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Background: Direct 3-bromopyruvate chemotherapy often causes side effects. We thus aimed to construct and evaluate folic
acid-modified 3-bromopyruvate liquid crystalline nanoparticles (3BP-LCNP-FA) and assess their targeted anti-
tumor effects in tumor-bearing nude mice.

Material/Methods: A liquid crystalline nanoparticle formulation was screened, and the structure was characterized using polar-
izing light- and transmission electron microscopy. The folate target was then synthesized and characterized
using differential scanning calorimetry and proton nuclear magnetic resonance spectroscopy. In vitro, human
CNE-2Z and MDA-MB-231 tumor cells were used to evaluate 3BP-LCNP-FA effects on tumor cell morphology
and proliferation. Different drug formulations were administered to tumor-bearing nude mice to observe the
treatment effects. Hepatic and renal toxicities were assessed using hematoxylin and eosin-stained liver, kid-
ney, and lung sections along with serological analysis of liver and kidney injury markers (e.g., aspartate amino-
transferase, alanine transaminase, blood urea nitrogen, and creatinine). Tumor tissue was observed for chang-
es using proliferating cell nuclear antigen immunohistochemistry and terminal deoxynucleotidyl transferase
dUTP nick end labeling assay.

Results: We successfully prepared 3BP-LCNP-FA of spherical shape with uniform size using the aforementioned tech-
niques; drug loading did not alter crystal morphology. These cubosomes exhibited more potent antitumor ac-
tivity than 3-bromopyruvate alone or non-folic acid-conjugated 3-bromopyruvate liquid crystalline nanoparti-
cles in vitro and in vivo without obvious toxic side effects.

Conclusions: It is possible to successfully construct 3BP-LCNP-FA as a drug delivery vehicle that is more efficacious than
3-bromopyruvate and has no obvious toxic effects. Thus, folic acid-modified cubosomes can be used as effec-
tive carriers for targeted drug administration.
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Background

Modern antitumor treatments are expected to minimize dam-
age to non-target organs by improving drug targeting. In par-
ticular, the highly active aerobic glycolysis in a variety of tu-
mor cells acts as a potential target for modern antitumor
therapies [1,2]. As one such therapeutic agent, 3-bromopy-
ruvate (3BP) inhibits glycolysis, consequently limiting ener-
gy supply to tumor cells and inhibiting their rapid prolifer-
ation [3-7]. Studies have found that 3BP enters tumor cells
through monocarboxylic acid transporter 1 (MCT1) present on
the cell membrane surface [8,9], inhibits the activity of hexo-
kinase Il bound to the outer membrane of mitochondria, and
consequently limits energy production in cells and inhibits
their rapid growth [10-14]. Therefore, the therapeutic effect
of 3BP is poor in tumor cells with low MCT1 expression [15].
Moreover, clinical application of 3BP has been associated with
side effects as this agent interacts with healthy cells, particu-
larly erythrocytes, reducing its availability to tumor cells and
narrowing its therapeutic window [16-20].

Alternatively, previous studies have shown that several folate
receptors (FRs) are highly expressed on the surface of some tu-
mor cells, especially those exhibiting rapid growth [21,22], and
therefore, they can be used as therapeutic targets. Accordingly,
modifying the FR ligand, folic acid (FA), to accommodate 3BP can
increase the selectivity potential of a drug carrier system incor-
porated with 3BP. Moreover, active drug targeting to the desired
organs or cells through FR mediation further improves drug tar-
geting and reduces side effects, as this allows for active target-
ed transport of the FA-drug conjugate by endocytosis [23]. Once
the FA-drug conjugate enters the cell, the pH of endocytosomes
(pH 5), in contrast to that of the extracellular space (pH 7), leads
to altered conformation of the drug and FR complexes. The folate
conjugate can then separate from the FR, enter the cytoplasm,
and exert its therapeutic effects, whereas the FR can return to
the cell surface and continue to transport drugs. Thus, an FR-
mediated, active drug delivery system targets tumor sites in two
ways: direct coupling of FA to drug molecules and FA coupling to
the drug carrier surface. However, as coupling of FA to drug mol-
ecules can further reduce drug solubility, research has primarily
focused on FA coupled to the surface of drug carriers [24,25]. In
addition, current FA-targeted drug delivery systems have most-
ly been evaluated using in vitro toxicity tests. Few experimental
data are available in animals with the targeted therapeutic ef-
fects in humans also requiring further study.

Liquid crystalline nanoparticles [26] (LCNPs) are self-assembled,
bi-continuous liquid crystalline phases comprising a lipid bilay-
er enclosing water channels, which provides both a hydrophilic
and hydrophobic region for encapsulation of drugs with varying
solubilities [27-29]. These liquid crystals can be lamellar, hex-
agonal, or cubic (cubosomes). Owing to their unique reverse
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bi-continuous cubic phase structure, cubosomes do not cause
the side effects that are associated with nude drug adminis-
tration, such as burning sensation in the veins, rapid blood-
based clearance, and off-target side effects. Conversely, cubo-
somes are highly biocompatible and bioadhesive and can be
administered via different routes [30]. In addition, LCNPs can
enter the cell through endocytosis, which does not depend on
presence of MCT1 transporters on the cell membrane surface,
enabling transport of the drug into tumor cells to a greater ex-
tent. Some of the currently researched dosage forms of 3BP in-
clude liposomes, gold NPs, and microencapsulation. However,
there are no data in the literature on FA-modified cubic lig-
uid crystalline nanoparticles. In addition, most of the studies
on cubosomes are based on in vitro laboratory research, and
there is a lack of in vivo research data.

Given the excellent drug delivery performance of cubosomes
and tumor-targeting effects of drug modification with FA, we
hypothesized that FA-modified 3BP cubosomes (3BP-LCNP-FA)
would not be dependent on cell surface MCT1 proteins for in-
tracellular transport and may show improved antitumor ef-
fects without the toxic effects that are typically associated
with 3BP treatment. Therefore, in this study, we construct-
ed 3BP-LCNP-FA and evaluated in vitro antitumor effects in
CNE-2Z cells with high MCT1 expression on the surface of tu-
mor cell membrane and MDA-MB-231 2 cells with low MCT1
expression. In vivo antitumor effects were evaluated in tumor
bearing nude mice (Figure 1).

Material and Methods

Chemicals

We acquired 3BP from Sigma Co. Ltd. (Shanghai, China). Glycerol
monooleate (GMO) was purchased from Baoman Co. Ltd.
(Shanghai, China). Poloxamer 407 (F127), FA, and 1,1-carbonyl-
diimidazole (CDI) were provided by Yuan Ye Co. Ltd. (Shanghai,
China). An adenosine triphosphate (ATP) measurement kit was
purchased from Beyotime Biotechnology (50026, Shanghai,
China). Dialysis bags with a molecular weight cutoff of 3500
Da (Viskase Companies, Inc., Darien, IL, USA) were used. RPMI
1640 and Dulbecco’s modified Eagle’s medium were acquired
from Thermo Fisher Biochemical Products (Beijing, China). Fetal
bovine serum was supplied by Tian Hang Biotechnology Co.
Ltd. (Hangzhou, China). The CNE-2Z and MDA-MB-231 human
tumor cell lines were supplied by the biochemical laboratory
of Nanjing University.

Cell culture and animals

The human tumor cell lines CNE-2Zand MDA-MB-231, repre-
senting high- and low MCT expression, respectively, were used
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Figure 1. Construction and mechanism of 3BP-LCNP-FA. Synthetic process and structure of 3BP-LCNP-FA. 3-bromopyruvate is a
hydrophilic drug and located in the hydrophilic segment of the phospholipid bilayer. 3BP-LCNP-FA is injected into the blood
stream by intraperitoneal injection, and the drug is transported into tumor cells based on the enhanced permeability and
retention effect and folate receptor-mediated endocytosis. After local release of the drug, hexokinase on the mitochondria
can inhibit the ATP acquisition of tumor cells and cause cell death without affecting normal cells. (The following images

represent three independent experiments).

for in vitro evaluation. CNE-2Z cells were maintained at 5% CO,
and 37°Cin 1640 medium supplemented with 1% penicillin and
streptomycin and 10% fetal bovine serum. MDA-MB-231 cells
were maintained at 5% CO, and 37°C in Dulbecco’s modified
Eagle’s medium supplemented with 1% penicillin and strep-
tomycin and 15% fetal bovine serum. BALB/C nude mice were
purchased from the Cavens lab animal company (Jiangsu, China)
and housed in a laboratory free of specific pathogen barriers
in plastic cages with sealed air filtration devices. Feed, litter,
and water were all aseptically treated. The temperature was
maintained at 26-28°C and the relative humidity was main-
tained at 40-60%. The light and dark periods were 10 h and
14 h per day, respectively.

Synthesis and characterization of FA-conjugated F127

To construct cubosomes capable of targeting FRs in tumor cells,
we modified F127 with FA (F127-FA), which was prepared ac-
cording to previously reported methods [31]. Following acti-
vation of the amino terminus of FA, we coupled FA to F127
through an amidation reaction on the terminal carboxyl group
of F127. The overall process involved dissolving 87.58 mg of
FA in 5 mL of dry dimethyl sulfoxide (DMSO), which was then

stirred until complete dissolution. Then, 35.32 mg of CDI was
mixed, and the reaction was magnetically stirred for 24 h in
the dark. Subsequently, 0.62 g of F127 was added to the so-
lution and the reaction was placed in the dark for 24 h. All
reactions were conducted at 25°C. The reaction mixture was
transferred into a dialysis bag and dialyzed for 3 days against
double-steaming water, which was changed every 3-6 h. F127-
FA was recovered via lyophilization. The resulting product was
dried in a vacuum oven for 24 h and stored in a dry box until
use. Differential scanning calorimetry was conducted to pre-
evaluate the conjugated F127-FA. The synthesized F127-FA
was dissolved in DMSO to record a spectrum using proton nu-
clear magnetic resonance (*H-NMR) spectroscopy (600 MHz).

Preparation and characterization of cubosomes

3BP-LCNP and 3BP-LCNP-FA were prepared using an injection
method combined with high-pressure homogenization. Briefly,
GMO and FA/F127-FA were melted in a water bath at 60°C,
followed by the addition of 3BP. After melting, deionized wa-
ter was slowly added dropwise to obtain a crude solution. This
solution was then passed through a high-pressure homogeniz-
er (14,900 psi, nine cycles). During the preparation, 3BP-LCNP
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used F127 without FA modification. The sample volume was
approximately 10 mL and consisted of approximately 96.1 wt%
water, 3.5 wt% GMO, and 0.4 wt% F127-FA. Drug loading was
approximately 1.07x107 wt%. The crystallinity phenomenon of
3BP-LCNP and 3BP-LCNP-FA was observed via polarized light
microscopy (PLM), wherein ordinary light is converted into
polarized light for microscopy. A substance can be identified
as a single refractive (isotropy) or birefringence (anisotropy)
structure based on its optical properties; moreover, the crys-
tal form of the object can be quickly and accurately observed.
PLM can also be used to observe the crystal structure of cubic
liquid crystal. Cubosomes are optically isotropic and exhibit
a dark field of vision by PLM. In addition, size distributions of
3BP-LCNP and 3BP-LCNP-FA were assessed using Zeta Sizer
Nano series Nano-ZS (Malvern Instruments Ltd., Malvern, UK).
Characterization of 3BP-LCNP-FA particle morphology was per-
formed using transmission electron microscopy.

Evaluation of encapsulation efficiency

Encapsulation efficiencies (EE) of 3BP-LCNP and 3BP-LCNP-FA
were determined by dialysis. First, 5 mL of sample was added
into a dialysis bag and stirred for 4 h in 200 mL double-dis-
tilled water. The concentration of 3BP was determined inside
and outside the dialysis bag by using high-performance lig-
uid chromatography. The calculation formula of entrapment
efficiency (EE%) is EE%=(C~C)/C,x100%

where C, is the total concentration of 3BP in the cubosomes
and C, is the concentration of 3BP in the dialysis fluid.

3BP and 3BP-LCNP-FA release in vitro

In vitro drug release of 3BP and 3BP-LCNP-FA was determined
by dialysis. In brief, 3BP and 3BP-LCNP-FA (5 mL each) were
added to dialysis bags and placed in a phosphate solution me-
dium (pH 6.8, tumor microenvironment). At different time in-
tervals, 1 mL of dialysate was removed and replaced with the
same amount of fresh phosphate-buffered saline (PBS) supple-
mented solution (pH 6.8). Free 3BP content in each dialysate
was determined by high-performance liquid chromatography
using a 204-nm ultraviolet detector and a C18-alkyl reverse
phase bonded column. The mobile phase was a 9: 1 mixture of
0.1% trifluoroacetic acid aqueous solution and 0.1% trifluoro-
acetic acid acetonitrile solution. The flow rate was 1 mL/min,
and the elution time was 8 min.

Morphological changes in cells

To observe changes in cell and nucleus morphology follow-
ing treatment with different dosage forms of 3BP, CNE-2Z
(2.5x10% and MDA-MB-231 (3.5x10%) cells were seeded into
six-well plates. When the cells covered approximately 70%
of the plate bottom, different dosage forms of 3BP were
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administered (with a constant 3BP concentration of 50 uM).
After 24 h, the dead cells in the culture medium were washed
off with PBS, and the remaining cells were fixed with 4% para-
formaldehyde for 30 min. Paraformaldehyde was then washed
off with PBS and 4’,6-diamidino-2-phenylindole was added for
staining for 15 min. After staining, 4’,6-diamidino-2-phenylin-
dole was washed off with PBS, and the morphological changes
of cells and cell density were observed using a live cell work-
station after adding PBS.

Cytotoxicity in vitro

For cytotoxicity testing, healthy CNE-2Z (5x10°) and MDA-
MB-231 (8x103) cells were seeded in 96-well plates for 24 h.
When cell density reached approximately 70%, the cell cul-
ture medium was replaced with a drug-containing medi-
um including different concentrations of LCNP-FA, 3BP, 3BP-
LCNP, or 3BP-LCNP-FA (with a consistent 3BP concentration of
50 umol/L). After further incubation for 24 h, cell viability was
determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide assay.

Intracellular ATP levels

The ATP level in cells was measured using the ATP assay Kkit.
CNE-27 (2.5x10%) and MDA-MB-231 (3.5x10°) cells were seed-
ed in six-well plates and cultured for 24 h. LCNP-FA-, 3-BP-,
3BP-LCNP-, or 3BP-LCNP-FA-containing culture medium was
then added to the cells for 4 and 6 h at 37°C.

Animal experiments

BALB/C nude mice (4 to 5 weeks old, female) bearing tumors
were established by inoculating 5x10 CNE-2Z cells into the
right flank. To evaluate the targeted therapeutic effect of
3BP-LCNP-FA in vivo, the mice were divided into five groups
(control, LCNP-FA, 3BP, 3BP-LCNP, and 3BP-LCNP-FA) of four
mice each. When the tumor grew (volume=lengthxwidth?/2)
to approximately 70 mm?3, the different groups (with a con-
stant 3BP concentration of 8 mg/kg and injection volume of
0.1 mL/mouse) were injected intraperitoneally with the re-
spective drug formulations. After dosing every other day for 2
weeks, tumor volumes were compared to evaluate the target-
ed antitumor effect in vivo. Changes in body weight of nude
mice were used to evaluate the toxicity of different drug for-
mulations. Two days after the final treatment, the mice were
euthanized by cervical dislocation. Tumors from all the mice
were extracted and weighed for comparison of treatment ef-
fects. Serum was collected for assessment of liver and kidney
toxicity; organs (the kidney, lung, and liver) were excised for
histopathological examination using hematoxylin and eosin
staining. Proliferation of tumor tissue was observed via prolif-
erating cell nuclear antigen (PCNA) immunohistochemistry and
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Figure 2. Differential scanning calorimetry characterization of
FA-F127.

tumor tissue apoptosis was evaluated using a terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL) assay.

Statistical analysis

All experiments were performed independently and repeated
at least three times. Statistical comparisons of data sets were

LAB/IN VITRO RESEARCH

evaluated using the Student’s t-test and one-way analysis of
variance test. P<0.05 was considered statistically significant.

Results

Characterization of FA-conjugated F127

Conjugation of FA and F127 was evaluated using differential
scanning calorimetry (Figure 2). The purple curve represent-
ing F127-FA lacked the characteristic absorption peak of FA,
indicating that F127-FA was a single compound. The 'H-NMR
spectrum of F127-FA showed absorbance peaks correspond-
ing to the following components: 1.01 (CH, in PPO of F127),
3.44-3.51 (CH in PPO of F127), 3.53 (CH,CH,0 of F127), 6.6 and
7.6 (3,5-H and 2,6-H of the FA benzene ring), and 8.6 (C7-H in
the FA pteridine proton) (Figure 3).

Characterization of cubosomes

The results showed that cubosomes were prepared when
GMO: F127 was 8: 1 (by% of weight, with a consistent total
mass of 1 g). Consistent with the optical isotropy exhibited by
cubosomes, we observed 3BP-LCNP as a dark field. Notably,

o~ ~ =) — =3 O o~ ~ o~ = al (=2 N O al o o o
g B g B E5AR8583YS SR 8 g g
~ ~ =} =] < < [aa] ~ mMm N (2} [aalas [} [} ~ f\ll — —
- - S O S S S S S o ~
] ; . b |
"HNMR (600 MHz, DMSO-d ) 6 7.64 (d,
J=8.8Hz, OH), 6.64 (d, ) = 8.9 Hz, OH),
4.48(d, ) = 6.0Hz, OH), 3.53 (5, 1H), 3.51
(s, 25H), 3.49-3.46 (m, 3H), 3.44-3.40
(m, 2H), 1.04 (d, ) = 5.9 Hz, 6H).
E |[s)
Esg
ql (m)
. 47
¢ @ ) H (@ [ ) E(d)
7.64 6. 64 4.48 3. 42 104
D [i(s)
G af
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Figure 3. 'H-NMR spectrum of F127-FA.
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Figure 4. PLM characterization of cubosomes. (A) 3BP-LCNP; (B) 3BP-LCNP-FA.
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Figure 5. Size and PDI distribution of 3BP-LCNP and 3BP-LCNP-FA. Different colors represent three tests (n=3).

Table 1. Average size and polydispersity index of 3BP-LCNP and
3BP-LCNP-FA (n=3).

Sample Average size PDI
3BP-LCNP 192.3 0.113
3BP-LCNP-FA 201.7 0.102

3BP-LCNP-FA still appeared as a dark field following drug load-
ing (Figure 4A, 4B), indicating that drug loading did not affect
the morphology of the prepared liquid crystal.

Homogenization at 14,900 psi for nine cycles yielded an ade-
quate particle size. The addition of FA increased the average
particle size from 192.3 to 201.7 nm and the polydispersity
index (PDI) decreased from 0.113 to 0.102 (Figure 5, Table 1).
The EE of the prepared 3BP-LCNP-FA was around 70.23%.
Figure 6 shows the structure of 3BP-LCNP-FA under a cryo-pro-
jective electron microscope; spherical particles of uniform size
that were not adherent to each other were observed.

3BP-LCNP-FA release profile in vitro

Release of 3BP at drug concentrations of 5, 10, 25, 50, 90, 100,
250, and 500 pg/mL from 3BP-LCNP-FA showed a linear profile.
Free 3BP exhibited almost 100% release within 3 h. In com-
parison, only 90.79% of 3BP was released from 3BP-LCNP-FA
within 48 h (Figure 7), indicating that 3BP-LCNP-FA presented
a slower drug release pattern than free 3BP.

Morphological changes in cells

The blank vector LCNP-FA had no significant effect on the mor-
phology or density of CNE-2Z and MDA-MB-231 cells (P>0.05)
(Figure 8A, 8B). The effects of 3BP, 3BP-LCNP, and 3BP-LCNP-
FA on the morphology and density of CNE-2Z cells were sim-
ilar (P>0.05). Morphology and density of MDA-MB-231 cells
were not significantly changed by 3BP (P>0.05). In contrast,
3BP-LCNP and 3BP-LCNP-FA significantly reduced the densi-
ty of MDA-MB-231 cells (P<0.01) and caused changes in nu-
clear morphology, including gradual condensation of chroma-
tin into a crescent shape and attachment to the periphery of
the nuclear membrane; nuclear envelope breakdown; and nu-
clear division. However, the cell membrane remained intact.
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Figure 6. TEM characterization of 3BP-LCNP-FA. Figure 7. In vitro release of 3BP and 3BP-LCNP-FA (pH 6.8).
Data represent the mean+S.D. of three independent
experiments.
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Figure 8. (A) Cell morphology changes and (B) cell density changes after LCNP-FA, 3BP, 3BP-LCNP, and 3BP-LCNP-FA treatment.

Inhibitory effect of 3BP-LCNP-FA on tumor cell inhibitory effects on proliferation in either cell line after 24 h.
proliferation However, in CNE-2Z cells, 50 uM of 3BP-LCNP-FA caused 86.3%

inhibition in proliferation, whereas 3BP and 3BP-LCNP caused
To elucidate the effects of 3BP-LCNP-FA on tumor cells, we 7.8% and 4.6% inhibition, respectively (Figure 9C). As 3BP
evaluated the proliferation of CNE-2Z and MDA-MB-231 cells drug concentrations increased, the inhibition rate reached
after treatment. As shown in Figure 9A and 9B, increasing dos- over 80% at 125 uM. In contrast, as can be seen in Figure 9D,
es of the empty vectors LCNP and LCNP-FA had no significant increasing concentrations of 3BP did not significantly inhibit
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Figure 9. Cytotoxicity of different drug formulations in CEN2Z and MDA-MB-231 cells by MTT. (A) Blank vectors LCNP and LCNP-FA on
CNE-2Z and (B) MDA-MB-231. (C) 3BP, 3BP-LCNP, 3BP-LCNP-FA on CNE-2Z and (D) MDA-MB-231. Data are representative of
three separate experiments with similar results. * P<0.05, ** P<0.01.
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Figure 10. (A) Changes in intracellular ATP levels after 4 and 6 h of LCNP-FA, 3BP, 3BP-LCNP, and 3BP-LCNP-FA treatment on CNE-2Z
and (B) MDA-MB-231 cells. Data represent the mean+S.D. of three independent experiments, * P<0.05, ** P<0.001.

cell proliferation in MDA-MB-231 cells; e.g., when 3BP concen- Changes in intracellular ATP levels
tration reached 125 pM, the inhibition rate was only 10.2%. In
comparison, the inhibitory rate of 3BP-LCNP-FA reached 50.2%
at 50 uM, with the inhibitory effect increasing with increased
drug concentration.

Figure 10 shows changes in intracellular ATP levels in CNE-2Z
and MDA-MB-231 cells after the different drug delivery forms
were administered for 4 and 6 h. Intracellular ATP levels in
MDA-MB-231 cells did not decrease significantly with increased
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3BP concentration, and no significant difference was observed
compared with that in the control group (P>0.05). In contrast,
ATP levels in 3BP-, 3BP-LCNP-, and 3BP-LCNP-FA-treated cells
showed a significant decrease compared with that in the con-
trol group (P<0.05).

Results of 3BP-LCNP-FA treatment in vivo

Tumor volume is the most effective parameter for evaluating
the therapeutic effect of a drug in tumor-bearing nude mice.
Tumor volume in different dosage groups (Figure 11A) and re-
sults of tumor weight analyses (Figure 11B) revealed that both
3BP-LCNP and 3BP-LCNP-FA exhibited significant inhibitory ef-
fects on tumor growth (P<0.05). During the treatment period,
the body weight of nude mice in the 3BP administration group
showed a downward trend, which was not observed in the other
groups (Figure 11C). Evaluation at different time points during
administration revealed that tumor volume in the 3BP admin-
istration group increased from 70 to approximately 678 mm?,
whereas in the 3BP-LCNP-FA treatment group, it increased to only
248 mm? (Figure 11D). Tumor growth was inhibited more signifi-
cantly by 3BP-LCNP-FA than by LCNP-FA/3BP/3BP-LCNP, with no
obvious toxic and side effects. Hematoxylin and eosin-stained
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sections of the liver, kidney, lung, and tumor from the different
groups revealed no obvious morphological changes in any of
the observed tissues (Figure 11E). Analysis of markers related
to organ damage indicated that levels of alanine transaminase
(ALT), aspartate aminotransferase (AST), creatinine (Cr), and
blood urea nitrogen (BUN) in the treatment groups were with-
in the normal range (Figure 11F). The result of PCNA immuno-
histochemistry showed that PCNA was localized in the nucleus;
the positive markers (HRP-DAB/H,0,) appeared as light-yellow
and brown-yellow granules (Figure 11G). The highest PCNA ex-
pression was observed in 3BP-LCNP-FA-treated mice, followed
by (in order) those treated with 3BP-LCNP, 3BP, LCNP-FA, and
control. Results of the TUNEL assay used to observe the extent
of apoptosis in the tumor tissues revealed the highest expres-
sion level of green particles in tumors from 3BP-LCNP-FA-treated
mice, followed by (in order) those from mice treated with 3BP-
LCNP, 3BP, LCNP-FA, and control (Figure 11H).

Discussion

In the process of preparation, cubosomes will form a lipid bi-
layer structure and then extend in three-dimensional space
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Figure 11. Antitumor activity evaluation of 3BP-LCNP-FA in vivo. (A) Formation of tumors in control, LCNP-FA, 3BP, 3BP-LCNP, and
3BP-LCNP-FA groups of mice. After nude mice were sacrificed in the last administration, tumor weights of different dosage
groups were analyzed. (B) Data are presented as mean+S.D. (n=4) * P<0.05, ** P<0.01. (C) Change curves of mice weight
and (D) tumor volume were measured at different time points after administration of different dosage forms. Data are
presented as mean#S.D. (n=4). H &E staining of the tumors, lung, liver, and kidney after LCNP-FA, 3BP, 3BP-LCNP, and 3BP-
LCNP-FA treatment vs. control. (E) The images are representative of three independent experiments. After LCNP-FA, 3BP,
3BP-LCNP, and 3BP-LCNP-FA treatment, the levels of AST, ALT, Cr, and BUN were evaluated by taking orbital venous blood.
(F) Data represent the MeanS.D. (n=6). PCNA immunohistochemistry of LCNP, 3BP, 3BP-LCNP, and 3BP-LCNP-FA treatment.
(G) The images are representative of three independent experiments. TUNEL assay of LCNP, 3BP, 3BP-LCNP, and 3BP-LCNP-
FA treatment. (H) The images are representative of three independent experiments.
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to form a compact and stable cubic liquid crystal system with
various structures, in which the smallest lattice is a cube [32].
Because cubosomes are a self-stable system, they are supe-
rior to traditional nanocarrier systems, such as micelles and
liposomes. Although cubosomes have been shown to exhib-
it strong antitumor effects in vitro, evaluation of their antitu-
mor effects and drug toxicity in vivo is more relevant to ulti-
mate clinical application [18]. For example, some studies have
reported that cubosomes are not stable in blood. When cubo-
somes come in contact with plasma, the liquid crystal struc-
ture changes and affects drug release. However, cubosomes
can still increase the action time of a drug through circula-
tion in the body. For example, the addition of poloxamer 407
in the preparation of cubosomes can further stabilize the spa-
tial structure of the particles. Nonetheless, whether the par-
ticle structure of 3BP-LCNP-FA remains intact for the desired
time after a stabilizer is added remains to be further investi-
gated based on the targeting afforded by the enhanced per-
meability and retention effect and FA-FR to the tumor site. In
this study, we observed that the antitumor effect of 3BP-LCNP-
FA was superior to those of 3BP-LCNP and 3BP. Nevertheless,
the specific phase transition mechanism of cubic liquid crystal
in blood, such as the effects of plasma ionomer, microenviron-
ment, and organelle, remains to be further studied.

In the current study, we also evaluated levels of markers as-
sociated with organ damage. Specifically, ALT, which is pres-
ent in the cytoplasm of hepatocytes, and AST, which is main-
ly present in the cytoplasm and mitochondria of hepatocytes,
are released into the blood during cell degeneration, mem-
brane necrosis, cell permeability, or membrane damage. BUN
and Cr are markers of renal injury. Notably, these levels were
all within normal ranges, suggesting that 3BP-LCNP-FA exhib-
ited no hepatotoxicity or nephrotoxicity. In addition, absence
of morphological changes indicated no significant toxicity or
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side effects in the liver, kidney, or lung in each treatment group.
TUNEL assay results further demonstrated that 3BP-LCNP-FA
inhibited tumor cell proliferation and increased tumor apop-
tosis, implying its potent inhibitory effects on tumor growth.
Overall, these results indicated that it is feasible to enhance
the efficacy of antitumor drugs by modifying the drug delivery
system. The results of this study, therefore, may have promis-
ing implications for future 3BP research and clinical application.

This study has several potential limitations. The antitumor ef-
fect of 3BP-LCNP-FA was greater than that of LCNP-FA/3BP/3BP-
LCNP based on pharmacodynamics. However, the specific mech-
anisms of action have not been clarified, including accurate
details regarding the tumor targeting and release mechanism
in cells after 3BP-LCNP-FA enters the blood. Follow-up exper-
iments will be required to evaluate the precise modes of ac-
tion and antitumor effects of 3BP-LCNP-FA from the perspec-
tive of molecular mechanisms.

Conclusions

In this study, the performance of a prepared drug delivery plat-
form was evaluated using PLM, differential scanning calorime-
try, and *H-NMR spectroscopy. 3BP-LCNP-FA can be successful-
ly constructed as a drug delivery vehicle that has no obvious
toxic effects in vivo. Our findings show that a cubic liquid crys-
tal modified by FA can be used as an effective carrier for tar-
geted 3BP administration.
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