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Abstract: Morellic acid (MA), a typical compound found in Garcinia plants, is known for its anticancer properties. In
present study, we isolated MA from resin of Garcinia hanburyi Hook. f. using preparative chromatography. We have
successfully prepared MA-loaded nanostructured lipid carriers (MA-NLCs) and refined the production process via
orthogonal testing. Optimization of the preparation process resulted in an average particle size of 165.50+1.70 nm
with a PDI of 0.1940.01. The EE% and DL% of MA-NLCs were 78.17+0.34% and 7.25+0.38%, respectively. The zeta
potential of MA-NLCs was -21.85+0.67 mV. Comparatively, MA-NLCs showed a greater area under the curve (AUC)
and an extended half-life (t1/2) than free MA. Pharmacokinetics analysis revealed that the AUC increased from
4.91+0.65 pg/mbLmin (free MA) to 18.91+3.40 pyg/mLmin (MA-NLCs) and the t,, value for MA-NLCs was 7.93-fold
longer than that of free MA. In vitro cytotoxic assessments indicated that MA formulations curtailed the proliferation
of cancer cells. In vivo, MA-NLCs significantly inhibited the tumor growth in tumor-bearing mouse model. Molecular
mechanism studies revealed that up-regulation of apaf-1 and activation of caspase-3, caspase-9 and GSDME by
MA-NLCs may trigger to apoptosis and pyroptosis in cancer cells. Consequently, our findings support the potential of
NLCs as an effective MA delivery system for the clinical management of cancer.
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Introduction

Garcinia xanthones, a special class of com-
pounds with notable anticancer properties,
have attracted increased attention worldwide
[1]. Morellic acid (MA) a typical garcinia plant
derivative, shares a similar chemical structure
and biological activities with gambogic acid
(GA), as illustrated in Figure 1A and 1B [2].
Previous studies showed that MA inhibited pro-
liferation of various tumor cell lines, including
HT-29, COL-2, BCA-1, LU-1, Hela, and HCT-116
[3]. The anti-tumor activity of MA may result
from its anti-angiogenesis activity [4]. However,
use of MA has been limited by its pharmacoki-
netic characteristics, such as short elimination
half-life and poor water solubility [5]. Lipid

nanoparticulate systems (LNS) such as solid
lipid nanoparticles (SLNs) and nanostructured
lipid carriers (NLCs) have been developed as
innovative drug delivery systems (DDS) in recent
decades [6]. SLNs are composed of solid lipids,
whereas NLCs integrate both solid and liquid
lipids, offering a disordered internal structure
that mitigates the risk of drug leakage and gela-
tion associated with the ordered structure of
SLNs [7]. LNS can improve the bioavailability of
drugs and control release, particularly for drugs
that are poorly permeable and hydrophobic [8].
For anticancer therapy, LNS allowed for target-
ing of anticancer agents, potentially increasing
permeability and retention (EPR) at tumor tis-
sues and improving tumor cellular uptake [9].
Therefore, the combination of LNS and natural
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Figure 1. Chemical structure and isolation of MA. A. Chemical structure of MA; B. Chemical structure of GA; C. Chro-
matogram of preparative HPLC; D. Chromatogram of HPLC-MS/MS of MA at positive ion model.

anti-cancer agents will represent an optimal
system for cancer treatment.

In this study, we isolated MA from resin of
Garcinia hanburyi Hook. f. via ultrasonic ex-
traction and preparative chromatography. The
preparation process for MA-loaded nanostruc-
tured lipid carriers (MA-NLCs) was optimized,
and the resulting product was characterized
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using scanning electron microscopy (SEM). We
evaluated particle size, zeta potential, Encap-
sulation efficiency (EE%), drug loading (DL%),
and performed differential scanning calorime-
try (DSC). Furthermore, we investigated the
pharmacokinetics of MA-NLCs in Sprague
Dawley (SD) rats, and evaluated toxicity of this
formulation against several cancer cell lines in
vitro. In vivo antitumor efficacy was investigat-
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ed in tumor-bearing BALB/c mouse model.
Additionally, we investigated the apoptotic and
pyroptotic pathways induced by MA-NLCs,
examining the potential involvement of proteins
such as apaf-l, caspase-9, caspase-3, and
GSDME.

Materials and methods
Materials

MA (>98.0%) was isolated from dry resin of
Garcinia hanburyi Hook. f. Gambogic acid was
provided by the National Institutes for Food and
Drug Control (Beijing, China). Lecithin was a gift
from Jiangsu Kangyuan Pharmaceutical Co.,
Ltd. (Lianyungang, China). Pluronic F68 (F68)
was purchased from BASF SE (Germany). Tween
80 was purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Glyceryl
monostearate (GMS) was obtained from An-
hui Shenying Pharmaceutical Co., Ltd. (Hefei,
China). Medium chain triglyceride (MCT) was
obtained from Croda (United Kingdom). Annex-
in V/PI was obtained from Bestbio Biotechno-
logy (Shanghai, China). Apaf-1, caspase-9, cas-
pase-3 and GSDME antibody were obtained
from Zen-Bioscience (Chengdu, China). All other
reagents used in this study were analytical
grade and deionized distilled water (ddH,0) was
employed as well. Sprague Dawley rats (180-
200 g, 8 weeks) were used for evaluation of
pharmacokinetics and BALB/c mouse (18-20
g, 8 weeks) were used for in vivo antitumor
study. All tumor cell lines were purchased
from Shanghai Institute of Biochemistry and
Cell Biology, Chinese Academy of Sciences
(Shanghai, China).

Extraction and isolation of MA

Dry resin of Garcinia hanburyi were extracted in
ethanol (3 x 0.4 L) with ultrasonication at 40°C.
The ethanol extract was fractionated using
medium pressure semi-preparative chromatog-
raphy with MeOH:water (80:20) as the mobile
phase to yield four fractions. The first fraction
was further separated into several compounds
by preparative HPLC using MeOH:water (90:10)
as the mobile phase. Eluted MA was concen-
trated under reduced pressure, which resulted
in orange powder. The structure of MA was
determined using mass spectrometry, IR,
1H-NMR, and *3C-NMR [3].

Preparation of MA and GA solutions

MA solution was dissolved in a mixture of
ethanol:PEG200:0.9% NaCl solution (5:25:70,
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v/v/Vv). This solution was used as a reference
formulation for MA-NLCs in in vitro release
study, pharmacokinetics study, cytotoxicity
study and in vivo antitumor study. GA solution
was prepared in the same liquid system that
used to prepare the MA solution, and was used
as a positive control in the cytotoxicity study.

Preparation of MA-NLCs

In this study, we prepared MA-NLCs using an
emulsion-evaporation and low temperature
solidification method [10]. A mixture of MA,
GMS, MCT, and lecithin was dissolved in organ-
ic solvent and incubated in water bath at
68+2°C (organic phase). In addition, F68 and
Tween 80 were dissolved in water and incubat-
ed in a water bath at 68+2°C (aqueous phase).
Following thermal equilibration of the organic
and aqueous phases, the organic phase was
rapidly added to the aqueous phase with stir-
ring at 900 rpm. After continuous stirring for
three hours, the pre-emulsion was introduced
into chilled water (0-2°C), followed by an addi-
tional hour of stirring to yield the colloidal
MA-NLCs. We optimized preparation condi-
tions and prescription proportions including
emulsification time (h), solidification time (h),
stirring speed (rpm), ratio of organic solvent
(ethanol:acetone, v/v), proportion of F68 and
Tween-80 (w/w), amount of surfactant (w%),
proportion of organic and aqueous phases
(v/v), amount of MCT in total lipid (w%), propor-
tion of drug and lipid (w/w), proportion of emul-
sion and ice-water for solidification (v/v), and
amount of lecithin (w%) with EE% of MA in
MA-NLCs as the primary output. The prepara-
tion process was further optimized using an
orthogonal test with a weighted score of EE%
and DL% as outputs (weighted score = EE% x
0.8 + DL% % 0.2) and factors of orthogonal test
were selected according to the result of the
above formulation preparation optimization.
Furthermore, a verification test was introduced
to test the reproducibility of the optimized prep-
aration process.

Preparation of MA loaded solid lipid nanopar-
ticles (MA-SLNs)

In this study, MA-SLNs was used as a reference
formulation and prepared by a method which
was established in our previous study [8].
Specifically, a mixture of MA (10 mg), GMS (200
mg) and lecithin (100 mg) were dissolved in a
mix solution of acetone (4 mL) and alcohol (1
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mL), and incubated in water bath at 70+2°C
(organic phase). In addition, F68 (2.4 w/v%)
and Tween 80 (1.2 w/v%) were dissolved in
water and incubated in a water bath at 70+2°C
(aqueous phase). Following thermal equilibra-
tion of the organic and aqueous phases, the
organic phase was rapidly added to the aque-
ous phase with stirring at 1000 rpm. After
stirring at 70+2°C for 3 h, the pre-emulsion
was poured into cold water (0-2°C), then stirr-
ed at 1000 rpm for 1 h to obtain colloidal
MA-SLNs.

Preparation of MA-NLCs lyophilized powder
and MA-SLNs lyophilized powder

We used a lyophilizer to prepare the MA-NLCs
lyophilized powder and MA-SLNs lyophilized
powder. Five percent mannitol was added to
colloidal MA-NLCs or MA-SLNs. Colloidal MA-
NLCs or MA-SLNs were separated into multiple
glass bottles and pre-frozen at -20°C for 12 h.
Then, the samples were placed in a lyophilizer
and freeze-dried at -70°C for 24 h to obtain a
lyophilized powder.

Scanning electron microscopy

The morphology of MA-NLCs was evaluated
using SEM. Colloidal MA-NLCs was placed on
copper grids and dried at room temperature
prior to visualization [11].

Evaluation of particle size and zeta potential

The average particle size and zeta potential of
MA-NLCs were measured using a Zeta-sizer
NanoZs (3000HS, Malvern Instruments Ltd.,
UK) at room temperature. All samples were
diluted with ddH,0 and subsequently analyzed
in triplicate [6].

Encapsulation efficiency and drug loading

The EE% and DL% were determined using a
mini sephadax G-50 column (1.0 cm x 15.0 cm)
with centrifugation [12]. 100 mL of colloidal
MA-NLCs was added to the top of a mini sepha-
dax G-50 column, and 1 mL of ddH,0 was used
as eluent. The column was then centrifuged at
1,000 rpm for 3 mins, and unencapsulated MA
molecules were retained on the column. The
eluate was diluted with ethanol to a final vol-
ume of 10 mL. The amount of encapsulated MA
was determined by HPLC.
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The EE% and DL% of MA-NLCs were determined
using the following equations:

W
EE% = WE X 100%

A

DL% = —Y%— % 100%
We + W,

Where W_ represents the amount of MA encap-
sulated in the NLCs, WA represents the initial
amount of MA, and W, represents the amount
of lipid added to the system.

Differential scanning calorimetry analysis

In this study, DSC analysis was performed us-
ing a Q2000 DSC detector (American TA
Instrument Co., Ltd., New Castle, DE) to obtain
thermograms of MA-NLCs. Samples were
placed in aluminum pans, which were heated
from 20°C to 250°C at a rate of 10°C /min
[13]. Thermograms were recorded for (a) MA,
(b) GMS, (c) F68, (d) Lecithin, (e) a physical mix-
ture of GMS, F68, lecithin, and MA, and (f)
MA-NLCs (lyophilized powder).

Stability of MA-NLCs

Stability of MA-NLCs was evaluated at 4°C and
25°C. At each time point, EE% and particle size
were evaluated at 0, 10, 15, 20, 25, 30, 35, 40,
45 and 60 d [14].

In vitro release of MA-NLCs

In vitro release was evaluated using a dialysis
bag with phosphate buffered saline (PBS,
pH=7.4) containing 0.5% sodium dodecyl sul-
fate (SDS). 5 mL of the MA-NLC suspension and
an equivalent volume of the MA solution were
each transferred into individual dialysis bags.
The dialysis bags were placed in 100 mL of
release medium and stirred at 100 rpm at
37+0.5°C. 1 mL of release medium was sam-
pled, with replacement, at 5, 10, 15, 30, 45,
60, 90, 150, 180, 240, 300, 540, 720, 1,440,
and 2,880 mins. The samples were analyzed
using HPLC [15].

In vivo pharmacokinetics

12 SD rats were randomly divided into two
groups that received either intravenous MA
solution or intravenous MA-NLCs. Both groups
received a MA dose of 3 mg/kg (The concentra-
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tion of MA Solution or MA-NLCs were 3 mg/mL,
therefore the injection volume was 1 mL/kg).
Following administration, 0.1 mL of blood was
collected from the retro-orbital plexus at 5, 10,
20, 30, 60, 90, 120, 180, 240, 360, 480, 600,
and 720 mins. Blood samples were centrifuged
at 3,000 rpm for 10 mins to obtain plasma,
which was frozen at -20°C until HPLC analysis
[16]. The experimental protocol was approved
by the Institutional Ethical Committee of Anhui
University of Chinese Medicine, Hefei, China.

In vitro cytotoxicity

Cytotoxicity was evaluated against cells includ-
ing BEL-7402, BEL-7402/ADR, HepG2, A549,
B16, AGS, HGC-27, MKN-45, MFC and 4T1
using the 3-(4, 5-dimethlthizo(-2-yl)-2, 5-diphe-
nyltrazolium bromide assay (MTT assay)) [17].
MA and GA were dissolved in DMSO. MA-SLNs
and MA-NLCs were dissolved in PBS solution.
All cells were cultured in DMEM at 37°C in a
5% CO, atmosphere. All experiments were per-
formed on cells during the logarithmic growth
phase. Cells were seeded in 96-well plates at a
concentration of 5.0 x 10° cells/mL. MA formu-
lations and GA were added at 0.1, 0.25, 0.5, 1,
2,4, 8, 10, and 20 pM. After 24 h, the cells
were incubated with MTT (5 mg/mL) in DMEM
at 37°C for 4 h. The medium was then removed
and 200 pL of DMSO was added to each well.
The absorbance in each well was determined
using a microplate reader at 570 nm. The inhi-
bition rates (IR%) of the MA formulations were
determined using the following equation:

OD¢ - ODs
o = ——C Y5 0
IR% OD. 100%

Where OD, represents the absorbance of the
negative control group and ODs represents the
absorbance of MA formulations.

In vivo antitumor study

The MFC tumor-bearing BALB/c mouse model
was created following prior protocols. Briefly,
male BALB/c mice were subcutaneously inject-
ed with 1 x 10% MFC cells in the right axilla.
When tumors grew to approximately 50 mm3,
mice were randomly sorted into 5 groups (n=
10 each): a control group receiving normal
saline, a positive control group receiving 5-Fu
(100 mg/kg; The concentration of 5-Fu was 40
mg/mL, therefore the injection volume was 2.5
mL/kg), and three drug groups treated with
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either MA Solution, MA-SLNs or MA-NLCs at 2
mg/kg MA equivalent (The concentration of MA
Solution, MA-SLNs or MA-NLCs were 0.8 mg/
mL, therefore the injection volume was 2.5 mL/
kg). Tail vein injections were administered every
other day for 15 d. Body weights and tumor vol-
umes (calculated using the formula V = ab?/2,
where ‘a’ is the major axis and ‘b’ is the minor
axis measured by calipers) were recorded every
5 d post-administration. At the final day of the
experiment, mice were sacrificed, and the
tumors were excised, weighed, and photo-
graphed. Inhibition ratio (IR) was computed
using the formula: IR (%) = [(x - y)/x] x 100%,
with ‘X" and ‘y’ denoting the average tumor
weight for the control and treatment groups,
respectively. The tumor tissue samples were
collected for further staining and assay. The
experimental protocol was approved by the
Institutional Ethical Committee of Anhui Uni-
versity of Chinese Medicine, Hefei, China.

Hematoxylin and eosin (H&E) staining of tumor
tissue

The tumor tissue samples were fixed in 4%
paraformaldehyde, embedded in paraffin, and
sectioned into 5 ym thick slices. The prepared
sections were subsequently mounted on glass
slides, stained with hematoxylin and eosin, and
examined microscopically to assess histopath-
ological alterations within the tumor tissue
samples.

Immunohistochemistry (IHC) of tumor tissue

The tumor tissue samples were fixed in 4%
paraformaldehyde and processed into paraffin
sections. These sections were then dewaxed
using dimethyl benzene and gradient ethanol,
followed by a PBS wash (10 mM, pH 7.2). Sub-
sequently, the samples underwent a 15-min
incubation in 3% H,0, (v/v) at 25°C, followed by
two 4-min boiling steps in citric acid buffer.
After blocking with 5% bovine serum albumin
for 20 mins, the samples were incubated over-
night at 4°C with primary antibodies. The sec-
tions were then washed four times with PBS
and incubated with goat anti-rabbit IgG (1:100)
at 37°C for 30 mins. Finally, the slides were
counterstained with DAB and examined using a
light microscope.

Cell apoptosis assay

Cancer cells were seeded in 6-well plates at a
concentration of 1.0 x 108 cells/mL and incu-
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bated at 37°Cin a 5% CO, atmosphere for 24 h.
Then cancer cells were treated with free MA
solution and MA-NLCs at MA concentrations of
1 uM and 2 pyM, and the untreated cells were
used as a control. After MA formulations treat-
ment for 24 h, cancer cells were digested with
EDTA-free trypsin and washed with chilled PBS.
Then 400 pL of binding buffer was added to
each well and then the cells were stained with
5 uL of Annexin V-FITC for 15 mins and 10 uL of
propidium iodide for 5 mins at 4°C in the dark.
The flow cytometry analysis was performed and
data was analyzed using Flowjo software.

Lactate dehydrogenase (LDH) release

In this study, we used LDH assay kit to evaluate
the impact of MA-NLCs treatment on LDH
release in cancer cells. Cells were seeded in
96-well plate at a density of 5 x 10* cells/well
and incubated for 24 h. MA solution, MA-SLNs
and MA-NLCs at 2 uM MA equivalent were intro-
duced to the cells for 24 h, while untreated
cells served as the control. Cellular LDH release
levels were measured following the instructions
of the LDH assay kitat O h, 12 h, 24 h, and 48
h post-treatment.

Western blot assay

Cells were seeded in 10 cm dishes at a density
of 1 x 107 and incubated for 24 h. MA solution,
MA-SLNs and MA-NLCs at 2 uM MA equivalent
were introduced to the cells for 24 h, while
untreated cells served as the control. The cells
were rinsed with PBS three times and then
lysed in RIPA buffer with 1% proteinase inhibi-
tor. The protein concentration was determined
using the BCA Protein Assay kit. After mixing
with protein loading buffer, the samples were
heated in 100°C for 8 mins. Tumor tissue sam-
ples were homogenized and processed in a
manner akin to the aforementioned method to
extract total protein. The protein (15 pg) was
separated through 10% SDS-PAGE and trans-
ferred onto nitrocellulose membranes. The
membranes were obstructed with a 5% milk
solution in TBST, followed by an overnight incu-
bation with primary antibodies at 4°C. Sub-
sequently, the membranes were washed 3
times with TBST and incubated with secondary
antibodies for 1 h. Finally, the bands were visu-
alized using an enhanced chemiluminescence
(ECL) kit. The levels of the target proteins were
standardized based on the reference bands of
B-actin.
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Analysis of MA using HPLC

Determination of MA concentration was per-
formed using a Shimadzu LC-20C HPLC sys-
tem (Shimadzu, Japan) equipped with UV-Vis
detector operated at 360 nm. Samples were
separated on a Shimadzu stainless steel C18
reversed phase column (250 x 4.60 mm)
packed with 5-um particles. The mobile phase
was methanol:water (90:10, v/v) at a flow rate
of 1.000 mL/min.

Statistical analysis

Data in this study were calculated using
GraphPad Prism 6.0. All results were presented
as the mean + SD. Groups were compared
using t-tests or one-way ANOVA. P<0.05 or
P<0.01 was considered statistically significant.

Results
Extraction and isolation of MA

We have isolated MA from resin of Garcinia
hanburyi successfully. Purified MA was obtain-
ed from the eluent corresponding to the peak
of retention time 32.30 to 34.30 min (Figure
1C). The sample was analyzed using HPLC-MS
in positive ion mode, which resulted in a peak
for MA at m/z 561.4 (Calcd for C_,H, O,: 561.4)
(Figure 1D).

Evaluation using IR resulted in identification of
the following peaks and functional groups: IR
(KBr): 3080 cm™ (-OH), 2976 cm™ (-CH3), 2928
cm? (-CH2-), 1435 cm? (-CH3, -CH2-), 1364
cm?® (-CH3), 3360 cm? (-COOH), 1690 cm?
(C=0), 1651, 1593, and 1435 cm™ (-Ar).

The *H-NMR and *3C-NMR data were as follows:
1H-NMR: (MeOD, 400 MHz) 87.56 (1H, d, J=6.8
Hz), 6.57 (1H, d, J=10.0 Hz), 5.96 (1H, t, J=7.0
Hz), 5.44 (1H, d, J=10.0 Hz), 5.08 (1H, s), 3.45
(1H, dd, J=6.4, 4.8 Hz), 3.29 (2H, m), 2.91 (2H,
m), 2.59 (2H, m), 2.36 (1H, s), 1.79 (1H, dd,
J=13.6, 4.5 Hz), 1.76 (3H, s), 1.68 (3H, s), 1.64
(3H, s), 1.61 (3H, s), 1.43 (3H, s), 1.39 (3H, s),
1.26 (3H, s), 1.03 (1H, s). 3C-NMR: (MeOD,
100 MHz) 6205.49, 181.22, 170.66, 162.64,
159.41, 159.01, 137.74, 137.54, 135.14,
132.66, 129.86, 127.73, 124.23, 116.87,
109.75, 104.57, 101.28, 92.92, 85.56, 85.42,
80.20, 50.74, 30.99, 30.91, 29.56, 29.36,
29.20, 26.48, 23.26, 21.87, 19.04, 18.91,
13.40.
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Selection of preparation conditions and pre-
scription proportions

We optimized formulation preparation accord-
ing to our pre-study and previous studies. A
mixture of MA (5.0 mg), GMS (80.0 mg), MCT
(20.0 mg), and lecithin (100 mg) was dissolved
in organic solvent (2.5 mL) and incubated in a
water bath at 68+2°C to obtain the organic
phase. Concurrently, F68 (100 mg) and Tween-
80 (100 mg) were dissolved in pure water (10
mL) and incubated in a water bath at 68+2°C
to obtain the aqueous phase. Upon reaching
equilibrium, the organic phase was rapidly
added to the aqueous phase with continuous
stirring at 900 rpm. After stirring for 3 h, the
pre-emulsion was introduced into cold water
(30 mL, 0-2°C), followed by stirring in an ice
bath at 900 rpm for one hour to produce the
colloidal MA-NLCs.

The EE% of MA-NLCs increased with increased
emulsification time (Figure 2A), solidification
time (Figure 2B), and stirring speed (Figure 2C),
then reached a plateau when these values
reached 3 h, 1 h and 1,000 rpm, respectively.
The emulsification time was set at 3 h, the
solidification time was set at 1 h, and the stir-
ring speed was set at 1,000 rpm. Further
experiments indicated that while increased
acetone volume expedited the drying of organic
solvents, it did not enhance the formation of
MA-NLCs (Figure 2D). Leading to the selection
of ethanol as the preferred organic solvent. In
addition, the EE% was maximal when F68 and
Tween-80 were included at a 1:1 ratio (Figure
2E). Ratios of organic to aqueous phase at 1:4
and 1:10 (Figure 2G) resulted in the highest
EE%. However, the 1:10 proportion resulted in
a large volume when the volume of organic
phase was fixed, which presented a barrier to
freeze-drying. Consequently, a 1:4 ratio was
standardized. We also found that a 1:3 propor-
tion of emulsion to ice water resulted in maxi-
mal EE% (Figure 2J). Additionally, MCT in total
lipid (Figure 2H), proportion of drug and lipid
(Figure 21), amount of surfactant (Figure 2F),
and amount of lecithin (Figure 2K), each
increased the EE% up to a point before decreas-
ing. Therefore, an orthogonal test was per-
formed to further optimize the preparation of
MA-NLCs.

Orthogonal test
We conducted optimization of the MCT content

in total lipid (A), ratio of drug to lipid (B), amount
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of lecithin (C), and amount of surfactant (D)
using an orthogonal procedure with a weighted
score of EE% and DL% as outputs (weighted
score = EE% x 0.8 + DL% x 0.2). The levels of
each factor were determined from prior formu-
lation optimization. The findings, arranged by
the impact on the preparation of MA-NLCs, are
detailed in Table 1, with the rank order being
A>B>D>C. Analysis of variance indicated that
the levels of A and B were significantly differ-
ent. The results indicated that the optimal for-
mulation conditions for MA-NLCs preparation
were A B,C,D,, which comprises 20% MCT in
total lipid, a 1:20 drug:lipid ratio, 1.5% lecithin,
and 2.5% surfactant. Therefore, the optimized
formulation was prepared as following: MA (5.0
mg), GMS (80.0 mg), MCT (20.0 mg), and leci-
thin (150 mg) were dissolved in alcohol (2.5
mL) and incubated in a water bath at 68+2°C
to produce organic phase. Concurrently, F68
(125 mg) and Tween-80 (125 mg) were dis-
solved in of pure water (10 mL) and incubated
in a water bath at 68+2°C to obtain the aque-
ous phase. Following equilibration, the organic
phase was rapidly mixed with the aqueous
phase under stirring at 900 rpm. Following 3
hours of stirring, the pre-emulsion was poured
into cold water (30 mL, 0-2°C) and incubated in
an ice bath with stirring at 1,000 rpm for 1 h to
acquire colloidal MA-NLCs.

Verification test

Using the optimized process and formulation,
we prepared three batches of MA-NLCs in par-
allel and measured the EE% and DL%. The
EE% and DL% of the prepared MA-NLCs were
78.26+0.95% and 3.63+0.04% with relative
standard deviations of 1.22% and 1.13%,
respectively (Table 2). These results indicated
that preparation of MA-NLCs was reproducible.

Characterization of MA-NLCs

SEM analysis revealed that the MA-NLCs were
spherical with particle sizes below 200 nm
(Figure 3A1, 3A2). The particle size and zeta
potential of the MA-NLCs were immediately
assessed post-preparation using a Zetasizer.
As shown in Figure 3B and Table 3, MA-NLCs
had an average particle size of 165.50+1.70
nm and an average PDI of 0.19+£0.01. Zeta
potential is indicative of colloidal solution sta-
bility to a certain extent. The preferred ranges
of zeta potential values for nanoparticle stabil-
ity merely by electrostatic repulsion are >20 mV

Am J Cancer Res 2024;14(3):1101-1120
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and <20 mV. The zeta potential of MA-NLCs 7.25+0.38%, respectively. DSC analysis was
was -21.85+0.67 mV. The EE% and DL% of performed to evaluate thermal characteristics
prepared MA-NLCs were 78.17+0.34% and of MA-NLCs. As shown in Figure 3C, MA exhib-
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Table 1. Arrangement and results of orthogonal test

Factors

TestNo.  (A) Amount of MCT (B) Proportion of the (C) Amount of (D) Amountof DL% EE% ngcgor:teed
in total lipid (%) drug and lipid (w/w) lecithin (%) surfactant (%)

1 15 1:25 1 2.5 1.50 61.08 49.17
2 15 1:20 1.5 3 3.17 65.47 53.01
3 15 1:15 2.5 3.5 5.85 62.13 50.87
4 20 1:25 1.5 3.5 1.81 73.56 59.21
5 20 1:20 2.5 2.5 3.82 79.36 64.25
6 20 1:15 1 3 6.93 74.48 60.97
7 25 1:25 2.5 3 1.76 7154 57.58
8 25 1:20 1 3.5 3.75 7791 63.07
9 25 1:15 1.5 2.5 6.97 74.97 61.37
K1 51.017 55.320 57.737 58.263

K2 61.477 60.110 57.863 57.187

K3 60.673 57.737 57.567 57.717

R 10.460 4.790 0.296 1.076

SSE 203.308 34.417 1.739 0.130

Variance 2.000 2.000 2.000 2.000

F ratio 1528.632 258.774 1.000 13.075

P <0.05 <0.05 >0.05 >0.05

Abbreviations: DL%: drug loading (%); EE%: encapsulation efficiency (%); K1: average score of level 1 of corresponding factors;
K2: average score of level 2 of corresponding factors; K3: average score of level 3 of corresponding factors; R: range of the

average score of each factor; SSE: Sum of Squares due to Error.

Table 2. Results of verification test

Batches EE% DL%
1 79.18 3.67
2 78.34 3.63
3 77.27 3.63
Mean + SD 78.26+£0.95 3.63+0.04
RSD% 1.22 1.13

Abbreviations: DL%, drug loading (%); EE%, encapsula-
tion efficiency (%); RSD%, relative standard deviation (%).

ited a sharp melting peak at 108.75°C. The
melting peaks of GMS and FG68 were at
62.36°C and 55.45°C, respectively. The physi-
cal mixture of the individual components of
MA-NLCs displayed two additional melting
peaks, whereas the MA-NLCs themselves had
a distinct peak at 49.71°C.

Stability of MA-NLCs

A short-term stability study was performed by
storing MA-NLCs colloidal solution at 4°C and
25°C for 45 d. As shown in Figure 4A and 4B,
an upward trend of average particle size and a
downward trend of EE% were observed at 25°C,
but these trends were not observed at 4°C.
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In vitro release study

In vitro release of MA and MA-NLCs was deter-
mined by using dialysis. As shown in Figure 4C,
the cumulative release rate of free MA was
97.52% at 7 h. In contrast, MA-NLCs continu-
ously released MA for 48 h. These results indi-
cated that free MA reached 80% release within
2 h and was nearly completely released at 7 h.
The MA-NLCs formulation demonstrated more
sustained release in vitro, with 55.15% drug
release within the initial 7 h, followed by slow
and sustained release over the next 40 h.

In vivo pharmacokinetics

The concentration-time curves of MA and
MA-NLCs are presented in Figure 4D, and the
pharmacokinetic parameters are listed in Table
4. The mean residence time (MRT) in the
MA-NLCs group was higher than that observed
for the free MA group (191.31+27.58 mins vs
23.944+2.24 mins, P<0.05). Clearance (CL) of
the MA-NLCs formulation was significantly
slower than that of free MA (P<0.05). Encap-
sulation of MA in NLCs significantly increased
systemic drug exposure, as evidenced by an

Am J Cancer Res 2024;14(3):1101-1120
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Table 3. Characterization of MA-NLCs (Mean + SD, n=3)

Sample Particle size (nm) PDI

Zeta potential (mV) EE% DL%

MA-NLCs 165.50+1.70 0.19+0.01

-21.85+0.67 78.17+0.34 7.25+0.38

Abbreviations: PDI, polydispersity index; EE%, encapsulation efficiency (%); DL%, drug loading (%).

increase in AUC from 4.91+0.65 pyg/mLmin to
18.91+3.40 pg/mLmin. In addition, the tl/2
value of MA-NLCs was 7.93-fold longer than
that of free MA. An increased MRT indicated
that MA, when encapsulated in NLCs, circu-
lates in the bloodstream for an extended peri-
od. Furthermore, increased AUC indicated that
MA-NLCs had higher relative bioavailability
than free MA, which indicated that MA-NLCs
promoted sustained release of MA.

In vitro cytotoxicity

The MTT assay results revealed that free MA
curbed the growth of cancer cells, with half-
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maximal inhibitory concentration (IC, ) values
of 7.96+0.23 uM for BEL-7402 cells, 14.14+
1.17 uM for BEL-7402/ADR cells, 10.39+1.02
UM for HepG2 cells, 5.19+0.34 yM for A549
cells, 4.24+0.11 uM for B16 cells, 2.93+0.51
UM for AGS cells, 6.11+0.19 uM for HGC-27
cells, 2.13+0.05 uM for MKN-45 cells, 4.91+
0.07 uM for MFC cells, and 9.84+0.37 uM for
4T1 cells, respectively. Antiproliferative efficacy
was augmented by encapsulation of MA in
NLCs, as demonstrated by decreased IC50 val-
ues in all cell lines. In comparison with gam-
bogic acid (GA) solution, the positive control,
MA exhibited a better in vitro anticancer activi-
ty against MKN-45 and B16 cells (Table 5).

Am J Cancer Res 2024;14(3):1101-1120
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Table 4. Pharmacokinetics parameters of single i.v. administration of MA solution and MA-NLCs

(Mean + SD, n=6)

Formulations

Parameters Unit
MA MA-NLCs

by 20 min 2.97+0.63 17.18+1.61*
o min 21.06+3.25 167.05+12.07*
vd (mg/kg)/(ug/mL) 6.24+0.81 14.69+0.99*
CL (mg/kg)/(ug/mL)/min 0.69+0.07 0.14+0.05*

o ug/mL 0.35+0.10 0.29+0.13
AUC,, ug/mL-min 4.91+0.65 18.90+3.40%
AUC, . ug/mLmin 5.05+0.87 20.114+1.89*
MRT min 23.93+2.24 191.314£27.58*

Abbreviations: MA, morellic acid; MA-NLCs, MA-loaded nanostructured lipid carriers; t

distribution half-life; t

1op elimina-

tion half-life; Vd, apparent volume of distribution; CL, clearance; AUC, area under curve; MRT, mean residence time. *P<0.05

compared to the MA group.

Furthermore, MA-NLCs exhibited greater cyto-
toxicity than free MA and MA-SLNs against
each of the 10 cancer cell lines at equivalent
MA concentrations (Figure 5).

In vivo antitumor efficacy
In vivo antitumor efficacy of MA-NLCs was

investigated in MFC tumor-bearing BALB/c
mouse model. Compared with model group, the
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growth of the tumors was significantly inhibited
in MA group, MA-SLNs group and 5-Fu group.
The tumor volumes in the MA-NLCs group were
much smaller than those of MA group and
MA-SLNs group (P<0.05 or P<0.01), indicating
an improved antitumor effect of MA-NLCs com-
pared to the MA and MA-SLNs (Figure 6A-C).
The tumor weight in model group, MA group,
MA-SLNs group, MA-NLCs group and 5-Fu
group were 2.24+0.57 g, 1.21+0.45 g, 1.02+
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Table 5. IC,, of MA formulations and GA against different cancer cell lines (Mean + SD, n=3)

IC,, values (UM)

Cell lines
MA MA-SLNs MA-NLCs GA

BEL-7402 7.96+0.23 5.081+0.21 3.40+0.13 0.98+0.05
BEL-7402/ADR 14.14+1.17 10.48+0.98 9.29+0.45 9.52+0.77
HepG2 10.39+1.02 8.26+0.54 6.07+0.11 6.68+0.21
A549 5.19+0.34 2.65+0.77 1.75+0.17 1.47+0.04
B16 4.24+0.11 3.57+0.24 2.89+0.39 4.99+0.38
AGS 2.93+0.51 1.95+0.16 1.02+0.02 1.47+0.06
HGC-27 6.11+0.19 4.49+0.13 3.31+0.14 3.67+0.11
MKN-45 2.13+0.05 1.71+0.04 0.94+0.06 4.04+0.08
MFC 4.91+0.07 2.44+0.09 2.05+£0.33 3.59+0.12
4T1 9.84+0.37 7.34+0.73 6.38+£0.19 3.831£0.30

Abbreviations: MA, morellic acid; MA-SLNs, MA-loaded solid lipid nanoparticles; MA-NLCs, MA-loaded nanostructured lipid car-

riers; GA, gambogic acid.

0.40 g, 0.61+0.37 g and 0.35+0.18 g, respec-
tively (Figure 6D). The inhibition ratio (IR) calcu-
lated from tumor weight in these groups we-
re 45.97+5.34%, 54.33+7.94%, 72.95+9.20%,
and 84.42+17.65%, respectively (Figure 6E).
Compared with the normal group, the mice in
free MA group, MA-SLNs or MA-NLCs group did
not show a significant decrease in body weight
while 5-Fu caused apparent weight loss (Figure
6F).

H&E staining

After H&E staining of the tumor tissue sections,
the cell nuclei appeared blue, whereas the
cytoplasm was stained light purple. In the
tumor tissues of model group, the nuclei of
tumor cells were densely packed with intact
nuclei, while the tumor tissues of MA group dis-
played scattered apoptotic and necrotic cells,
intercellular clefts, and nuclear characteristics
indicative of condensation and fragmentation.
These phenomena were more evident in the
MA-NLCs group (Figure 6G).

IHC analysis

To further estimate the antitumor efficacy of
MA-NLCs, immunohistochemistry analysis was
performed to determine the apoptosis-related
proteins Ki67 in tumors. As depicted in Figure
6H, MA significantly reduced the expression of
the proliferation marker Ki67, an effect that
was amplified when MA was delivered using
MA-NLCs. These results further corroborate
the enhanced antitumor efficacy of MA-NLCs
(Figure 6H).
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Assessment of apoptosis by Annexin-V,/Pl
staining

In order to further estimate the anticancer effi-
cacy of MA and MA-NLCs, the cancer cells
apoptosis was measured by Annexin-V/PI stain-
ing. When treated with different concentration
of MA and MA-NLCs for 24 h, the apoptotic rate
of MKN-45 cells was increased in a dose de-
pendent manner: The apoptotic rate increased
from 3.17+0.06% (Con.) to 36.2+0.32% (MA, 2
uM) and 3.03+0.06% (Con.) to 77.4+0.44%
(MA-NLGCs, 2 uM). Notably, the apoptotic rate of
MA-NLCs group was much higher than that of
MA group at the same concentration of MA
(Figure 7A).

LDH release study

The results of the LDH release assay indicated
that MA formulations significantly enhanced
LDH release in MKN-45 and MFC cells (Figure
7B). When compared to the MA group and
MA-SLNs group, MA-NLCs displayed a stronger
effect in increasing cellular LDH release levels
(Figure 7B). These results suggested that
MA-NLCs has a stronger impact on inducing
cell death in gastric cancer cells compared to
MA and MA-SLNSs, potentially through the induc-
tion of pyroptosis.

MA-NLCs induces changes in the levels of
apoptosis and pyroptosis related proteins

We evaluated the effects of MA-NLCs on apop-

tosis and pyroptosis related proteins in cancer
cells and tumor tissue of MFC tumor-bearing

Am J Cancer Res 2024;14(3):1101-1120
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Figure 5. Inhibition rate of MA formulations and GA to different cancer cell lines (n=3). A. BEL-7402 cells; B. BEL-
7402/ADR cells; C. HepG2 cells; D. A549 cells; E. B16 cells; F. AGS cells; G. HGC-27 cells; H. MKN-45 cells; I. MFC
cells; J. 4T1 cells.
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Figure 6. In vivo study of antitumor effect of MA formulations (n=6). A. Tumor image; B. Tumor growth curves; C.
Tumor volume; D. Tumor weight; E. Inhibition rate of tumor; F. Body weight changes; G. H&E staining of tumor tis-
sue; H. Effect of MA formulations and 5-Fu treatment on the expression of Ki67 in tumor tissue (IHC staining image,

magnification: x 400). *P<0.05, **P<0.01.

BALB/c mouse. The results showed that expres-
sion level of apaf-1, cleaved caspase-9 (C-cas-
9), cleaved caspase-3 (C-cas-3) and GSDME-NT
was remarkably increased after MA treatment
(P<0.01 or P<0.05) (Figure 7C-F). Compared to
MA group and MA-SLNs group, there was high-
er expression of apaf-1, C-cas-9, C-cas-3 and
GSDME-NT protein in MA-NLCs group (P<0.01
or P<0.05) (Figure 7C-F).

Discussion

In this study, we established a simple and rapid
preparative isolation method for MA. We em-
ployed an emulsification-low temperature solid-
ification method for preparation of MA-NLCs,
and an orthogonal test to optimize the prepara-
tion process. The prepared MA-NLCs showed
sustained release both in vitro and in vivo.
Compared with free MA solution, MA-NLCs had
a higher AUC and longer half-life following i.v.
administration. In addition, MA-NLCs demon-
strated improved anticancer activity in vitro
against various cancer cell lines. Furthermore,
MA-NLCs displayed enhanced antitumor effect
in MFC tumor-bearing BALB/c mouse model.
Mechanistically, the enhanced anticancer eff-
ect of MA-NLCs in vitro and in vivo associated
with its higher apoptosis and pyroptosis induc-
tion as evidenced by up-regulation of apaf-1,
cleaved caspase-9, cleaved caspase-3 and
GSDME-NT protein.

In our study, we employed an ultrasonic extrac-
tion method to produce a crude extract of MA,
which was subsequently isolated and purified
using medium-pressure semi-preparative chro-
matography and preparative HPLC. The purified
MA were verified in line with methodologies
from prior research [18]. While previous studies
have extracted active compounds from Garci-
nia cambogia through column chromatography,
these methods are often complex [2, 3]. Our
approach streamlines the isolation of MA, offer-
ing a simpler and more rapid solution.

Building on previous studies [19, 20], we estab-
lished an emulsion evaporation-low tempera-
ture solidification method for formulation prep-
aration. Through one-way ANOVA and orthogo-
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nal testing, we optimized the formulation,
observing that encapsulation efficiency (EE%)
peaked at certain variable thresholds. However,
MCT in total lipid (Figure 2H), proportion of drug
and lipid (Figure 2l), amount of surfactant
(Figure 2F), and amount of lecithin (Figure 2K),
each increased the EE% only up to a point
before diminishing. Therefore, we employed an
orthogonal test to further optimize the prepara-
tion of MA-NLCs. The results indicated that the
amount of MCT in total lipid significantly affect-
ed the quality of the MA-NLCs, which resulted
from changes to the internal structure of NLCs
caused by addition of liquid lipid. The right bal-
ance of liquid lipids can lead to a more disorga-
nized structure, potentially enhancing drug
encapsulation by creating more space within
the nanoparticles [21]. The proportion of drug
and lipid was another important factor that
affected the quality of nanoparticles. Larger
proportions of drug to lipid resulted in increased
DL%, but decreased EE% [22]. Therefore, using
the weighted score of the two as the evalua-
tion index can balance the contradiction. In
the next step, we characterized the MA-NLCs
which were prepared using the optimized pro-
cess and formulation. The prepared MA-NLCs
were spherical in appearance and had particle
sizes of 165.50+1.70 nm with an average PDI
of 0.1940.01. These results indicated that
MA-NLCs would be unlikely to settle and could
be prepared as a colloid [4]. The zeta potential
of MA-NLCs was -21.85+0.67 mV, suggesting
a stable formulation that resists aggregation
[23]. The EE% and DL% of prepared MA-NLCs
were 78.17+0.34% and 7.25+0.38%, respec-
tively. The relatively high EE% and DL% of
MA-NLCs may result from the use of solid and
liquid lipids, which leads to a disordered lipid
matrix with good encapsulation ability [24, 25].
In the DSC analysis, MA exhibited a sharp melt-
ing peak at 108.75°C. The melting peaks of
GMS and F68 were at 62.36°C and 55.45°C,
respectively. The physical mixture of individual
ingredients of MA-NLCs had two additional
melting peaks, which indicated an interaction
between matrix and surfactants [26]. The
MA-NLCs displayed a unique melting peak at
49.71°C, suggesting a homogeneous disper-
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Figure 7. Study on the mechanism of antitumor effect of MA formulations (n=3). (A) Fluorescence-activated cell
sorter analysis for Annexin-V and PI staining of MKN-45 cells; (B1) Effect of MA formulations on HDL release in
MKN-45 cells; **P<0.01 vs control group; (B2) Effect of MA formulations on HDL release in MFC cells; **P<0.01
vs control group; (C1) Western blot analysis after treatment with different MA formulations for 24 h in MKN-45 cells;
Expression levels of apaf-1 (C2), cleaved caspase-9 (C3), cleaved caspase-3 (C4), and GSDME-NT (C5) against
B-actin in MKN-45 cells; (D1) Western blot analysis after treatment with different MA formulations for 24 h in
AGS cells; Expression levels of apaf-1 (D2), cleaved caspase-9 (D3), cleaved caspase-3 (D4), and GSDME-NT (D5)
against B-actin in AGS cells; (E1) Western blot analysis after treatment with different MA formulations for 24 h in
MFC cells; Expression levels of apaf-1 (E2), cleaved caspase-9 (E3), cleaved caspase-3 (E4), and GSDME-NT (E5)
against B-actin in MFC cells; (F1) Western blot analysis after treatment with different MA formulations and 5-Fu in
tumor-bearing BALB/c mouse; Expression levels of apaf-1 (F2), cleaved caspase-9 (F3), cleaved caspase-3 (F4), and

GSDME-NT (F5) against B-actin tumor tissue. *P<0.05, **P<0.01.

sion of MA within the NLCs and the absence of
crystallization [27]. The results of stability study
showed that MA-NLCs were stable at 4°C,
which indicated that higher temperatures might
promote gelation and drug leakage [28]. The
results of in vitro release study showed that
MA-NLCs presented a slow and sustained
release property. The initial burst release of MA
may have been a result of release of MA on the
surface of the nanoparticles and solubilization
by surfactants [29-31]. The results of in vivo
pharmacokinetics indicated that the formulat-
ed MA-NLCs had sustained release character-
istics, which correlated well with the in vitro
release results. These findings were consistent
with previous studies that incorporation of
drugs in NLCs was able to overcome some of
the pharmacokinetic limitations of free drugs
[32-34].

Cytotoxicity assays revealed that MA-NLCs pos-
sessed superior antitumor activity in vitro com-
pared to both free MA and MA-SLNs. The
enhanced efficacy of MA-NLCs may be attrib-
uted to their ability to increase cell membrane
permeability and promote cellular uptake, as
indicated by the greater inhibition of tumor cell
growth [35, 36].

Furthermore, flow cytometry results showed
that both MA and MA-NLCs treatment were
able to significantly induce apoptosis in tumor
cell lines, with MA-NLCs proving more potent. In
previous studies, other components with anti-
cancer efficacy from Garcinia hanburyi were
also found to have activity of inducing cancer
cells apoptosis [37, 38]. The increased apopto-
sis observed with MA post-encapsulation in
NLCs also corroborates earlier research [39,
40].

The results of antitumor study showed that
MA could significantly inhibit tumor growth in
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vivo, and the encapsulation of NLCs could
enhance its antitumor effect. This could be due
to the enhanced permeability and retention
(EPR) effect of the nanocarriers, which enables
nanoparticles, particularly those sized between
100-200 nm, to be preferentially retained in
tumor tissues, thereby increasing local drug
concentration and effecting passive targeting
[41]. Notably, there was no significant weight
loss in the MA dose groups, while body weight
in 5-Fu group was significantly reduced, reflect-
ing the higher safety of MA compared with tra-
ditional chemotherapeutic drugs. H&E staining
results showed that the tumor cells in animal
tumor tissues of the model group had intact
nuclei and were densely arranged, while apop-
totic and necrotic cells could be seen in the
tumor tissues of MA formulations group and
the 5-Fu group. The results of IHC suggested
that Ki67 expression in the tumor tissues of MA
formulations and the 5-Fu group was signifi-
cantly lower than that in the model group.
These results suggest that the inhibitory effect
of MA on cancer in vivo may result from its
inhibition of cell proliferation and apoptosis
induction.

Moreover, our investigation delved into the
impact of MA on apoptosis and pyroptosis-
associated proteins within tumor cells and tis-
sues. Our experimental findings revealed a sig-
nificant upregulation of cleaved caspase-9,
cleaved caspase-3, and GSDME-NT by MA for-
mulations. The results suggested a potential
antitumor effect of MA by inducing of caspase-
3-mediated apoptosis and pyroptosis within
tumor cells. Specifically, MA acted on the mito-
chondrial membrane to affect Bcl-2 family pro-
tein thereby increasing the release of cyto-
chrome C upon receipt of apoptotic signals.
Once released from mitochondria, cytochrome
C interacted Apaf-1, formed an active complex
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with caspase-9 to activate caspase-3, which
initiates apoptosis [42]. Additionally, cleaved
caspase-3 can cleave GSDME to produce
GSDME-NT, which forms pores in cell mem-
branes, leading to pyroptosis [43]. These find-
ings align with previous research on the anti-
tumor properties of active compounds found in
Garcinia plants. GA demonstrated the ability to
induce apoptosis in esophageal squamous cell
carcinoma cells in a dose-dependent manner,
which was achieved by reducing Bcl-2 levels
and increasing the levels of Bax, cleaved-
PARP1 and cleaved caspase 3/9 [44]. In a
study involving gastric signet ring cell carcino-
ma, GA revealed an upregulation of cleaved
caspase 3, Bax, and cleaved PARP, along with a
downregulation of Bcl-2 [45]. GA-loaded NLCs
have also been reported to inhibit tumor and
metastasis growth, potentially due to altera-
tions in MMP-9, BCL-2, and E-cadherin levels
[46], and GA has been found to influence the
expression of Bax, caspase 3, and caspase 9 in
human osteosarcoma [47].

In summary, MA-NLCs, as a novel drug delivery
system, substantially increase MA’s solubility,
circulation time, tissue selectivity, and antican-
cer efficacy, while reducing toxicity. NLCs also
safeguard the drug from biological degrada-
tion, thereby enhancing its stability [48]. While
previous studies indicate that NLCs contribute
to improved oral absorption and enhanced bio-
availability of drugs [49], MA-NLCs still face cer-
tain limitations, such as potential nanomaterial
toxicity and the absence of comprehensive
clinical safety data. NLCs belong to thermody-
namically unstable systems, posing significant
challenges in the storage and transportation
of MA-NLCs [50]. Moreover, achieving precise
drug targeting to cater to various anatomical
and pathological tumor characteristics remains
an ongoing challenge.

Ultimately, MA-NLCs have shown a remarkable
increase in efficacy against cancer cells in vitro,
as well as significant suppressive effects on
tumor growth in vivo. Consequently, MA-NLCs
may pave the way for groundbreaking advance-
ments in anticancer drug research and hold
promise for future clinical applications in can-
cer therapy.
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