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Purpose: Hepatocellular carcinoma (HCC) is a common malignant tumor that seriously
threatens human life and health. Currently, the majority of antitumor drugs are administered
in an injectable manner, which can cause pain and side effects to patients. Objective of this
study is to establish an effective oral drug delivery system for anti hepatoma drugs.
Methods: In this study, intestinal targeting cell penetrating peptide (R6LRVG) was obtained
by binding cell penetrating peptide (R6) with the polypeptide of LRVG (targeting intestinal
epithelial cells). Next, R6LRVG-modified tyroserleutide-poly(lactic-co-glycolic acid)
(PLGA) nanoparticles (YSL-PLGA/R6LRVG NPs) were prepared. After that, the nanopar-
ticles were characterized and their stability was evaluated. The cellular uptake, in vitro
bioactivity and in vivo antitumor activity of the nanoparticles were investigated. In addition,
the mechanism, including the endocytic pathway and respiratory rate detection of mitochon-
dria, was further investigated.

Results: YSL-PLGA/R6LRVG NPs were successfully prepared. Characterization revealed
YSL-PLGA/R6LRVG NPs to be globular particles with smooth surfaces and an average
diameter of 222.6 nm. The entrapment efficiency and drug loading of tyroserleutide were
70.27% and 19.69%, respectively. Furthermore, the YSL-PLGA/R6LRVG NPs group exhib-
ited the largest amount of YSL uptake. We also found that cell uptake of YSL-PLGA
/R6LRVG NPs could be related to the endocytosis pathways mediated by reticulin and
caveolae/lipid rafts. Additionally, the YSL-PLGA/R6LRVG NPs could interfere with mito-
chondrial function. In vivo experiments revealed that orally administered YSL-PLGA
/R6LRVG NPs exerted excellent anticancer effects in tumor-bearing mice. Hematoxylin-
eosin staining did not show any histological changes in the major organs.

Conclusion: To summarize, YSL-PLGA/R6LRVG NPs could be a useful oral delivery
system of YSL and may provide a new platform for the oral delivery of anticancer drugs.
Keywords: nanoparticles, target penetrating peptide, tyroserleutide, hepatocellular
carcinoma, cellular respiration rate

Introduction

Cancer is one of the most common chronic diseases in the world that is character-
ized by cell proliferation and spread.' According to data released by the
International Agency for Research on Cancer, cancer is the deadliest disease in
both China and the United States, and its incidence is expected to continue to rise in
the next decade.”” Hepatocellular carcinoma (HCC) is the sixth most common
cancer in the world and the third leading cause of cancer-related deaths.*” It is
a common malignant tumor that seriously threatens human life and health.® The
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treatment of HCC is challenging. The side effects of che-
motherapy limit its use in liver cancer, especially in under-
weight patients. Therefore, it is necessary to identify drugs
with low toxicity and side effects in the treatment of liver
cancer.’

Tyroserleutide (YSL) (C13H»7N306, MW 381.42 Da) is
a tripeptide extracted from pig spleen, which is composed
of L-tyrosine, L-serine, and L-leucine. It can inhibit the
invasion and adhesion of mouse melanoma cell lines, and
the more encouraging result is its anti-HCC effect.'® YSL
is mainly distributed in the cytoplasm and is also found in
the mitochondria of tumor cells. It directly acts on the
mitochondria of tumor cells, reduces the mitochondrial
membrane potential, affects membrane permeability, and
leads to mitochondrial swelling.'' YSL can significantly
prolong the survival of mice transplanted with H22 hepa-
toma cells and inhibit the growth of human BEL-7402
tumors in nude mice.'? Moreover, YSL is a polypeptide
associated with very few side effects.

Chemotherapy is often used in the management of
cancers in a clinical setting. The intravenous route is
typically used to administer anticancer drugs directly into
the systemic circulation. This mode of administration
causes a rapid increase in drug levels in the blood, which
exceeds the maximum tolerable concentration (MTC) of
the drug in humans. YSL is a tripeptide that is cleared or
rapidly degraded after intravenous injection. Therefore,
frequent drug administration is often necessary, which
could inconvenience patients. In contrast, during oral che-
motherapy, drugs gradually enter the systemic circulation
through intestinal absorption. Subsequently, appropriate
drug concentrations in the blood are maintained, avoiding
drug levels in the blood exceeding the MTC, thereby
prolonging the interaction of the drug with cancer cells.
Thus, the side effects of drugs are reduced and their
efficacy is improved. Moreover, the ease and convenience
of oral chemotherapy are associated with better patient
compliance, which results in a significant saving in time
and expenses during treatment.'*'* However, improving
the oral bioavailability of YSL continues to pose
a challenge in drug design.

Nanoparticles (NPs) are considered as promising plat-
forms in enhancing the absorption of anticancer drugs.'*'®
Overall, nanoparticles protect drugs from adverse condi-
tions and increase their absorption from the gastrointest-
inal tract (GIT)."”?? Poly(lactic-co-glycolic acid) (PLGA)
is a lactic acid/glycolic acid copolymer synthesized using
lactic and glycolic acids and other monomers. PLGA can

enhance drug stability and absorption, providing faster
dissolution and higher adsorption for surface loading, pre-
venting the effect of proteolytic enzymes, improving
mucus adhesion, and increasing gastrointestinal retention.
Besides, PLGA is non-toxic, and its final degradation
products are water and carbon dioxide, which are envir-
onmentally friendly and safe for humans.**

To further improve the permeability of orally bioavail-
able drugs, it is also necessary to enhance the absorption
of anticancer drugs.** Cell-penetrating peptides (CPPs)
have attracted increasing attention as carriers and are
a promising class of biomolecules in the intestinal mucosal
system.>> %7 Oligo-arginine is an artificially synthesized
cell-penetrating peptide that is safe for human use.”® The
concept of arginine-rich CPPs was first proposed in 2001.
After determining membrane-penetrating ability, it was
found that within a certain range (R4-R8), the transmem-
brane permeability of arginine-rich CPPs increased with
the number of arginine units and reached the maximum at
R6 and R8. Cell permeability was found to decrease when
the arginine units in the molecule were increased to
beyond eight.?’ Further studies show that arginine-rich
CPPs are effective carriers with low toxicity and can be
easily synthesizeds. Arginine-rich CPPs are widely used in
drug delivery and constitute a hot research topic in biome-
dical research.***' Moreover, arginine-rich residues as
terminal groups could likely interact with tumor mem-
branes by multiple hydrogen bonding and electrostatic
interactions. Targeted penetrating peptide consists of
a polypeptide sequence that has inherent targeting abilities
and can penetrate cell membranes through receptor inter-
action on the cell surface upon reaching a specific site.*>
Researchers have used phage display technology to screen
in vitro models of the human follicle-associated epithelium
(FAE).** The LRVG peptide sequence has a high fre-
quency through the cross cell screening of intestinal cells
and FAE. Several research groups have synthesized vac-
cine-loaded nanoparticles. LRVG peptide-modified nano-
particles significantly increase nanoparticle transport
compared to the unmodified nanoparticles.®> These find-
ings indicate that LRVG peptides can target intestinal
epithelial cells. LRVG peptides can transport drugs
through the epithelial cells of the small intestine, thereby
enabling the uptake of macromolecules by improving oral
absorption.

In this study, we developed a new penetrating peptide
targeting intestinal epithelial cells. Further modification of
YSL-PLGA NPs revealed that it could enhance not only
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the cellular uptake but also the inhibitory effect of YSL on
HCC. The schematic diagram of the preparation of YSL-
PLGA/R6LRVG NPs and the mechanistic representation
of the uptake of nanoparticles is depicted in Scheme 1.
Specifically, CPP (R6) was combined with the polypeptide
of LRVG (targeting intestinal epithelial cells) to yield
intestinal targeting penetrating peptide (R6LRVG). We
prepared R6LRVG-modified YSL-PLGA NPs (YSL-
PLGA/R6LRVG NPs) to enhance the absorption of YSL.
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First, YSL-PLGA NPs were prepared using double emul-
sion volatilization (W/O/W), giving the nano platform
high drug-carrying capacity. Next, ROILRVG was modified
on its surface using electrostatic adsorption. Lastly, the
synthesized NPs were characterized using transmission
electron microscopy (TEM), Fourier transform-infrared
(FTIR) spectroscopy, and zeta potential determination.
Furthermore, the cell uptake, in vitro bioactivity and
in vivo anti-tumor activity of the NPs were determined.

NH H,N NH

;22_/_/
prdm

" Cellular )
\ Respiration Rate /

~ -’
-~ -
———

O °

>
Vd
o ©®

electrostatic adsorption

@ vsirica nps

[\ R6LRVG

o @ -~ YSL-PLGA/R6LRVG NPs

Scheme | (A) The chemical structure of R6LRVG and (B) schematic diagram of YSL-PLGA/R6LRVG NPs preparation technology and anti-cancer mechanism diagram of

nanoparticles.
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Moreover, the mechanisms, including internalization
modes and the respiration rate of mitochondria, were

elucidated.

Materials and Methods

Materials

YSL and target penetrating peptide (ROLRVG) were pur-
chased from GenScript Co. Ltd (Nanjing, China). PLGA
(LA/GA ratio 50:50, average MW 30000) was purchased
from Jinan Daigang Biomaterial Co., Ltd (Jinan, China).
Sodium azide was obtained from Beyotime (Nantong,
China). Fluorescein isothiocyanate (FITC), Hoechst
33,342, methyl-B-cyclodextrin (M-B-CD), chlorpromazine
and amiloride hydrochloride were acquired from Aladdin
(Shanghai, China). All other solvents were of analytical or
chromatographic grades and were procured commercially.

Preparation of YSL-PLGA/R6LRVG NPs
First, YSL-PLGA NPs were prepared using double emul-
sion solvent evaporation (W/O/W). Briefly, 0.1 mL of
aqueous phase containing 20 mg/mL of YSL was slowly
dripped into the organic phase containing 0.020 g of
PLGA dissolved in 1 mL dichloromethane at 37 °C
using magnetic stirring. The mixture was emulsified
using ultrasound (160 W, 30 sec) on ice to form a first-
order emulsion. Next, the emulsion was slowly added into
2 mL of aqueous sodium cholate (0.5%, w/v) under stir-
ring and subjected to ultrasound (160 W, 60 sec) on ice.
Dichloromethane was removed using a rotary evaporator
under reduced pressure at 30 °C for 15 min, and the
solution was centrifuged at 13,500 rpm at 4 °C for 40
min to obtain a precipitate, which was washed with deio-
nized water. This centrifugation-wash cycle was per-
formed three times. The nanoparticle dispersions that
were obtained were pre-frozen overnight at —20 °C and
freeze-dried to obtain the final product, which was stored
at 4 °C until further use.

Next, YSL-PLGA/R6LRVG NPs were prepared by
adding an equal volume of 6 mg/mL R6LRVG solution
to the solution containing unmodified nanoparticles. The
reaction was allowed to progress for 1 h before centrifu-
ging. Then the supernatant was centrifuged to measure the
concentration of RELRVG by UV spectrophotometer. The
precipitate was freeze-drying to obtain the final product,
which was stored in 4 °C until further use. Fluorescent-
labeled NPs were prepared by dissolving PLGA and FITC
in the organic phase using in the method described earlier.

Characterization of the NPs

The morphologies of PLGA NPs, YSL-PLGA NPs,
PLGA/R6LRVG NPs and YSL-PLGA/R6LRVG NPs
were observed using TEM (Jeol JEM-1400, Jeol Ltd.,
Japan). Particle size (Z-average), polydispersity index
(PDI), and zeta potential ({-potential) of the NPs were
determined using a Malvern Zetasizer Nano ZS instrument
(DLS, Zetasizer Nano, Malvern Instruments Ltd, UK).
Before these measurements, the samples were dispersed
in deionized water. FTIR spectra (NEXUS670, Nicolet,
USA) of samples were collected over a scanning range
of 400 to 4000 cm ' and the resolution of 2 cm'. The
elemental composition of nanoparticles was determined
using an elemental analyzer (Vario EL III, Elementar,
Germany).

Encapsulation Efficiency (EE) and Drug
Loading (DL)

The supernatant was obtained after centrifugation of the
nanoparticle preparation and the free YSL content was
determined using UV spectrometry (UV-2450, Shimadzu,
Japan). At least three replicates were performed to calcu-
late the amount of YSL in the with NPs. EE and DL were
calculated using the following formulas:

(total amount of YSL added — free YSL)

o, —
EE(%) = total amout of YSL added
x 100%
DL(%) = (total amount of YSL added — free YSL)

weight of NPs
x 100%

Stability and Drug Release of the NPs

in vitro

The stability of NPs was assessed in pepsin-containing
simulated gastric fluid (SGF) (0.3%, w/v), pancreatin-
containing simulated intestinal fluid (SIF) (1.0%, w/v),
and phosphate-buffered saline (PBS) in a shaker at
100 rpm and 37 °C. Samples were measured at defined
time intervals (0, 1, 2, and 4 h) or (0, 1, 3, and 6 h) using
a Malvern Zetasizer NanoZS90 analyzer (Malvern
Instruments Ltd., UK).

The in vitro drug release of NPs was measured using
dialysis (MWCO 2 kDa). The dialysis bag was immersed
in 20 mL of simulated gastric fluid (SGF) for 1 h, followed
by immersion in 20 mL of simulated intestinal fluid (SIF)
for 3 h and 20 mL of PBS for 12 h, at 37 °C with gentle
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shaking. The pH of SGF and SIF was 1.2 and 6.8, respec-
tively. The composition of SGF was 35 mM NaCl, 80 mM
HCI, and 0.3% (w/v) pepsin; and the composition of SIF
was 50 mM KH,PO,4, 15 mM NaOH, and 1.0% (w/v)
pancreatin at pH 6.8. Drug concentrations in the dialysis
buffer were measured using UV spectrometry at predeter-
mined time intervals.

Cell Culture

Caco-2 cells (KeyGen Biotech Inc.; Nanjing, China) have
morphology and function similar to that of the human
intestinal epithelium. Human hepatocellular carcinoma
BEL-7402 cells were purchased from the Institute of Cell
Biology (Academia Sinica; Shanghai, China). Caco-2 cells
and BEL-7402 were grown in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 100 IU/mL penicil-
lin, 100pg/mL streptomycin, 2 mM L-glutamine, 1% non-
essential amino acids, and 10% fetal bovine serum to
prevent contamination. The medium was replaced every
two days. Caco-2 cells were cultured in an incubator at 37
°C in an atmosphere of 5% CO,. Cells were passaged
using trypsin-EDTA (0.25%, 0.53 mM) at a density of
2.5%10° cells/25 cm” flask.

Cytotoxicity and Anti-Tumor Effects

in vitro

Caco-2 cells were used to measure the biosafety of the
synthesized nanoparticles. The viability of NP-treated
Caco-2 cells was evaluated using a Cell Counting Kit-8
(CCK-8) assay (Nanjing Keygen Biotech Corp. Ltd,
China). Briefly, Caco-2 cells, in the logarithmic growth
phase, were seeded in 96-well plates at a density of
1.5x10° cells/well and incubated for 1-2 days. The med-
ium was replaced by serum-free medium containing dif-
ferent concentrations of the NPs (0.1, 0.2, 0.4, 0.8, 1, and
2 mg/mL) as calculated based on the DL rate. The con-
centration of nanoparticles was selected by referring to
previous studies.’® After 24 h and 48 h, the washed cells
were treated with CCK-8 reagent. Cells that were not
treated with NPs were used as a negative controls. Cell
viability was determined using spectrometry by measuring
the absorbance at 450 nm and calculated using the follow-
ing formula:

ODtext
Cell viability(%) = ————x100%

" ODcontrol

BEL-7402 cells were used to investigate the role of the
synthesized nanoparticles in the proliferation of anticancer

cells. Briefly, BEL-7402 cells in the logarithmic growth
phase were seeded in 96-well plates at a density of 1x10°
cells/well and cultured for 24 h. Then, NPs were added to
each well separately at predetermined concentrations.
After 24 and 48 h, cytotoxicity was measured using
a CCK-8 assay kit. Cell viability was determined by cal-
culating the ratio of the absorbance values of the experi-
mental groups to the negative controls. Furthermore, the
half-maximal inhibitory concentration (ICsy) was calcu-
lated for each group based on survival analysis using
GraphPad Prism 5 (GraphPad Software Inc., USA).

Transportation of Nanoparticles Across
the Caco-2 Cell Monolayer

Caco-2 cells were seeded on transwell diffusion cells (pore
size 0.4 um, 1.12 cm? growth area, Corning Life Sciences,
Acton, MA, USA) and maintained in DMEM for 3 weeks.
Transepithelial electrical resistance was measured across
the Caco-2 cells growing on the 1.12-cm? polycarbonate
filters of the transwell diffusion cells using an Epithelial
Volt-Ohm Meter (MillicellERS-2, USA) to evaluate tight
junction barrier. FITC-PLGA NPs and FITC-PLGA
/ROLRVG NPs were added on the apical side, and
0.1 mL of samples were collected from the basolateral
chamber at predetermined time intervals. The percentage
of FITC-PLGA NPs and FITC-PLGA/R6LRVG NPs
transported through the cell monolayers was calculated
using a Multimode Plate Reader (PerkinElmer, Germany).

Cellular Uptake Studies

The cellular uptake of FITC-PLGA NPs, FITC-PLGA
/R6LRVG NPs, FITC-PLGA/R6 NPs, and FITC-PLGA
/LRVG NPs in Caco-2 and BEL-7402 cells was deter-
mined using laser confocal scanning microscopy (LCSM,
Fluoview FV 1000, Olympus, Japan). FITC-loaded NPs
were prepared following the method described previously.
Caco-2 cells in the logarithmic growth phase were seeded
on the laser confocal dish at a density of 1x10* cells/well
and cultured overnight. FITC-loaded NPs were added to
each well at the indicated concentrations and incubated for
1, 3, and 6 h. FITC-PLGA/R6 NPs and FITC-PLGA
/LRVG NPs were incubated for 3 h to determine the role
of the arginine-rich peptide and LRVG peptide in the
cellular uptake of the nanoparticles. Next, the cells were
stained with Hoechst 33342 and the cellular uptake of NPs
was observed using LCSM. To assess the cellular uptake
in cells other than the intestinal-derived cells, BEL-7402
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cells were used as a control. A similar method was used to
treat BEL-7402 cells with nanoparticles for 3 h to deter-
mine cell selectivity.

Flow cytometry (FCS, Beckman Coulter, Inc.) was
used to quantify the cellular uptake capacity of NPs.
Caco-2 cells were seeded in a 6-well plate and cultured
overnight. Then, the cells incubated with FITC-loaded
NPs were suspended in DMEM. After incubation for 3
and 6 h, the cells were digested from the 6-well plates and
centrifuged to collect single-cell suspensions. The suspen-
sions were diluted and the number of cells in each group
was controlled at about 10,000. Lastly, the X-mean intra-
cellular fluorescence intensity of cells was measured using
FLowlJo 7.6 software. Cells incubated with PBS were used
as a negative control.

Endocytosis Pathways

The possible mechanisms of endocytosis of FITC-PLGA
NPs and FITC-PLGA/R6LRVG NPs were studied by incu-
bating Caco-2 cells with specific endocytosis inhibitors.
Caco-2 cells were cultured as described Cell Culture and
treated according to the method described previously. Caco-
2 cells were pre-incubated with 100 mM sodium azide,
10 pg/mL chlorpromazine, 5 pg/mL colchicine, 0.3 mg/
mL amiloride hydrochloride, or 5 mg/mL methyl-B-
cyclodextrin (M-B-CD) in serum-free medium at 37 °C for
30 min, and then incubated with a suspension of FITC-
loaded NPs at 37 °C for 3 h. To determine the effect of
temperature on cellular uptake, cells were incubated with the
nanoparticle suspension at 4 °C for 4 h. The results of the
inhibition tests are represented as the cellular uptake ratio of
the FITC-loaded NPs relative to the untreated control group.

Cellular Respiration Rate

The rate of cellular respiration was measured using an
XF96 cell Mito stress test kit (Seahorse Bioscience,
Billerica, MA). First, we optimized the experimental con-
ditions to determine the ideal cell density of BEL-7402
cells and the reagent concentrations to be used in our
study. Next, BEL-7402 cells (4 x 10° cells/mL) were
seeded on 96-well plates (Seahorse Bioscience, Billerica,
MA) and cultured overnight based on the optimized
experimental results. In the concentration-dependent
study, BEL-7402 cells were treated with YSL-PLGA
/R6LRVG NPs (containing YSL at a concentration of 0.1
and 0.2 mg/mL) and YSL (0.1 and 0.2 mg/mL) for 1 h,
whereas in the time-dependent study, cells were treated
with YSL-PLGA/R6LRVG NPs (containing YSL at

a concentration of 0.1 mg/mL) and YSL (0.1 mg/mL) for
1 and 3 h.*”*® Next, the original cell culture medium was
replaced with Seahorse detection medium (Seahorse
Bioscience, Billerica, MA) and cultured at 37 °C for 1
h without CO, to elicit a response. The basal oxygen
consumption rate (OCR) was measured at the beginning
of the experiment. Next, we added the respiratory inhibi-
tors (0.5 pM oligomycin, 0.3 pM carbonyl cyanide-4-(tri-
fluoromethoxy)phenylhydrazone (FCCP), and a mixture of
0.5 uM antimycin A and 0.5 uM rotenone) sequentially to
detect changes in the OCR in cells under different condi-
tions using XF96 Extracellular Flux Analyzer (Seahorse
Bioscience, Billerica, MA).

In vivo Anti-Tumor Activity

All animal experiments were performed following the
guidelines approved by the Ethics Committee of Nanjing
Normal University, Nanjing, China (Ethics review num-
ber: IACUC-200312). Four six-week-old female BALB/c
mice were used for our in vivo studies. To establish the
orthotopic tumor model, approximately 2x10°® BEL-7402
cells were subcutaneously injected into the right or left
flanks of mice.

The antitumor effects of NPs on hepatocellular carci-
noma were determined using the BEL-7402-induced
tumor-bearing mouse model. The therapeutic effect of
free YSL was evaluated after BEL-7402 cells were trans-
planted subcutaneously into the right axillary subcuta-
neous of nude mice.

Mice bearing BEL-7402 cells were randomly grouped
for drug administration. YSL-PLGA/R6LRVG NPs (160 pg/
kg/d) were injected intraperitoneal. The free YSL group
(320 pg/kg/d), YSL-PLGA/RO6LRVG NPs (320 pg/kg/d)
and the saline group (0.2 mL/d) were all given by gavage.
Before the oral administration of NPs, the gastric acid was
neutralized by the intragastric administration of 0.5 mL of
3% NaHCOj solution. Intraperitoneal injection and gavage
were commenced the next day after tumor implantation, and
the drug was administered twice a day for 28 days. The
tumor size and weight of mice were measured using
a Vernier caliper and balances every 2 days, and the study
was completed after 28 days. The tumor size was calculated
as 1/6-m-L-W?. On the second day after the last injection, the
tumors of each mouse were dissected and the weights
recorded. Three tumor diameters (A, B, C) were measured
using Vernier caliper, and the tumor volume (V) was calcu-
lated using the formula V = 1/6-p-A-B-C. Tumor-growth
inhibition was calculated as follows:
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Mc — Mt

Tumor growth inhibition index (%) = x 100%

The mice were weighed every two days to determine
drug toxicity. To evaluate NP-induced organ toxicity, the
main organs of mice (heart, liver, spleen, lung, and kidney)
were harvested, fixed with 4% paraformaldehyde, and
sectioned. Hematoxylin and eosin (H&E) staining was

used for histological analysis.

Statistical Analysis

Results are presented as mean values and standard error
(mean + SE). Data were evaluated using a one-way ana-
lysis of variance (ANOVA) to determine statistical signifi-
cance. In all cases, the difference was considered
statistically significant at P < 0.05. All experiments were

performed in three replicates.

Results and Discussion

Preparation and Characterization of the

NPs

YSL-PLGA/R6LRVG NPs were prepared for oral deliv-
ery based on the double emulsion solvent-evaporation
method (W/O/W). The molecular formula of R6LRVG
is presented in Scheme 1A. The preparation scheme and
anticancer mechanism of YSL-PLGA/R6LRVG NPs is
illustrated in Scheme 1B. The results showed that there
significant difference in R6LRVG content
between the two nanoparticles. According to the experi-

was no

mental results, the penetration/targeting peptide has been
adsorbed on the surface of nanoparticles by electrostatic
adsorption at approximately 33.64%. The results indi-
cated that a considerable amount of RELRVG had been

TEM Study

The primary morphologies of the prepared NPs were char-
acterized using TEM. As shown in Figure 1, PLGA NPs,
YSL-PLGA NPs, PLGA/R6LRVG NPs, YSL-PLGA
/R6LRVG NPs were mostly spherical with smooth surfaces
and uniform size distribution. Meanwhile, dynamic light
scattering (DLS) studies showed that the particle size of
YSL-PLGA/R6LRVG NPs was 222.6 = 10.4 nm and had
a PDI of 0.354 £ 0.069 (Table 1), which was in accordance
with the findings of TEM. The zeta potential of YSL-PLGA
NPs was —10.34 mV, whereas that of YSL-PLGA/R6LRVG
NPs was 18.23 mV. The change in the zeta potential of YSL-
PLGA/R6LRVG NPs from negative to positive may be
owing to the addition of positively charged ROLRVG. We
found that R6LRVG was present on the surface of the
nanoparticles. Furthermore, the average diameter of YSL-
PLGA/R6LRVG NPs was higher than that of the YSL-
PLGA NPs, likely because of the adsorption of ROLRVG
on the surface of YSL-PLGA/R6LRVG NPs. (Table 1).

The Encapsulation Efficiency (EE) and Drug Loading
(OL)

The EE and DL of YSL-PLGA/R6LRVG NPs were 70.27
+ 5.87% and 19.69 £ 4.20%, respectively. These findings
were not significantly different from the corresponding
values determined for YSL-PLGA NPs (71.06 + 5.08%
and 16.47 + 3.13%, respectively) (Table 1).

FTIR Spectrum Study

FTIR spectra are shown in Figure 2. The characteristic
peaks of YSL were the stretching vibration peak of the
=CH of the benzene ring at 2962 cm '
vibration peaks of the C=C skeleton in the benzene ring at

and the stretching

1668 cm ! and 1517 cm™ .. However, in the nanoparticles,
these characteristic peaks were either weakened or not

successfully adsorbed onto the surface of the detected, indicating the encapsulation of YSL in the nano-
nanoparticles. particles. The PLGA and YSL-PLGA NPs were found to
PLGA NPs YSL-PLGA NPs PLGA/R6LRVG NPs YSL-PLGA/R6LRVG NPs
. . o @ o™ it d
- 3 . Z e e . . - % i d"
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Figure | The TEM images of (A) PLGA NPs, (B) YSL-PLGA NPs, (C) R6LRVG/PLGA NPs and (D) YSL-R6LRVG/PLGA NPs. Scale bar = 200 nm.
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Table | Mean Size, PDI, {-Potential, Encapsulation Efficiency (EE) and Drug Loading (DL) of Nanoparticles and Elemental Analysis of

the Peptide Bulk and Nanoparticle Surface

Sample Size (nm) PDI Zeta DL (%) EE(%) C elemental H Elemental N Elemental
Potential Ratio (%) Ratio (%) Ratio (%)
(mV)

PLGA NPs 1482 + 4.9 0.115+0.060 | -48.13 +0.30 | — - 93.06 + 1.28 4.65 + 0.43 -

YSL-PLGA NPs | 172.1 £ 16.9 | 0.396 + 0.063 | -10.34 £ 563 | 1647 +3.13 | 71.06 + 5.08 | 92.54 + 2.43 482 +0.28 0.36 + 0.02

PLGA/R6LRVG | 206.5 + 2.3 0.408 + 0.101 | 7.80 + 2.44 - - 82.96 + 2.16 5.95 + 0.52 2.74 + 0.56

NPs

YSL-PLGA 222.6 + 104 | 0.354 £ 0.069 | 18.23 + 1.96 19.69 +4.20 | 70.27 £5.87 | 75.13 £3.15 542 +0.31 3.05 + 0.46

/R6LRVG NPs

have typical characteristic absorption peaks of PLGA at
1759 cm ™' (-CO-), 1186 cm ' (C-O-C), and 1456 cm '
and 1386 cm ™' (-CH). These findings indicated that the
molecular structure of PLGA had not changed signifi-
cantly after the preparation of nanoparticles. The FTIR
spectrum of R6LRVG shows the absorption spectrum of
amino acids appearing at 3413 cm ' and a peak at
1650 cm™' corresponding to the amide group (Figure 2).
the YSL-PLGA/R6LRVG NPs
a significant increase in the intensity of the carbonyl
group (-CO-) stretching band at 1649 cm ™', and the pre-

Similarly, showed

sence of a broad secondary amine (-NH-) stretching band
at 3200-3700 cm . This increase can be attributed to the

large number of peptide bonds and guanidine groups in
R6LRVG, suggesting the successful modification of
ROLRVG on the surface of the nanoparticles.

Elemental Analysis

The C/H/N content of nanoparticles is shown in Table 1.
The elemental N level in PLGA NPs was undetectable,
whereas its levels in YSL-PLGA NPs and YSL-PLGA
/R6LRVG NPs were determined to be 0.361%
3.050%, respectively, and significantly higher in the latter.
At the same time, in YSL-PLGA/R6LRVG NPs, the cle-
mental composition percentage of H increased and that of
C decreased in comparison with YSL-PLGA NPs. In terms

and

<3413

1668 ~~1517 R6LRVG
i . |
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Figure 2 The Fourier Transform Infrared Spectrum of YSL; R6LRVG; PLGA NPs; YSL-PLGA NPs; YSL-R6LRVG/PLGA NPs.
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of chemical structure, the main components of RELRVG
were N and H, further confirming that ROLRVG was
successfully modified into YSL-PLGA NPs.

The above characterization indicated the successful
preparation of YSL-PLGA/R6LRVG NPs.

Enzymatic Stability and Drug Release of

the NPs in vitro

The stability of NPs in the GIT is one of the main problems
during oral drug delivery. To study the stability of the NPs
under various conditions of the GIT, the stability of the NPs
was evaluated in the presence of SGF and SIF at 37 °C at4 and
6 h. Particle-size analysis revealed that, overall, the mean
particle size and PDI of all formulations tended to increase.
In the presence of SIF, the mean particle size of YSL-PLGA
NPs did not show a significant change after four hours, but
rather increased after the sixth hour. On the other hand, the
mean particle size of YSL-PLGA/R6LRVG NPs did not
change significantly after 6 h (Figure 3A). Our results indicated

A SIF pH 6.8
2007w vSL-PLGA NPs r 1.0
YSL-PLGA/R6LRVG NPs
S 150 - YSL-PLGANPs - 0.8
= -8 YSL-PLGA/RG6LRVG NPs
=z
X
T
N
2
Time(h)
C
80

PDI

-o- YSL-PLGA/R6LRVG NPs

'
'
~ '
sl
O 604 '
v '
< '
(] H
= g
2 S I A
Q409 £ L a
.- 1 <
= ' =
= ' 240
2 i g
g : z
= 204 H 520
Q H <8
% : : Time (h)
' 0 1 2 3 4 5 6
'

0 4 8 12 16 20 24 28 32 36 40 44 48
Time (h)

that both nanoparticles were stable in SIF and that YSL-PLGA
/R6LRVG NPs were more stable than the YSL-PLGA NPs.
Moreover, a significant increase in the size of YSL-PLGA
/R6LRVG NPs and YSL-PLGA NPs was observed after treat-
ment with SGF, which may be ascribed to the degradation of
nanoparticles in the strongly acidic environment. The change
in particle size of the YSL-PLGA/R6LRVG NPs was smaller
compared to the YSL-PLGA NPs after 4 h (Figure 3B), indi-
cating poor stability of the two NPs in SGF; however, YSL-
PLGA/R6LRVG NPs were more stable than the YSL-PLGA
NPs. In conclusion, R6LRVG modification could improve the
stability of the nanoparticles in the GIT.

The drug-release characteristics of YSL-PLGA
/R6LRVG NPs and YSL-PLGA NPs in the gastrointestinal
environment were studied based on the transport time of
the nanoparticles in the GIT under normal physiological
conditions (1 h in the stomach and 3 h in the small
intestine).>”*® As shown in Figure 3C and D, YSL was

rapidly released in the SGF solution during the first hour
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Figure 3 Stability and in vitro drug release of YSL-PLGA/R6LRVG NPs and YSL-PLGA NPs. Particle size and PDI variation of YSL-PLGA/R6LRVG NPs and YSL-PLGA NPs during
the incubation in SIF (35 mM NaCl, 80 mM HCI, and 0.3% (w/v) pepsin, ph 1.2) (A) or SGF (50 mM KH,POy,, 15 mM NaOH, and 1.0% (w/v) pancreatin, ph 6.8) (B). The accumulative
release profile of YSL-PLGA/R6LRVG NPs (C) and YSL-PLGA NPs (D) in SGF, SIF and PBS, respectively. The two vertical dashed lines indicate the two time points of buffer changing
(1h and 4h). The inset shows the the expanded curve in the first 6 h. Data represent mean s.d. (n = 3). All experiments were conducted at 37 °C.

International Journal of Nanomedicine 2021:16

4503

Dove:


https://www.dovepress.com
https://www.dovepress.com

Ma et al

Dove

and gradually released over the next three hours. This
finding was consistent with results of the stability experi-
ment. The two NPs were found to be poorly stable in SGF
but highly stable in SIF. After 4 h, the cumulative release
of YSL from YSL-PLGA/R6LRVG NPs (50.02%) was
slightly lower than that from YSL-PLGA NPs (58.10%),
suggesting that YSL-PLGA/R6LRVG NPs had a better
controlled-release profile than YSL-PLGA NPs in the
GIT. Overall, our findings revealed that there was no initial
burst release in the acidic SGF and SIF, and about 70%
cumulative release was observed within 2 days, highlight-
ing the favorable drug-release characteristics of the
nanoparticles.

Cytotoxicity and Antitumor Effect in vitro
We used colon adenocarcinoma Caco-2 cells to evaluate
the systemic cytotoxicity of the four nanoparticles. Cells
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were incubated with different concentrations of YSL-
PLGA NPs, YSL-PLGA/R6LRVG NPs, PLGA NPs, and
PLGA/R6LRVG NPs, and the cell viability was deter-
mined using a CCK-8 assay. As shown in Figure 4A and
B, after 24 or 48 h of incubation, the cell viability of the
drug-loaded groups (YSL-PLGA NPs, YSL-PLGA
/R6LRVG NPs) was not significantly different from the
material group (PLGA NPs, PLGA/R6LRVG NPs). The
survival rate of Caco-2 cells in the treatment group was
between 80% and 120% at each concentration. Overall, no
significant cytotoxicity was detected at the tested concen-
trations in the range of 0.2-3.2 mg/mL when compared to
the control group. Our findings revealed that the nanopar-
ticles had good cell compatibility, which is consistent with
the non-cytotoxicity of PLGA in previous studies.*’
Therefore, YSL-PLGA/R6LRVG NPs could be considered

safe for oral administration.
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Figure 4 In vitro cell viability of Caco-2 cells against PLGA NPs, YSL-PLGA NPs, PLGA/R6LRVG NPs and YSL-PLGA/R6LRVG NPs after incubating 24 h (A) or 48 h (B) with
different concentration by CCK-8 assay. In vitro cell viability of BEL-7402 against YSL, YSL-PLGA NPs, YSL-PLGA/R6LRVG NPs after incubating 24 h (C) or 48 h (D) with
different concentration by CCK-8 assay. Data are presented as average + standard deviation (n=3). Significant differences are denoted as follows: * P < 0.05, ** P < 0.0, *¥**

P < 0.001, compared with the control.
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The in vitro cytotoxicity of two YSL-loaded nanopar-
ticles was evaluated using the human hepatoma cell line,
BEL-7402. The viability of tumor cells after 24 and
48 h of incubation with different concentrations of free
YSL and loaded YSL nanoparticles is shown in Figure 4C
and D. The viability of cells treated with pure YSL and
YSL-loaded nanoparticles (both concentrations of 3.2 mg/
mL) was less than 50%. Compared to the 24-hour treat-
ment, the 48-hour treatment of cells with YSL-PLGA
/R6LRVG NPs significantly reduced the cell-survival rate
(P < 0.01). Additionally, compared to the cytotoxicity
observed after treatment with free YSL, treatment with
YSL-PLGA/R6LRVG NPs was found to be extremely
significantly cytotoxic to BEL-7402 cells (P < 0.0001)
with a cell-survival rate of only 21% after 48 h. These
findings could be attributed to the improved delivery of
YSL to the cells by the YSL-PLGA/R6LRVG NPs.
Collectively, our results indicated that BEL-7402 cells
incubated with YSL-PLGA/R6LRVG NPs could induce
the extensive inhibition of cell proliferation compared to
the incubation with YSL and YSL-PLGA NPs.
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Cellular Transport and Uptake
The permeability of nanoparticles across the Caco-2
monolayer cells was studied. As illustrated in Figure 5A,
compared to FITC-PLGA NPs, the rate of transport of
FITC-PLGA/R6LRVG NPs appears significantly increased
by approximately 2-fold (P < 0.05). This finding demon-
strates that the ROLRVG-modified nanoparticles were
more efficiently absorbed across the intestinal epithelium.
The uptake of FITC-PLGA NPs and FITC-PLGA
/R6LRVG NPs in Caco-2 cells was observed using
CLSM. The nanoparticles and nuclei were labeled with
FITC (exhibiting green fluorescence) and Hoechst 33,258
(exhibiting blue fluorescence), respectively. As shown in
Figure 5B, it was found that the cellular uptake of the two
NPs increased with treatment time. Furthermore, the inten-
sity of FITC fluorescence exhibited by FITC-PLGA
/R6LRVG NPs was significantly greater than that of FITC-
PLGA NPs at all time points, indicating that Caco-2 cells
could better absorb FITC-PLGA/R6LRVG NPs. The over-
lap of nuclear and FITC signals observed during CLSM
indicated the consistency in results. R6LRVG-modified

Hoechst33342 FITC

. :
s FITC-PLGA/R6LRVG NPs
FITC

Merge Hoechst33342 FITC
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Merge Hoechst33342 FITC

n

ITC-PLGA NP
Hoechst33342
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Figure 5 (A) Time course of apical-to-basolateral transportation of FITC-PLGA NPs and FITC-PLGA/R6LRVG NPs across the transwell-grown Caco-2 cell monolayer
under 37°C incubation. (B) CLSM images of Caco-2 cells treated with FITC-PLGA and FITC-PLGA/R6LRVG NPs. The blue signal represents nucle stained with
Hoechst33342 and the green signal represents FITC. Scale bar = 10 um. (C) Intracellular internalization of particles in Caco-2 cells was detected by FCS. The cells were
exposed to FITC-PLGA or FITC-PLGA/R6LRVG NPs at a concentration of 600 ug mL™'. The blank group was exposed to HBSS buffer without NPs. Data are presented as
average * standard deviation (n=3). (D) CLSM images of Caco-2 cells treated with (A) FITC-PLGA/R6 and (B) FITC-PLGA/LRVG NPs and BEL-7402 cells treated with (C)
FITC-PLGA and (D) FITC-PLGA/R6LRVG NPs. The blue signal represents nucle stained with Hoechst33342 and the green signal represents FITC. Scale bar = 10 um.
Significant differences are denoted as follows: * P < 0.05, *** P < 0.001, compared with the control.
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nanoparticles showed an enhanced cellular uptake. The
results showed that the cellular uptake of FITC-PLGA
/R6LRVG NPs was significantly increased compared to
the FITC-PLGA NPs.

To determine the contribution of these peptide sequences
in the cellular uptake of nanoparticles, we measured the
absorbances of YSL-PLGA/R6 NPs and YSL-PLGA
/LRVG NPs. As shown in Figure 5D a and b, FITC-PLGA
/LRVG NPs showed stronger fluorescence intensity and
wider distribution compared to FITC-PLGA/R6 NPs, indi-
cating the cell-targeting effect post LRVG peptide modifica-
tion after its cellular uptake in Caco-2 cells. However, the
FITC fluorescence-signal intensity of FITC-PLGA/R6LRVG
NPs was significantly stronger than that of FITC-PLGA/R6
NPs and FITC-PLGA/LRVG NPs treated for 3 h, which
suggested that the binding of RELRVG sequence contributed
more to cell targeting and/or cellular uptake than the two
peptide sequences, thereby effectively enhancing the uptake.

The selective uptake of ROLRVG was determined by
studying the cellular uptake of the nanoparticles in BEL-
7402 cells. As shown in Figure 5D ¢ and d, the fluorescence
intensity of FITC-PLGA NPs in BEL-7402 cells was similar
to that in Caco-2 cells, whereas FITC-PLGA/R6LRVG NPs
showed a significant decrease. These results indicated that
R6LRVG-modified nanoparticles could target the intestinal
epithelial cells and facilitate their uptake.

Results from flow cytometry showed that the average
intracellular fluorescence intensity of FITC-PLGA
/R6LRVG NPs was 3 times higher than that of FITC-
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PLGA NPs, suggesting the increase in cellular uptake
(Figure 5C). This finding revealed that the modification
of R6LRVG on the surface of NPs significantly improved
their cellular uptake efficiency (P < 0.01), which may
shorten the residence time of nanoparticles in the intestinal
tract and reduce drug loss.

Endocytosis Pathways

To investigate the possible uptake mechanism of YSL-
loaded nanoparticles, further studies were conducted
using specific inhibitors. NaN5 is a comprehensive energy-
consuming inhibitor of active transport. M-B-CD is used as
a specific endocytosis inhibitor mediated by caveolae/lipid
rafts. Chlorpromazine can inhibit reticulin-dependent
endocytosis. Amiloride is a Na'/H" exchange inhibitor
inhibits
macropinocytosis. Cells were treated at 4 °C to determine

during micropinocytosis, whereas colchicine
the energy-dependent uptake.

As shown in Figure 6A and B, incubation at 4 °C and
treatment with sodium azide extremely significantly inhib-
ited the uptake of FITC-PLGA NPs and FITC-PLGA
/R6LRVG NPs in Caco-2 cells (P < 0.001), indicating
that the mode of cellular uptake was by active transport.
Meanwhile, co-incubation with M-B-CD (P < 0.01) and
chlorpromazine (P < 0.001) significantly inhibited the
uptake of FITC-PLGA NPs and FITC-PLGA/R6LRVG
NPs, suggesting that caveolae and reticulin-mediated
endocytosis play a significant role in their cellular uptake.
Overall, amiloride affected the uptake of FITC-PLGA NPs
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Figure 6 Cellular uptake mechanism by Caco-2 cells after incubation with (A) FITC-PLGA NPs and (B) FITC-PLGA/R6LRVG NPs under 100 mM NaN3, 5 mg/mL M-B3-CD,
10 pg/mL Chlorpromazine, 0.3 mg/mL Amiloride, 5 ug/mL Colchicine (n = 3). Data are presented as average + standard deviation (n=3). Significant differences are denoted

as follows: * P < 0.05, ** P < 0.0, *** P < 0.001, compared with the control.
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and FITC-PLGA/R6LRVG NPs in Caco-2 cells (P < 0.05).
On the contrary, the fluorescence intensity of the two
variants of nanoparticles was similar to that of the control
group in the colchicine-treated group, indicating that the
endocytosis of nanoparticles was not closely related to
macropinocytosis. Furthermore, there were no significant
differences in the endocytosis pathway between the two
types of nanoparticles. Therefore, our results suggested
that the cellular uptake of YSL-PLGA NPs and YSL-
PLGA/R6LRVG NPs may be mainly mediated by the
endocytosis of reticulin and caveolae/lipid rafts. In

#1492 ysing inhibitor assays, octaarginine-

a previous study,
modified nanoparticles were shown to be taken up by cells
via the endocytosis of reticulons and caveolae/lipid rafts.
These findings agree with the results of our study.
However, findings using LRVG peptide-decorated nano-
particles have not been reported. In general, the endocy-
tosis pathway of R6LRVG is similar to that of the

arginine-rich peptide.

Cellular Respiration Rate
To further investigate the effects of YSL-PLGA/R6LRVG
NPs on mitochondrial respiration in human hepatoma BEL-
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7402 cells, we used the XF cell Mito stress test Kkit.
Oligomycin (ATP coupling agent), FCCP (uncoupling
agent), mycin (antimicrobial), and rotenone (mitochondrial
inhibitor) were added at predetermined time points, and the
OCR of mitochondria at various stages was detected using an
XF96 analyzer. This approach is frequently used to measure
basal respiratory values, oxygen consumption for ATP synth-
esis, maximum oxygen consumption, and standby maximum
respiratory values after mitochondrial inhibition, all of which
are essential parameters representing mitochondrial respira-
tory values. BEL-7402 cells were treated with either NaN;
(positive control), DMEM medium without serum (negative
control), different concentrations of YSL-PLGA/R6LRVG
NPs, and pure YSL over different time points.

Figure 7 represents the changes in respiratory values in
BEL-7402 after treatment with pure YSL and YSL-PLGA
/R6LRVG NPs. As shown in Figure 7A, the respiratory
value of BEL-7402 cells decreased with an increase in
YSL concentration in both the pure YSL and YSL-
PLGA/R6LRVG NP groups. Compared to the negative
control, the spare respiratory capacity of cells treated
with YSL-PLGA/R6LRVG NPs at YSL concentrations of
0.1 and 0.2 mg/mL was reduced by 30.88 and 52.63%,

-~ Control 1h
. . Antimycin A -e~ Control 3h
901 ()llg()llll)LIlI F(‘.(P +Rotenone -#- YSL1h
' ' : -~ YSL3h
H H \ =& YSL-PLGAR6LRVG NPs lh
754 : =  YSL-PLGA/R6LRVG NPs 3h
( 5~ N:
E H H P\ N
= ' ' '
2 ' ' '
e ' ' '
= ' ' '
= 454 ' ' 3
= v N
-3 . 1 =\
&) ' o
=] ' '
304 H . h
' ' '
' ' v
' ' '
154 ' ' '
' ' '
T T T T T T
0 15 30 45 60 75 920

Time(min)
Coupling Efficiency

1500

OCR (pMoles/min)
OCR (pMoles/min)

OCR (pMoles/min)

1h 3h 1h 3h 1h 3h

H YSL 0.lmg/mL

B YSL 0.2mg/mL

YSL-PLGA/R6LRVG YSL-PLGA/R6LRVG Il Control M YSL MM YSL-PLGA/R6LRVG NPs NaNj

NPs 0.1mg/mL NPs 0.2mg/mL NaN;

Figure 7 Concentration- and time-dependence effects of YSL-PLGA/R6LRVG NPs on (A and B) mitochondrial respiration of BEL-7402 cell were measured by the Seahorse
extracellular flux analyzer. The line graph shows the oxygen consumption rate (OCR) of tested cells exposed sequentially to the modulator of mitochondrial respiration
(oligomycin, FCCP, antimycin A, and rotenone) following treated with YSL-PLGA/R6LRVG NPs (at YSL concentration of 0.1 mg/mL and 0.2 mg/mL) and YSL (0.1 and 0.2 mg/
mL) for | h, or with YSL-PLGA/R6LRVG NPs and YSL at the same concentration (0.] mg/mL) for different times (I or 3 h). FBS-free medium was a negative control, and
NaNj; (10 pM) was a positive control. The column diagrams are spare respirator capacity, coupling efficiency and respirator reserve capacity by the mitochondrial OCR data
analysis. Data are presented as average * standard deviation (n=3). Significant differences are denoted as follows: * P < 0.05, ** P < 0.0, *** P < 0.001, compared with the
control.
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respectively. The inhibition of ATP synthesis by YSL-
PLGA/R6LRVG NPs is related to blocking of the proton
channel of the FO component of ATP synthase and uncou-
pling of the electron transport chain. After the addition of
FCCP, the reduction rates of coupling efficiency in YSL-
PLGA/R6LRVG NPs treated groups were 42.14 and
59.02%, respectively, while the respiratory reserve capa-
city was reduced by 44.12 and 52.91%, respectively at the
doses on 0.1 and 0.2 mg/mL respectively. As shown in
Figure 7A, different concentrations of pure YSL inhibited
mitochondrial respiration; however, similar concentrations
of YSL-PLGA/R6LRVG NPs exhibited a more substantial
inhibitory effect than the pure YSL. Compared to the
results obtained using the same equivalent of pure YSL,
the spare respiratory capacity of cells treated with YSL-
PLGA/R6LRVG NPs at YSL concentrations of 0.1 and
0.2 mg/mL decreased by 13.03 and 42.61%, respectively,
the coupling efficiency decreased by 23.71 and 33.09%,
respectively, and the respiratory reserve capacity decreased
by 30.13 and 36.86%, respectively. Collectively, these
findings suggested that YSL-PLGA/R6LRVG NPs could
significantly increase mitochondrial damage and that the
reduction in effect was concentration dependent.

To further explore the relationship between mitochon-
drial respiratory function and the treatment time of YSL-
PLGA/R6LRVG NPs, the respiration of cells treated with
YSL-PLGA/R6LRVG NPs at a concentration of 0.1 mg/mL
of YSL for 1 and 3 h was determined. It can be seen in
Figure 7B that compared to the negative control group, YSL-
PLGA/R6LRVG NPs reduced the spare respiratory capacity
by 41.47% (1 h) and 47.23% (3 h), the coupling efficiency by
42.14% (1 h) and 54.08% (3 h), and the respiratory reserve
capacity by 44.12% (1 h) and 54.11% (3 h). Meanwhile, we
found that incubation with YSL over different time periods
also inhibited mitochondrial respiration to a certain extent.
Compared to that of the cells treated with pure YSL, the spare
respiratory capacity of cells treated with YSL-PLGA
/R6LRVG NPs for 1 and 3 h reduced by 26.35% (1 h) and
23.85% (3 h), the coupling efficiency decreased by 23.71%
(1 h) and 30.80% (3 h), and the respiratory reserve capacity
reduced by 30.13% (1 h) and 27.29% (3 h).

These findings revealed that free YSL could decrease the
basal respiratory value, mitochondrial oxygen consumption,
and maximal respiratory rate compared to the control group,
indicating that free YSL could interfere with mitochondrial
function. These results are consistent with the findings
reported by Xuchun et al (2018),'"" which indicate that
YSL directly affected the mitochondria. Results of the

mitochondrial respiration test showed that the inhibition of
mitochondrial respiration in cancer cells by YSL-PLGA
/R6LRVG NPs was more significant than that of free YSL.
This result suggested that YSL-PLGA/R6LRVG NPs had an
apparent mitochondrial accumulation, following which the
circulatory function of cells was damaged, resulting in cell
death. It has been reported that there was the considerable
membrane potential in the inner membrane of mitochon-
drial, and the positive charge was conducive to target
mitochondria.** The YSL-PLGA/R6LRVG NPs were
positively charged owing to the modification of the targeted
membrane-penetrating peptide, ROILRVG, which enhanced
mitochondrial targeting and their eventual accumulation in
the mitochondria. Overall, YSL-PLGA/R6LRVG NPs had
a significant effect on mitochondrial ATP synthesis and
respiratory reserve capacity, thereby reducing cellular
respiration in a concentration- and time-dependent manner.

Antitumor Activity in vivo

To determine the antitumor activity in vivo of YSL-PLGA
/R6LRVG NPs in liver cancer, BEL-7402-induced tumor-
bearing mice were intraperitoneally injected and gavaged
with the prepared samples.

In Figure 8B, the tumor-volume growth curve of mice in
the saline-treated and YSL (P.O.) groups increased signifi-
cantly with time. However, the tumor volume decreased
slightly in the YSL-PLGA NPs (P.O.), YSL-PLGA
/R6LRVG NPs (P.O.), and YSL-PLGA/R6LRVG NPs (i.p.)
groups (Figure 8A). As shown in Figure 8B and C, the tumor
volumes of mice in the saline and YSL (P.O.) groups were
684.36 and 652.66 mm® after 28 days of administration, with
amass of 0.78 and 0.73 g, respectively. Our results indicated
that YSL (P.O.) had no inhibitory effect on tumor cells
compared to the negative control, which could likely be
attributed to the rapid degradation and inactivation of the
oral polypeptide after entering the GIT, rendering it unsuita-
ble to reach the tumor site. Meanwhile, tumor growth was
significantly inhibited in the groups of mice administered
intragastric ' YSL-PLGA NPs and YSL-PLGA/R6LRVG
NPs, with tumor volumes of 97.72 and 60.01 mm’ and
mass of 0.12 and 0.07 g, respectively. In the YSL-PLGA
/R6LRVG NP-administered (i.p.) group, the tumor volume
and mass were determined to be 55.13 mm? and 0.05 g,
respectively. The results showed that upon injection, YSL-
PLGA/R6LRVG NPs could effectively reach the tumor site
and inhibit tumor growth. As shown in Figure 8C, the tumor-
inhibition rate of mice in the YSL-PLGA/R6LRVG NPs
group (P.O.) was higher than those administered YSL-
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Figure 8 Images show tumor growth (A). Influence of different compounds on changes of antitumor effects (B) and body weight (D) of BEL-7402 xenograft-bearing nude
mice. Weights of tumors (C) resected from each group of sacrificed mice on the last day. Data are presented as average * standard deviation (n=3). Significant differences

are denoted as follows: * P < 0.05, *** P < 0.001, compared with the control.

PLGA NPs (P.O.) by 2%. Compared to the injection group,
the YSL-PLGA NPs group had a significant difference (P <
0.05), while the YSL-PLGA/R6LRVG NPs group had no
significant difference. This suggests that the tumor mass of
YSL-PLGA/R6LRVG NPs group is closer to that of injection
group. These results indicated that YSL-PLGA/R6LRVG
NPs had better anticancer efficacy in vivo. The R6LRVG-
modified nanoparticles are more efficiently absorbed through
the intestinal epithelial cells owing to the co-modification of
the hexa-arginine in the molecule and the presence of the
targeted membrane-penetrating peptide, LRVG. Moreover,
PLGA nanoparticles can help prevent drug degradation in the
GIT and improve drug stability, thus resulting in the accu-
mulation of YSL in tumors and enhancing the anticancer
effect after oral administration.

Changes in the body weights of mice were recorded as
an indicator of safety. With an increase in tumor volume,
the nude mice in the saline and YSL (P.O.) groups gradu-
ally presented with dysfunctional manifestations, such as
impaired movement, loss of appetite, emaciation, and
weight loss. No significant weight loss was observed in
mice treated with YSL-PLGA NPs (P.O.), YSL-PLGA
/R6LRVG NPs (P.O.), and YSL-PLGA/R6LRVG NPs
(i.p.) (Figure 8D), indicating the safety of the nanoparti-
cles. Owing to the excellent inhibition of tumor growth,
hematoxylin-eosin (H&E) staining was performed to dif-
ferentiate the necropsied tumor tissues from the normal
tissues (Figure 9). H&E analysis did not show damage to
the heart, liver, spleen, lung, or kidney in any of the
groups, suggesting that YSL-PLGA/R6LRVG NPs did
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Figure 9 H&E staining images determined the toxicity of (A) saline; (B) YSL (PO.); (C) YSL-PLGA NPs (PO.); (D) YSL-PLGA/R6LRVG NPs (PO.) and (E) YSL-PLGA
/R6LRVG NPs (i.p.) to the main organs (heart, liver, spleen, lung and kidney) of BEL-7402 xenografted nude mice.
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not lead to noticeable adverse effects in normal tissue
during antitumor therapy at the tested doses.

In addition, self assembly of short peptides is a common
phenomenon.”® YSL may self-assemble. In this study, the
prepared nanoparticles had a good dispersion coefficient,
which was not conducive to the aggregation of the short
peptide itself. Meanwhile, YSL peptide loaded nanoparticles
exhibited stronger in vitro hepatoma cell toxicity and better
absorption. The results of pharmacodynamic study showed
that the nanodelivery system with targeting effect could sig-
nificantly improve the therapeutic efficacy of YSL polypep-
tides, which overcame its difficulty to be orally absorbed into
the site of action by intestine.

Conclusions

We successfully prepared and evaluated ROLRVG-modified
YSL-PLGA nanoparticles (YSL-PLGA/R6LRVG NPs) for
oral anti-tumor therapy in the management of HCC. The
multifunctional nanoparticles (YSL-PLGA/R6LRVG NPs)
synthesized in this study had good biocompatibility, high
cell permeability, and excellent efficacy in tumor cells.
Further mechanistic studies revealed that the uptake of
YSL-PLGA/R6LRVG NPs could be related to multiple
pathways mediated by endocytosis of reticulin and caveo-
lae/lipid rafts. Moreover, we found that YSL-PLGA
/R6LRVG NPs could interfere with mitochondrial function.
Specifically, YSL-PLGA/R6LRVG NPs could decrease the
basal respiratory value, mitochondrial oxygen consumption,
and maximal respiratory rate. Most importantly, antitumor
effects were observed in vivo after oral drug delivery. H&E
findings did not reveal any histological changes in the major
organs. The results showed R6LRVG peptide modification
played a vital role on oral YSL delivery. This may be
mainly because R6LRVG not only has the function of
intestinal targeting, but also has the ability of penetrating.
Besides, ROLRVG has a certain function of targeting mito-
chondria. Therefore it is conducive to oral intestinal absorp-
tion and oral therapeutic effect. Taken together, it can be
reasonably inferred that YSL-PLGA/R6LRVG NPs consti-
tute an effective oral drug delivery system owing to their
ease of intestinal absorption after oral delivery, which high-
lights their potential in the management of HCC.
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