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with CBD (CBD-NLCs) were developed using a hot-melt g vonohurae

emulsification method and optimized by response surface method- ~ «Cumaidia @ ‘)‘e
ology (RSM). The process parameters were optimized using a .E:I:::o‘:;;m.ms“mmm % i
four-factor and three-level Box—Behnken experimental design E b
consisting of 29 experiments. The CBD-NLCs were formulated

and characterized, demonstrating desirable properties, including a mean particle size of 54.33 nm, a PDI value of 0.118, a zeta
potential of —29.7 mV, and an impressive encapsulation efficiency rate of 87.58%. The nanoparticles were found to possess an
approximately spherical shape, as revealed by scanning and transmission electron microscopy. The stability studies have
demonstrated that CBD-NLCs effectively mitigated the photodegradation of CBD and exhibited a stable behavior for 42 days when
stored. The CBD-NLCs displayed a biphasic release profile characterized by an initial burst release (over S0% of CBD released
within 20 min) followed by a subsequent gradual and sustained release, aligned with first-order kinetics and Fickian diffusion. These
findings demonstrate the potential suitability of this formulation as a carrier for CBD in food fortification and pharmaceutical
applications.

ABSTRACT: Cannabidiol (CBD) has demonstrated its potential e

to enhance depression treatment through various biological el
pathways. However, the application potential of CBD is
significantly impeded by its polymorphic nature, limited water
solubility, and hepatic first-pass metabolism. To improve chemical

1. INTRODUCTION Over the past few years, numerous drug delivery systems have
been developed to improve the aqueous solubility and oral
bioavailability of CBD, including transdermal delivery systems,
transmucosal delivery systems, self-emulsifying delivery systems,
and other novel preparation delivery technologies.””** The
transdermal delivery system offers the advantage of controlled
release drug delivery to the bloodstream, bypassing first-pass
metabolism in the liver and enhancing therapeutic efficacy.”*
However, the transdermal transport of CBD exhibits a sluggish
rate and necessitates an extended duration to attain the desired
concentration.”” The transmucosal delivery systems provide
rapid drug absorption to achieve effective concentrations, but

clinical and preclinical studies to ameliorate depression, the variability in CBD absorption between individuals is high

Alzheimer’s disease, Parkinson’s disease, sleep disorders, and dueuto .1ts _accurﬁlulanon.m rr'luclosal tl;sue E“dl,sugggﬁl‘ﬁ‘t
psychotic disorders through multiple biological pathways.”” " swatlowing 1r‘1tot e.gastromtestlna tract though saliva. e
Consequently, CBD has emerged as a promising therapeutic self-emulsifying delivery systems can enhance the permeability

option for patients with depression due to its favorable safety of drugs across the intestinal epithelial cell membrane, thereby

Depression is a common disorder that affects millions of people
worldwide and usually coexists with various other symptoms,
such as anxiety, insomnia, anorexia, pain, and palpitation, among
others."”” Despite being primarily considered a psychological
illness, depression involves biological alterations in the body. It
has been reported that enhancing the endocannabinoid system
(ECS) signaling can effectively ameliorate depression-related
dysfunction, and targeting ECS for depression treatment
garnered significant attention among researchers.’ " Cannabi-
diol (CBD), a naturally occurring nonpsychoactive compound
derived from cannabis, has demonstrated potential in numerous

profile and tolerability in humans.'*~"® Usually, oral ingestion is

preferred for CBD administration. However, because of its Received: May 20, 2024
polymorphic nature, poor water solubility (0.1 #g/mL),"” and Revised:  August 6, 2024
first-pass effect, the oral bioavailability of CBD is limited (6— Accepted:  September 11, 2024
13%)."*7>! Therefore, it is imperative to develop a water-soluble Published: September 19, 2024
formulation of CBD to enhance its oral bioavailability and

efficacy.
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augmenting their bioavailability, but they still face challenges
related to stability, complexity, and safety.””*” To enhance CBD
solubility for improved absorption, novel preparation tech-
nologies such as dispersions, eutectics, and nanoparticles have
been developed.30 Nevertheless, the challenges of achieving a
high excipient ratio and low drug loading and overcoming first-
pass metabolism persist. The current challenges surrounding
CBD delivery carriers have not yet been fully addressed. It is
crucial to select an appropriate carrier based on its compatibility
with CBD for an effective drug delivery system. Enhancing the
stability and solubility of CBD remains a primary concern for
improving absorption at the gastrointestinal level.

Nanostructured lipid carriers (NLCs), serving as efficient and
targeted vehicles for drug delivery, are formulated by mixing
solid and liquid lipids, which enable effective loading of active
ingredients into their structure.”’** NLCs have multiple
advantages, such as nontoxicity, storage stability, high drug
loading capacity, protection of sensitive drug, and enhanced
bioavailability, making them a highly attractive system for oral
administration of various active ingredients.}S Moreover, NLCs
exhibit solid-state characteristics at both room and body
temperatures, which demonstrate enhanced drug loading
efficiencies and prevent drug ejection and oxidation during
storage.’>”” Additionally, coadministration of drugs with lipids
promotes lymphatic absorption and direct entry into the
systemic circulation to circumvent the first-pass metabolism
by the liver.”*”” Furthermore, NLCs offer ease of manufacturing
without the need for organic solvents in preparation. The impact
of NLC delivery systems, which are considered a critical drug
delivery strategy, is steadily expanding. In addition, NLCs can
enhance the solubility of CBD in the intestinal lumen, thereby
offerin§ an additional mechanism to augment its bioavail-
ability.*>*' Therefore, it is necessary to further research and
explore the application and effectiveness of CBD-NLCs in foods
and pharmaceuticals.

Despite the significant advantages offered by NLCs, further
research is essential to investigate the components and
formulation design. Given the multitude of lipids, phospholi-
pids, and surfactants available, the selection of ingredients
becomes a cumbersome process. The particle size and
encapsulation efficiency (EE) of NLCs are the main character-
istics to be considered, which are related to greater surface area,
minimal drug loss, and controlled drug release. In recent years,
several CBD-NLCs with different formulations were inves-
tigated. Morakul et al. studied the effects of formulation (cetyl
palmitate as a solid lipid stabilized with Tego Care 450 or
poloxamer 188) compositions on the performance of CBD-
NLCs. They found that the physicochemical characteristics of
CBD-NLCs were influenced by the specific types of surfactants
and lipids used, and packa%ing CBD showed the potential for
reducing the cytotoxicity.”” Vardanega et al. discovered that
NLCs can serve as an appropriate carrier for either CBD-rich
extract or isolate CBD.* Therefore, it is still a challenging and
economically feasible approach to fabricate CBD-NLCs with
high reproducibility at the nanoscale.

The aim of this study was the design and optimization of
CBD-loaded nanostructured lipid carriers (CBD-NLCs) with
smaller particle size, narrow size distribution, and higher
encapsulation efficiency as well as good chemical stability and
water solubility. The particle size, polydispersity index (PDI),
zeta potential, and encapsulation efficiency of each formulation
were evaluated. Additionally, the crystallization behavior and
physicochemical stability of the resulting optimal formulation

were investigated. To further explore the application perform-
ance of CBD-NLCs, the encapsulation efficiency, photothermal
stability, and in vitro release of CBD were evaluated. The
findings from this study will provide essential insights into the
development and application of CBD-NLCs in functional foods
or pharmaceutical applications.

2. EXPERIMENTAL MATERIALS AND METHODS

2.1. Reagents. CBD was purchased from Shanghai Saihan
Technology Co. Ltd. Glycerol monolaurate (GML), linseed oil
(LO), and Tween 60 were obtained from Shanghai Aladdin
Biochemical Technology Co. Ltd. Kolliphor P188 was bought
from Nanjing Weil Chemical Co. Ltd. Egg yolk lecithin (EYL)
was purchased from Beijing Solarbio Technology Co. Ltd. All
other chemicals used were analytical grade.

2.2. Preparation of the CBD-NLCs. Prior to the actual
preparation, a preliminary screening was conducted for the solid
lipid, liquid lipid, and surfactant, which were described in the
experimental method in the Supporting Information. CBD-
NLCs were prepared using a hot-melt emulsification method.
The GML, LO, and CBD were heated at 68 °C and mixed to
form the liquid phase. The aqueous phase containing the
surfactant and deionized water was heated at the same
temperature until the mixture became a clear gel. The aqueous
phase was added slowly into the lipid phase under continuous
stirring of 1000 rpm to produce the pre-emulsion. After stirring
for 30 min, the pre-emulsion was sonicated by an ultrasonic
probe with a constant cycle for 3 min (4 s on and 7 s off). Finally,
samples were placed in an ice bath for 15 min to form lipid
carriers with a nanostructure and then stored at room
temperature until further characterization. The blank NLCs
were prepared as described above without CBD in the liquid
phase.

2.3. Experimental Design. For producing the optimized
NLCs, the experiment of RSM design was used, and the
resulting data were analyzed by using the Design Expert 11.0
software. A Box—Behnken design (BBD) consisting of a three-
level and four-factor experimental model with 29 runs was
selected to optimize the formulation procedure. Four variables,
namely, solid—liquid lipid ratio (A), lipid concentration (B),
surfactant concentration (C), and CBD concentration (D), were
identified as independent variables for optimization based on the
results of previous single-factor experiments. The dependent
variables for the study included particle size (Y1), PDI (Y2), and
encapsulation efficiency (Y3). The adequacy of the fitted model
was statistically analyzed by ANOVA, and contour plots and 3D
surface graphs were generated to represent the response values.
The dependent and independent variables used in the
experiments are listed in Table 1.

The obtained data were subject to statistical analysis. The p-
value, the p-value of lack of fit, the regression coefficient (R?), the
adjusted R?, and other parameters of the model were analyzed,
and finally, the suitable best-fitting model was selected. To verify
the applicability of the quadratic equation to predict the optimal
formula, three experiments were carried out under optimal
conditions.

2.4. Characterizations of NLCs. 2.4.1. Particle Size, PDI,
and Zeta Potential. A dynamic light scattering (DLS)
instrument (Nano ZS, Malvern Instruments, UK) was employed
to determine the mean of particle size (Z-average), PDI, and zeta
potential of NLCs. The samples were diluted in a 1:50 ratio and
kept standing for 10 min to avoid multiple scatterings of light
caused by a high concentration of particles. The measurements
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Table 1. Box—Behnken Design with the List of Dependent
and Independent Variables

factors level
variable, unit X -1 0 1
independent variables
solid—liquid lipid ratio (w/w) A 1 1.5 2
lipid concentration (w/v) B 075 LS 22§
surfactant concentration C 2 3 4
(w/v)
CBD concentration (w/v) D 0.8 12 1.6

dependent variables optimized response

particle size (nm) Y1 minimize
PDI Y2 minimize
EE (%) Y3 maximize

were conducted in triplicate and repeated three times at room
temperature (25 °C).

2.4.2. Particle Morphology. The morphology of the
optimized CBD-NLCs was observed with scanning electron
microscopy (SEM, SUS000, Hitachi Limited, Japan) and
transmission electron microscopy (TEM, JSM-IT800, JEOL,
Japan). The CBD-NLCs were appropriately diluted with
deionized water. A drop of the dispersion sample was dried on
aluminum foil and desiccated prior to SEM observation.
Another drop was deposited onto 200-mesh carbon copper
grids and air-dried at room temperature for TEM analysis.

2.4.3. HPLC Analysis and Entrapment Efficiency (EE). The
free drug was separated from the drug entrapped in the NLCs
using a previously described ultrafiltration/centrifugation
method.*" A dispersion of CBD-NLCs, approximately 2 mL in
volume, was loaded into the upper chamber of a centrifugal filter
tube and then centrifuged at 12,000 rpm for 15 min (20 °C).
The concentration of CBD in the supernatant was analyzed by
HPLC (Agilent1260 Infinity, Agilent, USA).

A mixture of acetonitrile and water (21:79) was used as the
mobile phase with a flow rate of 1 mL/min. CBD was estimated
at 220 nm using the reversed-phase Symmetry-C18 (250 X 4.6
mm, 3.5 ym) HPLC column at 25 °C. The CBD standard was
diluted with mobile phase to obtain 0.1-20 pg/mL standard
solution and analyzed immediately. Linear regression analysis
was performed using the Origin Pro 9.1 software to determine
the slope, intercept, and correlation coefficient (R?). A
calibration curve with a linear regression equation (Figure S1)
was prepared, whereas x and y are the concentration (yg/mL)
and area, respectively. The percent encapsulation efficiency was
estimated as per eq 1:

(total amount of CBD — free CBD)
EE% = X 100
total amount of CBD (1

2.4.4. Fourier Transformed Infrared Spectroscopy (FTIR).
The FTIR spectrum of the samples was obtained by the KBr
pellet method using FTIR spectroscopy (1SS0 FT-IR, Nicolet,
UK) at room temperature. The measurements were recorded in
the range of 500—3500 cm™".

2.4.5. Differential Scanning Calorimetry (DSC). Thermal
properties of the samples was performed using DSC measure-
ments (Q20, TA Instruments, USA). Samples of CBD-NLCs,
P188, GML, CBD, and a physical mixture were weighed and
placed in sealed aluminum pans. DSC curves were recorded
from 20 to 250 °C at a heating rate of 10 °C/min under a
nitrogen atmosphere (50 mL/min).

2.4.6. Powder X-ray Diffraction (XRD). The PXRD 6/260
analysis was performed using powder X-ray diffractometer
(X’Pert3 Powder, Malvern, England) under the following
conditions: room temperature (293 K), Cu Ka radiation
(1.5418 A) generated at 40 kV and 40 mA, and a scan speed
of 5°/min. The diffraction data were obtained at 26 diffraction
angles between S and 90° with a step size of 0.02626°.

2.5. Stability of CBD-NLCs. 2.5.1. lonic and pH Stability.
Freshly prepared CBD-NLCs were added to different
concentrations of NaCl and CaCl,, resulting in final salt
concentrations of 0, 10, 25, 50, 100, 200, and 300 mmol/L.
Subsequently, the samples were incubated at room temperature
for 1 h before analyzing the particle size and PDI.

Likewise, the CBD-NLCs were mixed with phosphate buffer
solutions of varying pH values and incubated at room
temperature for 30 min. Subsequently, all samples were
characterized by particle size, PDI, and EE. The present release
ratio of the samples was calculated by using eq 2:

EE
Release ratio% = [1 - —p] X 100
EE, (2)
where EE, is the EE% of the sample at a specific condition and
EE, is the EE% of the sample at the initial time.

2.5.2. UV-Light Stability. To examine the UV-light stability of
CBD-NLCs, the free CBD and encapsulated CBD were placed
in a controlled lightbox at room temperature and illuminated
with UV-light at 365 nm. The samples were collected at different
time points (0, 15, 30, 45, 60, 75, and 90 min) to measure the
release ratio at each time point.

2.5.3. Thermal Stability. Freshly prepared CBD-NLCs were
exposed to different temperature conditions (4, 25, 37, 60, and
80 °C) for 90 min individually. Then, all samples were
immediately transferred to an ice bath for rapid cooling to
prevent any further heat-induced CBD release. The particle size,
PDI, and release ratio were investigated. The EE% was
calculated using eq 1, whereas the release ratio was calculated
using eq 2.

2.5.4. Storage Stability. The storage stability of freshly
prepared CBD-NLCs was assessed over a period of 42 days,
during which the samples were stored at both 4 °C and room
temperature (20 = 3 °C). The particle size, PDI, and release
ratio were tested at different time points (0, 4, 7, 14, 21, 28, 35,
and 42 days).

2.6. In Vitro Release Study. The in vitro release of CBD in
NLCs was investigated referring to the previous literature with
some modification.”> The CBD-NLCs and CBD were placed in
phosphate-buffered saline (PBS, 20 mM, pH 6.8) containing
P188 (2%, w/v) in a thermostatic shaker (37 + 1 °C) for 90 min.
One milliliter of supernatant was collected at 5, 10, 20, 30, 60,
and 90 min and replaced with an equal volume of buffer.
Subsequently, the samples were filtered through 0.2 pm
membranes, and the amount of CBD released was determined
by the aforementioned HPLC method. The cumulative drug
release rate (Q) was determined at each time point using the
following calculation:

t—1
Q (%) = (VX C,+ VX Y C) X 100% x M
n=1 (3)

where V,, is the total volume of the release medium (mL), C,
denotes the CBD concentration at different time points (pg/
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Table 2. Observed Responses of Trial Experiments as per the Box—Behnken Design Matrix
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D Y1 Y2
0 60.73 £+ 0.85 0.148 + 0.00S
0 101.2 + 3.02 0.171 £ 0.004
0 37.90 + 0.87 0.185 + 0.011
0 50.71 £ 0.32 0.213 £ 0.007
1 66.17 + 1.23 0.161 + 0.004
0 55.19 + 1.42 0.126 + 0.008
0 55.50 £ 2.05 0.155 £ 0.005
0 69.15 + 0.77 0.126 + 0.008
-1 64.80 + 2.14 0.142 £ 0.010
1 90.08 + 3.05 0.144 + 0.006
0 112.30 + 0.54 0.175 £ 0.012
5135 £0.72 0.137 £ 0.007
-1 37.50 + 1.63 0.168 + 0.004
1 85.71 + 2.57 0.134 £ 0.005
-1 38.87 £ 1.24 0.178 £ 0.00S
-1 51.31 + 1.61 0.129 + 0.003
0 85.71 £ 2.33 0.192 + 0.013
0 52.23 £ 0.27 0.131 + 0.003
0 50.37 £ 1.02 0.126 + 0.008
0 40.46 + 1.36 0.149 + 0.00S
0 60.09 + 0.86 0.124 + 0.012
0 56.37 + 2.41 0.129 + 0.00S
-1 5441 + 1.32 0.179 £ 0.011
0 52.20 + 0.96 0.140 + 0.006
61.27 + 1.22 0.139 + 0.003
0 48.37 £ 2.31 0.162 + 0.007
0 95.80 + 3.87 0.145 + 0.00S
-1 93.82 + 0.54 0.120 + 0.003
1 47.23 £0.73 0.136 + 0.012

Y3

84.05 £ 1.22
80.40 £ 0.38
83.63 + 1.54
79.31 + 4.37
83.49 + 0.86
85.38 +£1.28
83.22 + 2.84
83.34 + 1.96
89.35 £ 2.12
82.53 +2.04
90.24 + 0.57
84.89 + 1.28
83.96 + 2.18
86.33 + 3.0
78.08 + 1.76
81.63 +£2.21
90.17 + 0.88
87.82 + 1.37
86.05 +£2.42
82.32 £ 3.55
87.41 + 0.89
86.27 + 2.36
86.96 + 0.74
87.27 £ 2.16
84.13 £+ 0.67
86.85 + 1.87
88.92 + 1.68
87.21 £ 2.56
81.88 + 3.36

Table 3. Summary of Regression Coeflicients, p-Values, and Fitting Parameters’ Model of Responses

response model
suggested model
model p-value
R?

adj. R*

pred. R?

adeq prec.
CV.%

lack of fit p-value

source

TXGEREEET ">

CZ
D2

Y1: particle size (nm)

quadratic

<0.0001
0.9775
0.9550
0.8932
25.0117
6.81
0.4472
p-value
<0.0001
0.0005
<0.0001
0.0010
0.0465
0.0010
0.0010
0.0052
0.0029
0.0588
0.2583
0.0253
<0.0001
0.4975

coefficient estimate

—23.84

Y2: PDI
quadratic quadratic
<0.0001 <0.0001
0.9444 0.9613
0.8888 0.9225
0.7207 0.8131
15.8966 18.5467
5.26 1.02
0.2847 0.3980
p-value coefficient estimate p-value
0.0007 0.0098 <0.0001
<0.0001 —0.0143 <0.0001
0.0265 0.0057 0.0369
0.0327 —0.0054 0.2114
<0.0001 0.0310 0.6203
0.0392 —0.0090 0.1940
0.0054 —0.0130 0.6203
0.4985 —0.0027 0.0004
0.3915 0.0035 <0.0001
0.0037 —0.0137 0.0061
0.0003 0.0148 0.0363
<0.0001 0.0246 0.0002
0.0117 0.0090 0.0591
0.7228 0.0011 0.0002

Y3: EE (%)

coefficient estimate
2.49
2.82
—0.5783
—0.3283
0.2200
—0.5925
—0.2200
—2.02
—2.66
1.40
—0.7895
-1.73
—0.7008
—1.69

mL), Vis the sampling volume, and M refers to the total mass of

the CBD (mg).

The kinetics of cumulative CBD release from CBD-NLCs was

studied utilizing zero-order, first-order, Higuchi, and Ritger—

40635

Peppas models (eqs S1—S4).
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Figure 1. Comparison between predicted and actual vales, Box—Cox plot, and two-dimensional perturbation plot for different dependent variables Y:

(A) particle size; (B) PDI; and (C) EE.

3. RESULTS AND DISCUSSION

GML was selected as the solid lipid due to its ability to reduce
the particle size of CBD-NLCs and decrease the instability
caused by creaming or sedimentation resulting from Brownian
motion (Table S1). Furthermore, GML is a naturally occurring
compound known for its antibacterial properties in the breast
milk of various animals, and its antibacterial effect is not affected
by pH value. Additionally, GML can inhibit inflammation in
epithelial cells. LO was selected as the liquid lipid based on its
significant ability to reduce PDI, resulting in a more uniform
particle size distribution of NLCs (Table S2). The compound
emulsifier (Tween 60/P188/EYL = 6:3:1) can maintain stable
zeta potential and high EE% (Table S3).

40636

3.1. Box—Behnken Design and Data Analysis. The
levels of each variable were determined based on the previous
experimental findings. Table 2 presents the results of 29 tests
performed using a four-factor, three-level design. All of the
results from RSM-BBD were fitted into a second-order quadratic
(Table 3), and the rationality of the model was verified by
analysis of variance, lack of fit, and regression coefficient (R?)
values. The Adeq Precision of Y1, Y2, and Y3 is greater than 4,
indicating adequate signals, respectively. The difference between
Pred. R* and is Adj. R? is less than 0.2, meaning that the
regression model can fully explain the process. If it is more than
0.2, it indicates a large block effect or a possible problem with the
model. C.V.% is less than 10, indicating the reproducibility, high
reliability, and accuracy of the obtained results.
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3.1.1. Effects on Particle Size. The size and distribution of the
particle size play a crucial role in determining the stability,
solubility, dissolution, and permeability of the nanoformulation.
The average size of CBD-NLCs varied from 37.5 + 1.63 to
112.30 + 0.54 nm across all 29 experimental runs conducted.
Figure S2 shows a three-dimensional (3D) surface response of
the variable’s impact on particle size. The influence of different
variables on the particle size of CBD-NLCs can be demonstrated
by the software generated quadratic equation as follows:

Mean particle size = 4+ 54.25 + 10.07A + 5.51B

— 23.84C + 5.09D + 4.67AB
— 8.81AC + 8.85AD + 7.06BC
— 7.71BD + 4.4CD + 1.984
+ 42B* + 13.19C* + 1.17D*

The coefficients with positive signs indicate synergism,
whereas the coeflicients with negative signs indicate antagonism.
The regression coefficient value was high (R’ = 0.9803), and the
lack of fit was not significant, which indicated that the model
adequately predicts the particle size of CBD-NLCs. According
to the predicted and actual fitting lines in Figure 1A, the closer to
a line, the better fitting effect will be. The Box—Cox transform is
used in case continuous response variables do not meet the
normal distribution. The Box—Cox transform can reduce
unobserved errors and correlation of prediction variables to a
certain extent when continuous response variables do not meet
the normal distribution. When lambda is —0.16, the Box—Cox
curve of power transformation reaches the minimum value; that
is, it can reduce the correlation effect of inconvenient to predict
dimension parameters and observation errors, and improve the
accuracy of data processing. A perturbation plot was used to
describe the influence of individual variable on particle size. The
results showed that all the variables had a significant effect on the
particle size. The influence of each variable on particle size is as
follows: C (surfactant concentration) > A (solid—liquid lipid
ratio) > B (lipid concentration) > D (CBD concentration).
Surfactant concentration plays a major role in particle size. As
the C increased, the particle size decreased obviously.
Conversely, as the A, B, and D increased, the particle size was
increased. In addition, there were some synergistic and
antagonistic effects among the variables.

3.1.2. Effects on PDI. The PDI serves as an important index of
the physical stability of NLCs, with a PDI value below 0.3
generally denoting uniform dispersion within the system. The
PDI range of CBD-NLCs varied from 0.120 + 0.003 to 0.192 +
0.013 in all 29 runs. Figure S3 shows a 3D surface response of the
variable’s impact on PDI. The quadratic equations mentioned
below show the influence of variables on the PDI of CBD-NLCs:

PDI = + 0.13 + 0.0098A — 0.0143B + 0.0057C
— 0.0054D + 0.031AB — 0.009AC — 0.013AD
— 0.0027BC + 0.0035BD — 0.0137CD
+ 0.0148A° + 0.0246B> + 0.009C> + 0.0011D*

The regression coefficient value was high (R*=0.9444), and
the lack of fit was not significant, suggesting that the model is
suitable for studying the formulation of CBD-NLCs. As shown
in Figure 1B, the regression equation fit well with the
experimental results, and the coeflicients of each phase of the
equation were statistically significant. Notably, when lambda
equaled —0.59, the Box—Cox curve of power transformation

reached the minimum value. The perturbation plot of Figure 1B
shows the influence of each variable on PDI. The influence of
each variable on PDI is as follows: B (lipid concentration) > A
(solid—liquid lipid ratio) > C (surfactant concentration) > D
(CBD concentration). The effects of solid—liquid lipid ratio and
lipid concentration on PDI were extremely significant. An
appropriate ratio and concentration resulted in a uniform
structure with low PDI values. Conversely, inadequate or
excessive lipid concentrations led to particle clusters with
varying sizes and shapes, resulting in an inhomogeneous final
formulation. Furthermore, increasing surfactant concentration
also elevated PDI levels due to the substantial accumulation of
surfactant on the NLC surface, which affected the size and
distribution of particles.

3.1.3. Effects on EE. EE significantly affects the release
characteristics of the NLCs. The release of the embedded
substance is achieved through the diffusion and degradation of
the coated lipid particles. Among all 29 experimental runs, the
EE values for CBD-NLCs varied from 78.08 + 1.76 to 90.24 +
0.57%. Figure S4 shows a 3D surface responses of the variable’s
impact on EE. The mathematical equation presented below
elucidates how various variables impact the EE of CBD-NLCs:

EE = + 86.96 + 2.49A + 2.82B — 0.5783C — 0.3283D
+ 0.22AB — 0.5925AC — 0.22AD — 2.02BC
— 2.66BD + 1.4CD — 0.7895A° — 1.73B°
— 0.7008C* — 1.69D”

The regression coefficient value was high (R*=0.9613), and
the lack of fit was not significant, which signifies a good fit of the
model. As demonstrated in Figure 1C, the predicted and actual
values fit well. Additionally, when the lambda was 0.86, the Box—
Cox curve of power transformation reached the minimum value.
Furthermore, based on the two-dimensional perturbation plot of
Figure 1C, it can be seen that the variables have different
influences on EE. The influence of each variable on EE is as
follows: B (lipid concentration) > A (solid—liquid lipid ratio) >
C (surfactant concentration) > D (CBD concentration).
Notably, the lipid concentration plays a crucial role in
determining EE due to its influence on CBD solubility.

3.2. Optimization. The optimal formulation conditions for
CBD-NLCs were determined using a multiresponse surface
method, considering particle size, PDI, and EE. Several criteria
were set for the dependent variable (Table 1): minimize the
particle size and PDI while maximizing EE. The individual
desirability functions were finally combined through an
extensive grid and feasibility search across the domain, resulting
in the global desirability value using the Design Expert 11
software as a function of geometric mean.*® The predicted
values can be clearly seen in Figure S6. The optimum CBD-NLC
formulation conditions were as follows: solid—liquid lipid ratio
was 1.28 (w/w), lipid concentration was 1.95 (w/v), surfactant
concentration was 2.93 (w/v), and CBD concentration was 1.04
(w/v). To verify the applicability of the model, three execution
batches of CBD-NLCs were prepared under these conditions.
The confirmed results of optimal conditions were close to
predicted values (Table 4).

3.3. Characterization of NLCs. 3.3.1. Particle Size, PDI,
Zeta Potential, and Morphology Analysis. The morphology of
CBD-NLCs was observed by SEM and TEM (Figure 2). The
particle size and zeta potential distribution are shown in Figure
SS. The results revealed that CBD-NLCs exhibited a nearly
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Table 4. Predicted Value of the Independent Variables and
Comparison of Actual and Predicted Values in the CBD-
NLCs

response independent predicted residual
variables values actual values (%)
particle size (nm) 56.66 5433 + 1.11 2.05
PDI 0.119 0.118 + 0.003 2.24
EE (%) 87.33 87.58 + 1.57 1.79

spherical shape with uniform particle size distribution. The
average particle size was approximately 60 nm, which showed
slight variation compared to the DLS measurements. This
discrepancy arises from the surface coating of gold with a
thickness of 6—9 nm on the NLCs to enhance their conductivity
prior to TEM, resulting in an increase in the average particle
diameter.

3.3.2. FTIR Analysis. The FTIR spectra of CBD-NLCs,
physical mixtures, P188, GML, and CBD are shown in Figure 3.
The spectra of CBD showed several characteristic peaks,
including methyl and methylene groups at 2920 cm™}, carbon
double bonds at approximately 1620 and 1580 cm™’, as well as
phenolic hydroxyls and benzene C—H bonds at approximately
1210 and 1020 cm ™, respectively.*” The bands observed in the
CBD-NLCs and physical mixture spectra were generally
consistent with those in the P188 and GML spectra. Moreover,
compared with those in the P188 spectrum, the bands at
approximately 1330, 1000, and 835 cm™" attenuated after NLC
formation, which corresponded to the long-chain saturated
hydrocarbon sec-carbon backbone and C—H bonds in the
hydrophobic block. The ether bond signals belonging to the
hydrophilic block around 1100 cm™ were still evident. Notably,
compared to the physical mixture, the characteristic peaks of
CBD diminished in the CBD-NLC spectra, suggesting that a
large amount of CBD was embedded within the lipid bilayer
relative to the NLC surface.

3.3.3. Thermal Analysis. DSC studies were conducted to
investigate the crystallinity of NLCs and the interaction between
the drug and lipid in the formulation. The DSC thermograms of
CBD-NLCs, the physical mixture, P188, GML and CBD are
shown in Figure 4. The DSC curves of P188, GML, and CBD
displayed a single endothermic event at temperatures of 57.87,
65.03, and 64.30 °C, respectively. In addition, the physical
mixture showed a lower melting temperature compared to P188,
GML, and CBD due to the smaller particle size produced by
grinding during the mixing process. It can be clearly seen that the
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Figure 3. FTIR spectra of CBD-NLCs, the physical mixture, P188,
GML, and CBD.
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Figure 4. DSC thermogram of CBD-NLCs, the physical mixture, P188,
GML, and CBD.

DSC curve of CBD-NLCs exhibited the lowest melting point
and the widest range of peaks among all the curves, and there
was no heat-absorption peak of CBD. The change in melting
point may be due to the interaction between solid and liquid
lipids during preparation, resulting in a more disordered and
imperfect crystal structure, further confirming the loading of
CBD in NLCs.

Figure 2. Morphology of the optimum formulation of CBD-NLCs: (A) SEM images and (B) TEM image.

https://doi.org/10.1021/acsomega.4c04771
ACS Omega 2024, 9, 40632—-40643


https://pubs.acs.org/doi/10.1021/acsomega.4c04771?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04771?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04771?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04771?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04771?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04771?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04771?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04771?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04771?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04771?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04771?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04771?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

3.3.4. XRD Analysis. The crystallinity of CBD-NLCs, the
physical mixture, P188, GML, and CBD were examined using
XRD measurements. As shown in Figure S, the main peaks

CBD-NLC
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P188

Intensity(a.u.)

20 (degree)

Figure 5. XRD pattern of CBD-NLCs, the physical mixture, P188,
GML, and CBD.

found for CBD (9.64, 10.17, 17.42, 18.78, and 22.17° 26), GML
(9.57 and 10.30° 26), and P188 (19.05, 20.57, and 23.25° 26)
showed that these compounds had a crystalline nature. It is
evident that some of the characteristic crystalline peaks of P188,
GML, and CBD can still be observed in the physical mixture,
whereas the characteristic crystalline peaks disappeared in the
spectra of CBD-NLCs, suggesting that CBD was in the
noncrystalline state.

3.4. Stability of CBD-NLCs. 3.4.1. lonic and pH Stability.
The human digestive system contains many kinds of salt,
especially sodium and calcium salt. It should be noted that the
salt concentration may affect the stability of the delivery system.
The effects of different concentrations of NaCl and CaCl, on
CBD-NLCs are shown in Figure 6A,B. No aggregation or color
change was evident in the appearance of all samples. When the
concentration of NaCl was less than 50 mmol, the particle size of
the NLCs barely changed. As the concentration continued to
increase, the particle size increased slightly. The addition of
NaClreduced the PDI to less than 0.1, indicating that the system
was uniform and stable. The reason for this phenomenon may be
that the addition of NaCl enhanced the strength of ions in the
system, reduced the proximity frequency of the particles, and
improved the stability of the system, suggesting that CBD-NLCs
had a good tolerance to NaCl. Likewise, when the concentration
of CaCl, was lower than 50 mmol, the particle size did not
change significantly and the PDI was lower than the initial value,
whereas when the concentration was above 100 mmol, the
particle size increased significantly and the PDI increased
rapidly. Compared with NaCl, the addition of CaCl, had more
obvious effects on the particle size and PDI of the CBD-NLCs. It
can be found that CaCl, can make NLCs overcome the potential
barrier and produce rapid aggregation at lower concentrations,
which may be due to the superior negative charge neutralization
of divalent calcium ions over monovalent sodium ions on the
surface of NLCs. In addition, Ca®>" can form a “salt bridge”
between the NLCs and increase the hydrophobicity of the
phospholipid membrane, leading to the instability of the NLCs.

NLCs may experience different pH conditions in food
formulations or the human digestive system; therefore, their
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Figure 6. (A, B) The effects of different concentrations of NaCl and CaCl, on particle size and PDI of CBD-NLCs. (C) The effects of pH on particle

size and PDL. (D) The effects of pH on the percent release ratio.
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pH stability is critical. The effects of different pH conditions on
CBD-NLCs were investigated. The particle size remained
relatively stable within the pH range of 4 to 12, as depicted in
Figure 6A. However, when pH was less than 4, the samples
became turbid, and the particle size increased rapidly along with
the increase in PDI. Changes in pH had a strong impact on the
percent release ratio of CBD from NLCs. The CBD release ratio
was consistently below 20% within the pH range of 6 to 9, with a
minimum value (8.08 + 0.55%) observed at pH 7, indicating
that CBD is more stable in a neutral environment. It is worth
noting that the color of the samples turned pink when the pH
reached above 10, and the color deepened with an increase in
pH, which may be due to the reaction or degradation of the
released CBD under strong alkaline conditions.

3.4.2. UV Irradiation Stability. CBD is reported to be easily
photodegraded, which has an important effect on its biological
activity. ™ Figure 7 shows the UV stability of free CBD and CBD-
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Figure 7. UV stability of free CBD and CBD-NLCs.

NLCs. The experimental results revealed that UV irradiation
exerted a substantial influence on the retention rate of CBD. The
free CBD was degraded over 50% in 90 min. The results validate
that CBD exhibits a pronounced photosensitivity attributed to

the UV absorption capacity of the aromatic ring. However, when
encapsulated in NLCs, the preservation rate of CBD
significantly increases to approximately 90% and remained
relatively stable during 90 min of exposure to UV with minimal
fluctuations. These findings demonstrate that the CBD-NLCs
were an effective system to avoid the photochemical degradation
of CBD. The cladding formation enhances the physical barrier,
effectively hindering the transmission of UV and minimizing
CBD exposure.

3.4.3. Thermal Stability. As an effective carrier for CBD, the
integrity of the carriers is very important during heat treatment.
Elevated temperatures may induce a structural transition in
NLCs, leading to conversion from an initial disordered state to
an ordered configuration, consequently resulting in drug leakage
and degradation. The results showed that the particle size and
PDI of CBD-NLCs remained relatively stable at 4,25, 37, and 60
°C (Figure 8A). However, when subjected to a temperature of
80 °C for 1.5 h, the particle size increased by approximately 10%,
whereas the PDI increased by nearly 15% (Figure 8A). The
effect of the temperature on the percent release ratio of CBD is
shown in Figure 8. As the system was heated, there was a gradual
increase in CBD leakage. According to the results, the percent
release rate of CBD-NLCs was relatively low and stable at 4—37
°C (Figure 8B). Therefore, it is reccommended to store CBD-
NLCs at a lower temperature.

3.4.4. Storage Stability. During long-term storage, NLCs
may degrade or aggregate, leading to the release of the
encapsulated compound. Figure 9 represents the impact of
storage period on particle size, PDI, and release rate of CBD-
NLCs. As can be seen in Figure 9, the particle size of CBD-NLCs
increased at both storage temperatures, indicating that the
interparticle repulsive forces decreased with storage time,
causing the particles to aggregate. Notably, the extent of change
in particle size was comparatively smaller at 4 °C, implying that
lower temperature conditions are more favorable for long-term
preservation of CBD-NLCs. The results presented in Figure 9
demonstrated that even after a period of 42 days, CBD-NLCs
exhibited an impressive retention rate of over 78% CBD,
indicating its remarkable ability to effectively prevent degrada-
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Figure 8. (A) Particle size and PDI of CBD-NLCs at different temperature. (B) The percent release ratio of CBD-NLCs at different temperatures.
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Figure 9. Impact of storage period of CBD-NLCs: (A) particle size, (B) PDI, and (C) release rate.

tion during the storage process. These findings highlight the
practical significance of CBD-NLCs for the food industry.
3.5.In Vitro Release Study. The cumulative release profiles
of CBD and CBD-NLCs were evaluated over 180 min, as
depicted graphically in Figure 10. It can be clearly seen that
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Figure 10. CBD release profiles from CBD and CBD-NLCs.

CBD-NLCs exhibited a biphasic release profile characterized by
an initial burst release (over 50% of CBD released within 20
min) followed by a subsequent gradual and sustained release.
This release pattern with two distinct phases has been previously
reported for NLCs.*””" This is related to the diffusion of CBD
from the lipid matrix of the NLCs and its location within the
lipid matrix. During the preparation of NLCs, a rapid decrease in
the temperature was required to cool the lipid; however, this
rapid cooling resulted in partial encapsulation of CBD within the
outer layer of the NLCs. When NLCs were placed in PBS
containing P188, CBD of the outer layer was rapidly released,
leading to an initial burst release. The subsequent sustained
release can be attributed to the interaction between CBD
encapsulated within the NLCs and the lipid matrix.’' The
biphasic release profile is especially beneficial for diseases such as
cancer, where the initial burst release provides a direct and
potent dose followed by sustained drug delivery at the tumor
site. Otherwise, the small size of the prepared CBD-NLCs,
measuring only a few tens of nanometers in dimension, results in
a significantly increased surface area and consequently leads to
an accelerated release rate.>”
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The CBD release data were analyzed using various
mathematical models listed in Table S and Figure S7 to identify

Table 5. In Vitro Kinetic Modeling Release Fitting Results of
CBD-NLCs

modeling fitting equation R?
zero-order formula Q,=33.72t + 0.41 0.6159
first-order formula Q, = 84.61(1 — 0% 0.9851
Higuchi formula Q =662t +15.18 0.8714
Ritger—Peppas formula Q =21.34£"% 0.9583

the most suitable model for describing the drug release kinetics.
The results showed that the best fitting equation for the in vitro
release of CBD-NLCs is the first-order equation (R*=0.9851,
Figure S7B), suggesting that the mechanism of CBD-NLC
release is a process of controlling drug release with the initial
concentration. Furthermore, the Ritger—Peppas model sup-
ported these findings, with an n value of 0.29 (less than 0.45),
which is classified as Fickian diffusion. The phenomenon of
Fickian diffusion is characterized by an initial rapid release
followed by a gradual decrease over time. The mechanism
underlying this release involves the process of chemical gradient-
driven diffusion.

4. CONCLUSIONS

The formulation of CBD-loaded NLCs was developed,
optimized, and characterized. The optimal formulation
proposed by RSM-BBD resulted in a particle size of 54.33 nm,
a PDI of 0.118, a zeta potential of —29.7 mV, and an EE of
87.58%, indicating a uniform particle size distribution, physical
stability, and high encapsulation efficiency. The CBD-NLCs
exhibited a nearly spherical shape with uniform particle size
distribution. FTIR, DSC, and XRD results confirmed effective
encapsulation of CBD within the NLC structure rather than
simple physical mixing with lipids and surfactants. The stability
experiments demonstrated that CBD-NLCs exhibited enhanced
tolerance to N** compared to Ca®* while remaining relatively
stable within pH levels ranging from 6 to 9. Additionally, the
NLC structure effectively mitigates the photodegradation of
CBD and enhances its thermal stability. The particle size and
PDI of CBD-NLCs remained relatively stable under temper-
atures ranging from 4 to 60 °C, with CBD leakage below 5% at
temperatures between 4 and 37 °C. Furthermore, it was
observed that the prepared CBD-NLCs did not exhibit
noticeable aggregation after being stored for 42 days, with a
retention rate exceeding 78%. In vitro release experiments
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revealed a biphasic release profile characterized by an initial
burst release of CBD, with over 50% released within 20 min,
followed by a subsequent gradual and sustained release
consistent with a first-order kinetics model.

The water solubility of CBD is enhanced by this formulation,
and its stability is satisfactory; however, the observed burst
release in CBD-NLC:s still persists, which is closely associated
with the absorption, distribution, and metabolism kinetics of
CBD in the human body. Therefore, further investigations are
warranted to enhance the sustained release of CBD-NLCs, such
as additional adjustments of formulation, secondary coating, and
o on.
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