33% of the total 
sample, implying that encapsulation might have protected TEO from 
thermal degradation. Moreover, the TG curve of TEO/HP-β-CD-IC 
showed thermal properties similar to those of HP-β-CD, in contrast to 
obvious difference between PM and TEO/HP-β-CD-IC in TG curves. In 
DTG curves (Fig. 2F), thermal decomposition occurred at both 
30− 257 ◦C and 315− 365 ◦C for PM, 349.37 ◦C and 345.64 ◦C for 
HP-β-CD and TEO/HP-β-CD-IC, respectively, and 276.64 ◦C for TEO. 
These observations showed the enhanced thermal stability of TEO pre-
sent in the HP-β-CD cavity, indicating that IC can effectively and stably 
encapsulate foreign molecules even at high temperatures, thereby 
improving their thermal stability and protecting EOs from evaporation 
(Cao et al., 2021; Guimaraes et al., 2015). 

3.3. Release kinetics of TEO from TEO/HP-β-CD-IC 

The IC release behavior is related to temperature and RH. Fig. 3 
shows the time course of TEO release from TEO/HP-β-CD-IC under 
different temperature and RH conditions. At different time intervals, the 
relative amount of TEO/HP-β-CD-IC released is expressed as the per-
centage of TEO released. Initially, a certain release amount was noted, 
which might be related to the adhesion of a small part of TEO on the 
surface of HP-β-CD. In a previous study (Shi et al., 2019), the initial 
release was attributed to the amorphous region of the microcapsule. 
Compared with the crystalline region, the amorphous region had a loose 
structure and could be easily affected by water vapor, so both temper-
ature and RH had significant effects on TEO release. 

In Fig. 3, the release of TEO from TEO/HP-β-CD-IC was seen to in-
crease with the increase of RH and temperature. When exposed to 4 ◦C 
temperature and 0% RH, TEO/HP-β-CD-IC showed the lowest TEO 
release amount (Fig. 3A). 

At the same temperature, the TEO release rate from TEO/HP-β-CD-IC 
was significantly higher at 75% RH than at 0% RH. Specifically, the TEO 
release rate reached 23.8% within 9 days at 40 ◦C and 0% RH, but within 
1 day as RH increased to 75%, much faster than the release at 0% RH. 
Seo et al. (2010) attributed this to that high RH may cause the partial 
dissolution of CD and change its molecular structure, inferring that the 
TEO release rate is related to the RH around TEO/HP-β-CD-IC (i.e., the 
percentage of TEO release increases with the increase of RH). Under the 
same RH, a high-temperature environment accelerated TEO release, and 
the percentage of TEO released at equilibrium was also higher than that 
at low RH. For example, at 45% RH, the TEO release percentage reached 
28.9% at 40 ◦C, but could only reach 19.6% at 4 ◦C. Loganathan et al. 
(2014) reported that a higher temperature promoted the release rate, 
presumably because heat accelerated molecular velocity. In the present 
study, the TEO release percentage reached equilibrium in ~21 and 9 
days at 4 and 27 ◦C, respectively, but in 5 days at 40 ◦C and 0% RH. 

Niu et al. (2020) and Yin et al. (2021) used Avrami’s model to fit the 
releasing process of the flavoring substance in IC: 

R= exp [-(kt)n
] (5)  

where R is the release rate of TEO at time t; t, storage time; k, release rate 
constant; n, release mechanism parameter. Theoretically, n < 0.54 in-
dicates a kinetic reaction where diffusion is hindered (i.e., release via 
limited diffusion), and n = 0.54–1 indicates the release via the combi-
nation of limited diffusion and first-order reaction. 

However, many controllable release systems do not follow a pure 

diffusion process, so several other methods have been developed to 
consider other possible underlying mechanisms. The Power Law model 
is usually used to describe the Fickian and non-Fickian release behavior, 
with a focus on the first part of the release curve (Mt/M∞ < 60%) 
(Estevez-Areco et al., 2018): 

Fig. 3. Effects of RH (0%, 45%, and 75%) and temperature (4, 27, and 40 ◦C) 
on the controlled TEO release from TEO/HP-β-CD-IC. (A) 4, (B) 27, and 
(C) 40 ◦C. 
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Mt

M∞
= ktn (6)  

where Mt
M∞ 

is the amount of TEO released at time t divided by the amount 
at equilibrium; k, the kinetic constant; n, release mechanism parameter. 
Theoretically, n = ~0.45 indicates release via Fick’s diffusion, n =
~0.89 exhibits release via the disintegration of CD particles, and n =
0.45–0.89 represents abnormal release. 

Another alternative method for describing release behavior is the 
empirical Weibull function (Estevez-Areco et al., 2018): 

Mt

M∞
= 1-exp

(
a.tb) (7)  

where Mt
M∞ 

is the amount of TEO released at time t divided by the amount 
at equilibrium; a and b, constants; b, also release mechanism parameter. 
Theoretically, b < 0.75 means the release via Fick’s diffusion; b = 0.75–1 
indicates release via CD particle disintegration; b > 1 shows the release 
mechanism is complicated. 

Fig. 3 presents the TEO release curves fitted to the aforementioned 
three models, and the related parameters are shown in Table 3. Here, the 
release rates (n, a, b, and k) of each model were calculated by linear 
regression analysis, and the correlation coefficient (R2) was used to 
evaluate the fitting accuracy. Under different temperature and RH 
conditions, TEO release could be fitted by these models. The release rate 
constant k was an important index to characterize the TEO release rate 
from TEO/HP-β-CD-IC. Under 40 ◦C, 0% RH, and 45% RH, the TEO 
release exceeded 60% in a short period. 

The Avrami’s model could well fit the TEO release kinetics (R2 >

0.9). In the Avrami’s model, except for the conditions of 4 ◦C and 45% 
RH, the other n values were all <0.54, indicating that TEO/HP-β-CD-IC 
followed the release of limited diffusion under these conditions. The 
TEO release rate was mainly related to the diffusion behavior of TEO 
molecules from the inside of the microcapsule aggregates. Under the 
conditions of 40 ◦C and 45% RH, the n value was between 0.54 and 1, 
indicating release via a combination of limited diffusion and first-order 
reaction. 

These results indicated that TEO release mainly depended on the 
concentration difference between microcapsules and air. When RH and 
storage temperature increased, the k value increased. Likewise, the TEO 
release rate increased with the increase of RH and storage temperature, 
allowing the rapid release of TEO from TEO/HP-β-CD-IC. In contrast, a 
low k value indicated that TEO was slowly released from TEO/HP-β-CD- 
IC. Under high RH, HP-β-CD could be dissolved by absorbing water, 
resulting in the decomposition of TEO/HP-β-CD-IC during storage. 
When water begins penetrating particle surfaces, cracks will appear near 
these surfaces, leading to TEO release (Seo et al., 2010). Overall, the k 
value was seen to increase with the increase of RH and storage tem-
perature, consistent with the conclusion drawn in Fig. 3. 

The Weibull model fitting results were similar to those of the Avra-
mi’s model. Under the conditions of 4 ◦C, 0% and 45% RH, the b values 

were 0.776 and 0.797, respectively, indicating TEO release via the 
disintegration of CD aggregate particles. Under other conditions, the b 
value was <0.75, indicating TEO release via Fick’s diffusion. Compari-
son of k values under different temperature conditions revealed the in-
crease of k in a temperature-dependent manner. In the Power Law 
model, only in the case of TEO release at 4 ◦C, the n values were in the 
range of 0.45–0.89, indicating abnormal release, and in the remaining 
six conditions, the n values were all <0.45, indicating TEO release via 
Fick’s diffusion. 

Therefore, TEO/HP-β-CD-IC showed the lowest TEO release rate 
under low temperature (4 ◦C) and low RH (0%) conditions, while the 
largest TEO release rate at 40 ◦C with 75% RH, indicating that TEO 
release could be controlled by changing RH and temperature, because 
β-CD steric hindrance may protect the volatilization of volatile com-
pounds and adjust their release according to environmental conditions 
(Da Rocha Neto et al., 2018). 

4. Conclusion 

In this study, the optimal process conditions for embedding TEO in 
HP-β-CD were obtained using an orthogonal experiment design. The 
prepared TEO/HP-β-CD-IC appeared as irregular block structure, with 
D50 particle size of 644.2 nm and a positively charged surface. The 1H 
NMR, FT-IR, XRD, and DSC results showed that TEO/HP-β-CD-IC was 
successfully prepared, and the TGA results indicated that microencap-
sulation could improve TEO thermal stability. Moreover, the models of 
Avrami, Weibull, and Power Law were used to analyze the TEO release 
kinetics from TEO/HP-β-CD-IC under different RH and temperature 
conditions. TEO showed the release via limited diffusion in the Avrami 
model and the release via Fick’s diffusion law in the Weibull and Power 
Law models. Overall, the higher the ambient temperature and RH, the 
higher the TEO release rate from the microcapsules, indicating timely 
TEO release from microcapsules can be achieved by regulating tem-
perature, RH, and time. There is great potential to apply TEO/HP-β-CD- 
IC in the active food packaging. Therefore, the antibacterial character-
istics of the IC and their impact on food preservation will be investigated 
further. 
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Table 3 
Parameters for TEO release fitted with Avrami, Weibull, and Power Law models.  

Temperature (◦C) RH (%)< Avrami Weibull Power Law 

k n R2 a b R2 k n R2 

4 0 4.570 × 10− 4 0.471 0.921 8.746 × 10− 2 0.776 0.932 0.2006 0.455 0.924 
45 1.791 × 10− 3 0.552 0.933 6.692 × 10− 2 0.797 0.925 0.1539 0.526 0.936 
75 2.472 × 10− 3 0.486 0.959 0.1051 0.699 0.952 0.2136 0.454 0.958 

27 0 3.890 × 10− 4 0.436 0.959 0.1649 0.670 0.901 0.2700 0.423 0.960 
45 1.006 × 10− 4 0.285 0.969 0.2604 0.490 0.914 6.952 × 10− 2 0.270 0.970 
75 9.700 × 10− 4 0.342 0.919 0.1142 0.496 0.917 5.319 × 10− 2 0.318 0.929 

40 0 2.566 × 10− 3 0.343 0.979 0.0859 0.392 0.940 – – – 
45 4.412 × 10− 3 0.284 0.902 0.8666 0.474 0.913 0.554 0.272 0.946 
75 2.855 × 10− 2 0.361 0.952 0.6368 0.503 0.957 0.526 0.305 0.944  
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the work reported in this paper. 
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