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Abstract. Dipsacus asper essential oil (DEO) was
encapsulated within a nanostructured lipid carrier (DEO-
NLC), with chitosan (DEO-NLC-CS) subsequently applied as
a surface coating. These carriers ' physicochemical and
morphological properties, stability, in vitro release
performance, and antioxidant activity were investigated. This
study presents a new approach to address the challenges of
Dipsacus essential oil's volatility and poor water solubility.
The average diameter of DEO-NLC and DEO-NLC-CS were
6890 + 1.18 and 11940 + 140 nm, respectively, as
determined by dynamic light scattering (DLS). Scanning
electron microscope (SEM) and transmission electron
microscope (TEM) confirmed both carriers were spherical-
like coating structures, which confirmed the results of DLS.
Attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR) showed the successful physical
capture of DEO in DEO-NLC and DEO-NLC-CS. The X-ray
diffractogram of DEO-NLC and DEO-NLC-CS exhibited a
wide high-intensity peak at 20 = 15~25°, indicating that DEO
was entrapped within NLC. It has been confirmed through
differential scanning calorimetry (DSC) that the chitosan
matrix successfully encapsulated DEO. In vitro release studies
showed that both exhibited good sustained release properties.
The antioxidant studies showed that blank NLC, DEO-NLC,
and DEO-NLC-CS have good 1,1-diphenyl-2-picryl-hydrazyl
radical (DPPH-) scavenging activities.

©2026, Sociedad Quimica de México. Authors published within
this journal retain copyright and grant the journal right of first
publication with the work simultaneously licensed under a
Creative Commons Attribution License that enables reusers to
distribute, remix, adapt, and build upon the material in any
medium or format for noncommercial purposes only, and only so
long as attribution is given to the creator.

BY _NC



mailto:XFLiang@swust.edu.cn
https://www.jmcs.org.mx/
http://creativecommons.org/licenses/by-nc/4.0

Article J. Mex. Chem. Soc. 2026, 70(1):¢2165
Regular Issue

©2026, Sociedad Quimica de México

ISSN-¢ 2594-0317

Resumen. El aceite esencial de Dipsacus asper (DEO) se encapsuld dentro de un portador lipidico
nanoestructurado (DEO-NLC), y posteriormente se aplicd quitosano (DEO-NLC-CS) como recubrimiento de
superficie. Se investigaron las propiedades fisicoquimicas y morfoldgicas, la estabilidad, el rendimiento de
liberacion in vitro y la actividad antioxidante de estos portadores. Este estudio presenta un nuevo enfoque para
abordar los desafios de la volatilidad y la mala solubilidad en agua del aceite esencial de Dipsacus. El didmetro
promedio de DEO-NLC y DEO-NLC-CS fue 68,90 + 1,18 y 119,40 + 1,40 nm, respectivamente, segun lo
determinado por dispersion dinamica de luz (DLS). El microscopio electronico de barrido (SEM) y el
microscopio electronico de transmision (TEM) confirmaron que ambos portadores eran estructuras de
recubrimiento esféricas, lo que confirmo los resultados de la DLS. La espectroscopia infrarroja de transformada
de Fourier de reflectancia total atenuada (ATR-FTIR) mostro la captura fisica exitosa de DEO en DEO-NLC'y
DEO-NLC-CS. El difractograma de rayos X de DEO-NLC y DEO-NLC-CS mostré un pico amplio de alta
intensidad en 20 = 15~25°, lo que indica que el DEO qued¢ atrapado dentro de NLC. Se ha confirmado mediante
calorimetria diferencial de barrido (DSC) que la matriz de quitosano encapsul6 con éxito el DEO. Los estudios
de liberacion in vitro demostraron que ambos presentaban buenas propiedades de liberacion sostenida. Los
estudios de antioxidantes mostraron que los blancos NLC, DEO-NLC y DEO-NLC-CS tienen buenas
actividades de eliminacion del radical 1,1-difenil-2-picril-hidrazilo (DPPH").

Introduction

With the rapid increase in the global population and the use of antibiotics, multidrug-resistant strains
(MDR) and extremely drug-resistant strains (XDR) have become a huge threat to secondary infections [1].
Currently, the treatment of secondary infection after recovery is still based on long-term antibiotic treatment.
The intensive and improper use of antibiotics and insufficient course of antibiotic treatment not only accelerate
the emergence of multidrug-resistant strains and extremely drug-resistant strains but also aggravate the pain of
patients [2-4]. Currently, there is a shortage of antibiotics available for clinical use. Researchers have suggested
that combining existing antibiotics with natural compounds, such as plant essential oils, may be an effective
solution to address this issue; combining EOs/volatile compounds and antibiotics can exert a multi-target
antimicrobial activity, effectively reducing or reversing microbial resistance [5-7].

EOs are hydrophobic substances obtained mainly by steam distillation or extraction from plant tissues
like leaves, roots, flowers, and fruits [8]. Most herbs are rich in bioactive substances like EOs and have a wide
range of biological and antibacterial activities due to their complex components [9]. Furthermore, the low
potential for microbial resistance development associated with EOs stems from their multi-componential nature,
enabling multi-target activity against multidrug-resistant (MDR) bacteria. This attribute represents a significant
advantage over the single-target effects of conventional antibiotics [10-13].

Dipsacus asper (Dipsacus asper wall. Ex Henry) is a medicinal plant in China. As stated, it is a member of
the family Caprifoliaceae and the Lamiaceae, and the main medicinal part is its root. The plant is widely distributed
in China's southwest and central regions [14-16]. The above plant has a complex composition and various
pharmacological effects, including anti-osteoporosis, bone protection, uterine protection, antibacterial, etc [17]. As
one of the main components of Dipsacus asper, the essential oil of Dipsacus asper (DEO) shows good
pharmacological effects in anti-tumor, antibacterial, and other aspects, which is expected to become an alternative
drug for combined antibiotic therapy [18]. However, DEO is characterized by active and volatile chemical properties,
rendering it susceptible to external influences. Owing to its reactivity, it is prone to oxidation and decomposition.
Furthermore, its limited solubility in water constrains its application and impedes further development [19].

Encapsulation technology can protect DEO from adverse environmental conditions, which is an effective
method to protect DEO from environmental impact and prolong the inhibition of microorganisms [20]. Nanostructured
lipid carriers (NLC) can serve as a promising carrier system to improve the bioavailability of lipophilic substances, with
simpler preparation methods and higher encapsulation rates than liposomes and nano-emulsions. They can be used as a
perfect substitute for both [21,22]. However, NLC still has relatively poor storage stability [23].

Coating polymers on the surface of NLC can improve its storage stability [24,25]. Natural polymers
are widely used in various fields due to their reliable mechanical and material properties. Among them, chitosan
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is a linear cationic polysaccharide with a high degree of biodegradability, antibacterial, non-toxic, and good
biocompatibility. It is used in biomedical applications widely. Its coating on the surface of NLC can avoid NLC
aggregation and fusion [26], prevent drug leakage [27], improve drug retention rate, effectively reduce the
degree of lipid oxidation [28], and enhance the thermal stability of NLC [29].

The main purpose of this study is to obtain DEO-loaded NLC (DEO-NLC) and DEO-loaded NLC of
chitosan (DEO-NLC-CS) by a simple and efficient melt emulsification-ultrasonic method, to prolong the
storage time of DEO and improve its bioavailability, which provides a way for subsequent antibiotics combined
with natural compounds. The physicochemical properties of the prepared blank NLC, DEO-NLC, and DEO-
NLC-CS were studied, including average particle size, Zeta potential, encapsulation efficiency, drug loading,
thermal analysis, wide-angle X-ray diffraction, in vitro release study and antioxidant activity.

Materials and methods

Materials

Dipsacus asper was purchased from Zhenyaotang Pharmaceutical Co., Ltd. (Jiangxi, China); Glycerol
Monostearate (GM), Glyceryl Octanoate (GO), Tween 80 (CP), Chitosan (degree of deacetylation 80 %, MW
= 500000) and Soybean Lecithin (SL) were provided by Shanghai Macklin Biochemical Co., Ltd. (Shanghai,
China); 1,1-diphenyl-2-picryl-hydrazyl radical (DPPH-) was provided by Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China); All other chemicals were of analytical grade.

Extraction of Dipsacus asper essential oil

Dipsacus asper is a genuine medicinal material in China, and its main medicinal component is its root
[30]. In this experiment, a supercritical CO, extraction device was used. The D. asper powder was extracted
using ethanol as the carrier agent (all samples were crushed and passed through 20 mesh sieve) [31-33]. After
extraction, the unstable target product was removed using a rotary evaporator to extract the liquid. The essential
oil was obtained by vacuum pumping for 10 minutes. Keep it in the refrigerator at 4 °C.

Gas chromatography (GC)-Mass spectrometer analysis (IMS)

Gas chromatography condition: Nonpolar SH - Rxi - 5 Sil MS capillary column (30 m x 0.25 mm
x0.25 um) was used, with helium as the carrier gas. The injection temperature was 290 °C, and the column box
temperature was controlled using a programmed heating scheme. The initial temperature of the column was set
at 50 °C, which was held for 5 min, then it was increased to 200 °C at 10 °C/min for 2 min and finally increased
to 290 °C at 5 °C/min for 10 min. The injection volume was 1puL, with a shunt ratio 10:1. The column flow was
maintained at 1.0 mL/min, and the solvent delay time was set at 3 min.

Conditions for mass spectrometry: Ion source ~ electron bombardment ion source (EI); source
temperature ~ 200°C; interface temperature ~ 220°C; detection voltage ~ 0.8 kV; mass scanning range (m/z) ~
33 to 700 amu; electronic energy ~ 70 eV [34].

Preparation of DEO-loaded NLC and DEO-loaded NLC of chitosan

The preparation steps of DEO-NLC and DEO-NLC-CS are shown in Fig. 1 was prepared by melt
emulsification ultrasonic method, as previously described by Wang et al., with slight modifications [35,36]. In
brief, a mixture comprising 0.05 g of caprylic capric triglyceride (CAT), 0.05 g of glyceryl monostearate (GM),
and 0.1 g of DEO was melted at 73 °C to form the oil phase. Simultaneously, a solution containing 0.4 g of soy
lecithin and 0.4 g of Tween 80 dissolved in 20 mL of ultrapure water was prepared and melted at 73 °C to constitute
the aqueous phase. Subsequently, the aqueous phase was slowly added to the oil phase under continuous stirring
at 600 rpm and at a constant temperature. Stirring was maintained for 20 min until colostrum formation occurred.
Colostrum was obtained by ultrasound (ultrasonic amplitude 80 %, open for 5 s, stop for 5 s) for 15 min, cooled
and solidified in an ice water bath for 5 min, and then passed through 0.22 um microporous membrane. The
preparation method of DEO-NLC-CS was almost unchanged according to the method of Lee et al. [37]. One
hundred mL of 1 % (V/V) glacial acetic acid solution was prepared. To this, 10 mL of 1 % (V/V) glacial acetic
acid was added to 0.01 g chitosan powder and stirred until a colorless viscous liquid was formed. 10 mL of the
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above solution was mixed with 10 mL of hot DEO-NLC and stirred at 60 °C for 2 h. The mixture was ultrasonically
dispersed and cooled at room temperature to obtain the product.2.5 Physicochemical characterization.

73°C 73°C 73°C ultrasonic cell disruption

= - polysorbate 80

e —
P — [ =
[ ] soyabean lecithin

DEO-NLC

< ; N

aqueous phase lipid phase

o R ultrasonic cell disruption 60°C . glyceryl monostearate

stir 2 hours

«== glyceryl octanoate

‘ \ = @ DEO
DEO-NLC-CS ~— \’

Fig. 1. Flow chart of DEO-NLC and DEO-NLC-CS preparation.

Particle diameter and Zeta potential

After 24 h of preparation, the average diameter, polydispersity index (PDI), and Zeta potential of DEO-
NLC and DEO-NLC-CS were determined by 90 plus laser particle size analyzer and Zeta potential analyzer
(Malvern Instruments, UK) at 25 °C. Before the test, the dispersions were diluted 10-fold with deionized water
to prevent multi-scattering due to the interparticle interaction of measurements made in triplicate. The Zeta
diameters were utilized to calculate their zeta potential value automatically.

Morphological characterization

The transmission electron microscope (TEM) was used to observe whether the prepared object had a
coating structure. Before the analysis began, a wax plate was taken, and a copper mesh containing the supporting
film was placed on it. Then, 5 pL of DEO-NLC and DEO-NLC-CS were added dropwise on the membrane and
left to dry naturally. After that, 5 uL of 2 % phosphotungstic acid was added dropwise, excess liquid was
absorbed with filter paper, and the samples were observed under the TEM. The shape and surface analysis of
the DEO-NLC and DEO-NLC-CS formulations were observed by scanning electron microscopy (SEM). Before
the analysis, the DEO-NLC and DEO-NLC-CS nanosuspensions were placed on a double-side carbon tape
mounted onto an aluminum stud and dried in a desiccator. After these procedures, the freeze-dried nanoparticles
were placed on the conductive adhesive and observed by SEM.

Fourier-transform infrared (ATR-FTIR) spectroscopy

The interactions between DEO, DEO-NLC, and chitosan were studied using ATR-FTIR. All samples
were freeze-dried before scanning. ATR-FTIR spectra of DEO, NLC, DEO-NLC, and DEO-NLC-CS beads in
the 4000 to 500 cm™! range were recorded more than 32 times.

Measurement of nanoparticles crystallinity by X-ray diffraction (XRD) analysis

XRD is a useful technique for evaluating lipid arrangement and phase behavior and characterizing lipid
structure. The presence of liquid lipids does not affect solid lipid polymorphisms [38-40]. Before the scan, all
samples were freeze-dried. Then, measurements are taken using the PertPro diffractometer, which controls its
accelerating voltage of 40 kV and filament current of 40 mA with Cu Ka radiation and graphite monochromator,
the dried NLC, DEO-NLC, and DEO-NLC-CS hydrogel beads were measured from 10° to 80°, using a step
size of 0.03° at an angular speed of 2 °/min.

Thermal analysis

After drying, the sample is precisely weighed and placed in an aluminum pan with a lid. During the
scanning process, heating is performed at a heating rate of 5 °C/min over a temperature range of 0 to 200 °C
and nitrogen purging at a flow rate of 20 mL/min.
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Article J. Mex. Chem. Soc. 2026, 70(1):¢2165
Regular Issue

©2026, Sociedad Quimica de México

ISSN-¢ 2594-0317

Determination of loading parameters

The encapsulation efficiency (EE%) and loading capacity (LC%) of the DEO-NLC and DEO-NLC-
CS by Fatemeh et al. [40],with almost no modification. Centrifugation was used to separate free and
encapsulated DEO. Briefly, | mL of DEO-NLC and 7 mL of 50 % (w/w) ethanol were added to the
ultrafiltration tube. Then, the above mixed solution was centrifuged at 4000 rpm for 5 min. The bottom filtrate
was collected and diluted with 50% (w/w) ethanol, and its absorbance of the free DEO was measured by an
ultraviolet-visible spectrophotometer at Amax = 272 nm. Retain the solution at the upper end of the ultrafiltration
tube, add 1 ml of chloroform, and shock for 5 minutes. The absorbance of the encapsulated DEO was tested at
Amax = 272 nm. Three times in parallel. In the mass concentration range of 0.1 ~ 2 mg/mL, the amount of DEO
was calculated by the standard curve: y = 0.5727 x + 0.0848, and the correlation coefficient R? = 0.9979 (n=6).
Embedding parameters are determined as equations:

EE.% Amount of the encapsulated DEO 100% |
= X
0™ (Amount of the encapsulated DEO + Amount of the free DEO) 6 M

EE.% = 1 Amount of the free DEO — Chitosan sol « 100% 5
270 = Amount of initial DEO 0 @)

LCY% = Amount of encapsulated DEO % 100% 3
™ (Amount of total lipids — total of DEO) ° 3)

In-vitro release study

The in-vitro release studies of pure DEO DEO-NLC and DEO-NLC-CS were studied by dialysis [23].
In general, DEO is a hydrophobic substance. The solubility of DEO in the receptor medium can be increased
by adding ethanol, according to the mandatory requirement of the release study, a 7:3 (V/V) mixture of
phosphate-buftfered saline (PBS) and an ethanol solution at pH = 7.4 as the acceptor phase to provide reasonable
absorption condition. Before the study, 2 mL of pure DEO, DEO-NLC, and 2 mL DEO-NLC-CS to the dialysis
bag, respectively. They were immersed in a 50 mL receptor phase and stirred at a rotor speed of 150 r/min for
48 h at 37 °C. At the selected time point, 2 mL of each sample was replaced with an equal volume of fresh
receptor phase to maintain a constant volume. Finally, the sample was determined at 272 nm.

Storage stability study

During the storage of the sample, oxidation, and heating can lead to the degradation of DEO. DEO-
NLC and DEO-NLC-CS were stored at 25 °C for one month, the average particle size, Zeta potential, and PDI
of the above two particles were detected on the first day, the seventh day, the fourteenth day, the twenty-first
day, and the twenty-eighth day to explore their storage stability at 25 °C.

Determination of the 1,1-diphenyl-2-picryl-hydraxyl radical (DPPH:- ) scavenging capacity
DPPH has been widely used to evaluate the antioxidant activity of various chemicals. The DPPH
scavenging ability of DEO-NLC and DEO-NLC-CS were measured to characterize their antioxidant activity.
These methods were based on the method described by Hu et al., with slight modifications [41]. Firstly, 4 mg
of DPPH powder was added to ethanol to prepare a DPPH solution of 0.08 mg/mL. The DEO-NLC and DEO-
NLC-CS dispersion were dissolved in ultrapure water to prepare sample solutions with 50, 100, 200, 400, and
600 mg/mL mass concentrations, respectively. Then, the mixture of 2.0 mL DPPH solution and 2 mL anhydrous
ethanol was prepared as the control (Ao), the mixture of 2.0 mL DPPH solution and 2.0 mL sample solution
with different concentrations (A1) and the mixture of 2.0 mL anhydrous ethanol and 2.0 mL essential oil sample
solution (A,) were prepared. The above three solutions were mixed and placed in the dark for 30 min. The
absorbance was measured at 517 nm by ultraviolet spectrophotometer. The inhibition rate formula is as follows:

. . (Ao + 4, +4)
DPPH scavenging ability = — X 100% “4)
0
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Statistical analysis
All experiments were performed as mean + standard deviation, n = 3. The Kruskal - Wallis test was
used for comparisons. All tests were analyzed using SPSS 26.0; P < 0.05 was statistically significant.

Results and discussion

GC-MS analysis

GC-MS analyzed the main components of the essential oil in D. asper, and the relative content of each
component was calculated using the peak area normalization method. It can be seen from Table 1 that a total of
46 compounds were detected in the essential oil of D. asper. Among them, the compounds with relative
percentage content greater than 2 % were hexadecanoic acid (8.93 %), hexadecanoic acid, ethyl ester (4.22 %),
linoleic acid ethyl ester (3.91 %), ethyl alpha -linolenate (3.13 %), capryl palmitate (2.54 %), clionasterol
(10.51 %). The relative content of linoleic acid (1.90 %), ethyl n-octadecanoate (1.05 %), clionasterol (1.82 %),
campesterin (1.90 %), and lanoster (1.04 %) were more than 1 %.

Table 1. Chemical components of DEO.

R.T/ Compounds Molecular l:oelllztlZith(; Similarity
min Formula % ! %
4.04 Acetic acid n-propyl ester CsHi00; 0.28 86
4215 Acetal CeH1402 0.73 95
7.602 Butyrolactone C4HsO2 0.25 95
10.991 Linalol CioHis0 0.68 96
11.065 Nonaldehyde CoH 150 0.05 92
13.11 1-Thia-3-azaindene C7HsNS 0.17 85
14.177 2-methylInaphthalene CiiHio 0.29 92
14.407 1-Methylnaphthalene CiiHio 0.12 94
19.19 2-Methylhexacosane Cy7Hse6 0.26 90
21.013 Neophytadiene CaoHsg 0.20 93
21.388 Phthalic acid C26H4204 0.12 85
22.384 Hexadecanoic acid, methyl ester Ci7H340, 0.31 88
22.947 Hexadecanoic acid CisH3202 8.93 97
23.457 Hexadecanoic acid, ethyl ester Ci3H3602 4.22 95
25.037 9,12-Octadecadienoic acid, ethyl ester Co0H3602 0.18 86
25.64 cis,cis-Linoleic acid CisH3,0, 1.90 94
26.068 Linoleic acid ethyl ester C20H3602 391 96
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R.T/ Compounds Molecular ﬁ)elllztlzinvte/ Similarity

min Formula o ! %
26.162 Ethyl alpha -linolenate C20H340, 3.13 89
26.261 Ethyl (9Z)-9-octadecenoate C0H330, 0.36 92
26.569 Ethyl n-octadecanoate C20H400> 1.05 95
27.855 1-Methylpyrene Ci7H12 0.18 90
28.173 Hexatriacontane CssH74 0.17 94
28.439 2-Ethylhexyl trans-4-methoxycinnamate CisH2603 0.09 93
28.439 Octinoxate CisH2603 0.09 93
29.481 Ethyl arachidate C»Hu0, 0.31 91
29.592 Tetracontane CaoHs2 0.16 91
29.592 Triacontane CsoHe2 0.16 90
30.924 Capryl palmitate C24H430, 2.54 94
31.275 Phthalic acid, di(oct-3-yl) ester C24H3304 0.20 91
31.338 Bis(2-ethylhexyl) phthalate C24H3304 0.49 93
32.163 Ethyl docosanoate C24H430, 0.15 90
33.507 Tetracosane Ca4Hso 0.23 92
33.507 Dotriacontane CsHees 0.23 91
33.507 Tetratriacontane CssH7o 0.23 90
33.507 2-Methyloctacosane Ca9Haeo 0.23 90
34.708 Tetrapentacontane CssHio 0.11 89
34.708 Tetracontane Ca4oHs2 0.11 88
34.864 Squalene CsoHso 0.66 93
35.868 Hexacontane CsoHi22 0.37 93
36175 | imetylotdocn-.. 1 Lren |1 chroman-ol | CHHEO2 | 045 5
38.432 Tetrapentacontane Cs4Hi10 0.54 91
39.065 Clionasterol Cy9Hs500 1.82 91
39.435 (24Z)-Stigmasta-5,24(28)-dien-3-ol C29H430 0.40 91
40.577 Campesterin CasHys0 1.90 90
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42.286 Clionasterol C29H500 10.51 90

44.302 Lanster C30Hs500 1.04 89

Physicochemical characterization
Particle diameter, PDI, and Zeta potential

The average diameter and PDI of the DEO-NLC dispersion were 68.90 + 1.18 nm and 0.252 + 0.013,
respectively (Fig. 2(a)). The average diameter and PDI of the DEO-NLC-CS were 119.40 = 1.40 nm and 0.253 +
0.003, respectively (Fig. 2(e)). All the above diameter distributions were less than 0.5. The particle diameter increased
after DEO-NLC was coated with chitosan, and the electrostatic interaction of chitosan with DEO-NLC was
confirmed.

It is generally believed that the system with a Zeta potential of -30 ~ -60 mV is stable [42]. Although the
Zeta potential of DEO-NLC was -27.8 £ 1.20 mV, the prepared particles were clear and transparent, and no
aggregation occurred. The Zeta potential of DEO-NLC-CS was 30.71 + 2.34 mV. The Zeta potential of the DEO-
NLC-CS that was prepared became positively charged due to the presence of chitosan, which carries an amino group
with a positive charge. On the other hand, the principal component of NLC is a phospholipid, which has a negative
charge. The two particles were combined through electrostatic interaction, and the potential was represented by the
outermost layer of chitosan [23,43].

.
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Fig. 2. (a), (b), (¢), (d), and (i) are the DLS histogram, visual image, TEM image, TEM local amplification image
and SEM image of DEO-NLC after freeze-drying, respectively; (e), (f), (g), (h), and (j) are the DLS histogram,
visual image, TEM image, TEM local magnification image and SEM image of DEO-NLC-CS, respectively.
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Table 2. Particle diameter, polydispersity index, Zeta potential value of DEO-NLC and DEO-NLC-CS (mean +
SD, n=3).

The type of particle | Particle diameter (nm) | Zeta potential (mV) | Polydispersity (PDI)

DEO-NLC 68.90 £ 1.18 -27.80£1.20 0.252 +0.013

DEO-NLC-CS 119.40 £ 1.40 30.71 £2.34 0.324 +0.003

Morphological characterization

From the perspective of the macroscopic morphology, when viewed under natural light, the DEO-NLC
appears clear and transparent with a pale yellow opalescent (Fig. 2(b)). After slight shaking, the level was
uniform, the distribution was even, and there were no visible particles at the bottom. Similarly, DEO-NLC-CS
produces a similar effect; DEO-NLC-CS also observed a similar phenomenon (Fig. 2(f)).

From the perspective of microscopic morphology, the prepared DEO-NLC and DEO-NLC-CS were
spherical-like particles (Fig. 2(c), 2(g)), with no adhesion between particles, small particle diameter difference,
and uniform distribution; the above particles all had obvious coating structure (Fig. 2(d), 2(h)), there is no
adhesion between the particles, indicating that the material is successfully prepared. It can be seen that DEO-
NLC and DEO-NLC-CS are spherical particles with uniform distribution (Fig. 2(i), 2(j)).

Fourier-transform infrared (FTIR) spectroscopy

The IR spectra for the pure DEO, DEO-NLC, and DEO-NLC-CS are presented in Fig. 3(a). Chitosan
powder (CS) contained characteristic peaks in 1159 cm™! (Amine) 2900 cm™! (C-H stretching) [3420 cm™ (O-H
stretching)] 1645 cm™! (C=0 stretching) 1603 cm™ (NH; bending) and 1662 cm™! (amide 1) [23]. As shown in
Fig. 3(a), the IR spectrum of pure DEO showed a series of characteristic absorption peaks in 3353 cm™ (O-H)
2850~2960 cm! (Aliphatic CHs and CH,) 1454 ¢cm™ [(CH2)n] 1380.95 cm™! [(-CH(CH3),)]. The blank NLC
was made of auxiliary materials other than DEO. The main functional groups in the spectra of the blank NLC,
DEO-NLC, and DEO-NLC-CS vibrate almost identically. Still, the characteristic peaks of the pure DEO
migrate or disappear. The results showed that there was a physical interaction between the blank NLC, DEO-
NLC, and DEO-NLC-CS, and there was no chemical interaction and no intermolecular interaction [44],
indicating that DEO was successfully coated in DEO-NLC and DEO-NLC-CS.

Measurement of nanoparticles crystallinity by X-ray diffraction (XRD)analysis

Glyceryl monostearate (GM) has a highly ordered B or B' crystal structure that leaves less space for
active substances, causing drug leakage. [45,46]. As shown in Fig. 3(b), there was no strong characteristic
diffraction peak of GM in the blank NLC, it only had a weak diffraction peak, indicating that the crystal form
of GM changed, and the blank NLC was successfully prepared. After the addition of DEO, the crystallinity
decreased because DEO was not only a bioactive substance but also a special liquid lipid, resulting in more
cavities and providing greater space and higher solubility for itself. After coating with chitosan, the crystallinity
changed again. The above changes may be because chitosan is a crystal, which has no chemical interaction with
DEO-NLC. Only physical coating is carried out, verifying the results in ATR-FTIR [47].

Thermal analysis

The release of the bioactive may be triggered by the melting of the lipid matrix, therefore it is important
to access the thermal behavior of the nanostructured lipid carriers [48]. Differential scanning calorimetry (DSC)
is widely used to evaluate drug melting behavior and polymorphisms in NLC [49]. As shown in Fig. 3(c), the
blank NLC showed a broad thermal spectrum, indicating that the particle was in a partially crystalline mixture
or polycrystalline state of compounds with different melting points. With the addition of DEO, the thermal
spectrum of NLC shifts to a lower melting peak, and the interaction between lipids and bioactive substances
occurs, consistent with Miranda et al.'s view [21]. Similarly, the melting peak of DEO-NLC-CS broadens at
about 130 °C and moves to a lower temperature. The decrease in melting point may be related to chitosan
encapsulation [33].
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Fig. 3. (a) ATR-FTIR spectra; (b) XRD diffractograms; (¢) DSC melting curves.

Determination of encapsulation efficiency (EE%) and loading capacity (LC%)

The EE% and LC% are crucial parameters for assessing the quality of lipid nanoparticle formulations
[21]. The EE% of the DEO-NLC was over 80 %, indicating that the prepared DEO-NLC had an excellent
coating rate (Fig. 4(a)). The high EE% of DEO-NLC due to its lipophilicity, and the distribution in the lipid
matrix of NLC is higher than in the aqueous phase. The EE% of DEO-NLC-CS (90.76 + 0.34 %) was
significantly (P < 0.05) higher than DEO-NLC (83.14 £ 1.43 %), which may be due to the increase of particle
size after chitosan coating DEO-NLC, creating more space for the encapsulation of bioactive substances,
resulting in higher EE% (Fig. 4(a)).

In addition, The LC% of DEO-NLC was 17.39 = 0.10 %, and the DEO-NLC-CS was 18.82 + 0.23 %
(Fig. 4(b)). The LC% of DEO-NLC-CS was higher than that of DEO-NLC. The electrostatic interaction
between chitosan and DEO-NLC may have further ensured the high LC% of DEO-NLC-CS [20].

The above results indicate the prepared DEO-NLC and DEO-NLC-CS achieved the ideal
encapsulation efficiency in this study.

120 25
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g % 15
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g " L 104
§ é 5_
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Fig. 4. (a) The entrapment efficiency (EE%); (b) loading capacity (LC%).

Table 3. EE% and LC%.
Number EE (%) LC (%)
DEO-NLC 84.21 +£1.29 17.26 £ 0.06
DEO-NLC 83.70 £ 0.58 17.42 +0.03
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Number EE (%) LC (%)

DEO-NLC 81.52+£0.13 17.47 £0.02

DEO-NLC-CS 91.09 £ 0.11 18.66 £ 0.16

DEO-NLC-CS 90.41 £0.22 18.71 £ 0.14

DEO-NLC-CS 90.80+0.17 19.09 £ 0.11

In-vitro release study

The standard curve equation of the solution drawn with phosphate buffer solution as the solvent is
shown in Fig. 5(a). Therefore, in the concentration range of 0.1~2.0 mg/mL, the equation was used for the in
vitro release study.

Within 0.5~1h of dialysis, the pure DEO had a sudden release phenomenon, and the released mass
reached 0.75 mg (Fig. 5(b)). Compared with the burst release behavior of pure DEO,DEO-NLC and DEO-
NLC-CS showed better-sustained release performance. After 1 h of release, DEO-NLC and DEO-NLC-CS only
released about 0.275 mg and 0.159 mg of DEO, respectively. The release of DEO in DEO-NLC is activated by
the hydrophobic interaction between Tween 80 contained in the particle itself and other lipids or the melting of
the hydrophobic core at 37 °C, leading to the dissociation of the nanostructure [41,50]. In contrast, DEO-NLC-
CS had a more stable nanostructure due to the positive charge of the outer chitosan and the electrostatic
interaction of the inner negatively charged nanostructured liposomes. DEO-NLC was completely released at 24
h, while DEO-NLC-CS was completely released at 48 h. It confirmed the prepared DEO-NLC-CS had better
sustained release performance than DEO-NLC.
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Fig. 5. (a)Standard curve of release medium (PBS solution); (b)/n vitro release profiles.

Storage stability study

The storage stability of DEO-NLC and DEO-NLC-CS was investigated at 25 °C without light and
ventilation. From Fig. 6(a) and 6(b), it can be seen that the average diameter of DEO-NLC and DEO-NLC-CS
changed almost nothing after one month. However, the Zeta potential of DEO-NLC gradually increased, while
the potential of DEO-NLC-CS did not change significantly (Fig. 6(c)). On the 15th day, DEO-NLC appeared
flocs, while DEO-NLC-CS had no change (Fig. 6(d)).

PDI can reflect the width of particle diameter distribution. The smaller value can get a more uniform
particle diameter and a more concentrated distribution of particle diameter [42]. Both particles showed a
significant decrease in PDI in the third week (Fig. 6(a), 6(b)). This may be due to the accelerated movement
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between particles caused by weather changes, and the dispersion improves [51]. The results above showed that

the stability of DEO-NLC-CS was stronger than that of DEO-NLC.
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Fig. 6. (a) The diameter distribution of DEO-NLC after storage for 1 month; (b) The diameter distribution of
DEO-NLC-CS after storage for 1 month; (¢) The variation in Zeta potential during storage for 1 month; (d)
Phenomena of the particles on the first day and the fifteenth day. Values were presented as mean + SD (n=3).

Antioxidant activity

The DPPH free radical scavenging experiments of pure NLC, DEO-NLC, and DEO-NLC-CS showed
that the encapsulated particles still had good antioxidant activity. Their ability to scavenge DPPH free radicals was
concentration-dependent. The DPPH free radical scavenging ability increased with the increase of concentration
(Fig. 7). Among them, blank NLC still had high free radical scavenging activity, which is attributed to the soybean
lecithin (the main component of NLC), soybean lecithin has good antioxidant properties [52].
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Fig. 7. DPPH radical inhibition of NLC, DEO-NLC, and DEO-NLC-CS at various concentrations.
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Conclusions

In this study, the D. asper essential oil (DEO) was successfully extracted by a supercritical CO;
extraction device, and the NLC loaded with DEO was synthesized by melt emulsification-ultrasonic dispersion
method, which solved the problem of easy-volatilization and instability. The prepared DEO-NLC was coated
with chitosan to overcome the shortcomings of easy aggregation and poor dispersion of DEO-NLC at room
temperature for a long time. Since the prepared DEO was found to have good oxidation resistance in the
previous experiments, DEO-NLC and DEO-NLC-CS were used for the preliminary investigation of oxidation
resistance. The results showed that the above two nanoparticles still preserved the good oxidation resistance of
DEO. Both DEO-NLC and DEO-NLC-CS had the characteristics of small average diameter, uniform
distribution, high encapsulation efficiency drug loading, and good sustained release performance. ATR-FTIR,
DSC, and XRD studies showed the DEO was successfully encapsulated in the above two nanoparticles. This
work overcomes important challenges, such as the instability of DEO.
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