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Purpose: Colorectal cancer (CRC) is the third most frequently diagnosed cancer and the
fourth leading cause of cancer death over the world. Nano-sized drug delivery systems are
used for the treatment of cancers. The aim of this study was to develop a tangeretin (TAGE)
and atorvastatin (ATST) combined nano-system decorated with RGD (RGD-ATST/TAGE
CNPs) for colon cancer combination therapy.

Materials and Methods: In this study, cyclized arginine-glycine-aspartic acid sequences
(RGD) contained ligand was synthesized by conjugating cyclo (Arg-Gly-Asp-d-Phe-Lys)
(cRGDfK) with D-a-tocopheryl succinate dichloromethane (TOSD) using polyethylene
glycol (PEG) as a linker to obtain cRGDfK-PEG-TOSD. ATST and TAGE combined nano-
systems: RGD-ATST/TAGE CNPs were prepared. The combination effects as well as
antitumor effects of these two agents were evaluated on colon cancer cells and mice bearing
cancer models.

Results: Drug entrapment efficiencies of nano-systems were high (around 90%), suggesting
the good loading capacity. The release profiles of ATST or TAGE from RGD-ATST/TAGE
CNPs followed Higuchi model. The RGD-decorated nano-system showed more obvious
cytotoxicity on HT-29 cells than the undecorated nano-system, but no obvious difference
was found on normal CCD-18 cells. The strongest synergism was observed when the weight
ratio of ATST to TAGE was 1:1. In vivo biodistribution of RGD-ATST/TAGE CNPs in the
tumor site is high and prominently inhibited the in vivo tumor growth.

Conclusion: The results demonstrated that RGD-ATST/TAGE CNPs showed the most
significant synergistic therapeutic efficacy, exhibited no significant toxicity to major organs
and tissues, and body weight of the treated mice was stable. Therefore, the combination
nano-system is a promising platform for colon cancer therapy.

Keywords: colorectal cancer, tangeretin, atorvastatin, nanoparticles, cytostatic anticancer

agents

Introduction

Colorectal cancer (CRC) is the third most frequently diagnosed cancer and the
fourth leading cause of cancer death over the world." In 2030, with an expected
60% increases of CRC, an estimated more than 2.2 million new cases and
1.1 million cancer deaths will occur.! Approximately 50-60% of patients diagnosed
with CRC develop colorectal metastases, and 80-90% of these patients have
unresectable liver metastases, therefore, systemic or chemo-therapy for advanced,
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recurrent, or metastatic colon cancer remains an important
approach and the focus of clinical treatment.> Based on
National Comprehensive Cancer Network (NCCN) guide-
lines of colon cancer (version 1.2020), cytotoxic antic-
ancer drugs including fluoropyrimidine, irinotecan,
oxaliplatin, leucovorin, and so on have still been recom-
mended because of their cell-death mechanism to colon
cancer cells. However, this cell-death not only acts on the
tumor but also normal, non-tumor tissues, which results in
severe toxicity, and this cell-death without targeting is
faced with multidrug resistance (MDR) that seriously hin-
ders therapeutic efficacy.®®

The role of polymethoxylated flavones (natural sub-
stances) has come into the spotlight recently because of
their cytostatic anticancer mechanism bringing in lower
anti-MDR s

(TAGE), belonging to polymethoxylated flavones from

cytotoxicity and ability. Tangeretin
citrus fruits, has been proven to inhibit colon cancer cell
proliferation and hepatocellular carcinoma proliferation
in vitro and in vivo that brings a benefit for colorectal
metastases ~ and  unresectable = metastatic  liver
metastases.'>'* TAGE exhibits its anticancer activity
through inducing G, cell-cycle arrest, regulating gene
transcription, and inhibiting P-glycoprotein.'>'¢ Despite
its excellent anticancer efficacy, its clinical application is
hurdled by low aqueous solubility and poor oral absolute
bioavailability (mean value <3.05%)."”

Atorvastatin (ATST) is a synthetic statin commonly
used in the treatment of hypercholesterolemia.'® ATST
was also reported as having the ability to modulate cell
thus

diseases including cancer.'"” Accumulating studies have

apoptosis, influencing a wide range of
shown that a combination of ATST with different agents
produced enhanced anti-cancer effects against various can-
cers, including colon, lung, and prostate cancer.?’
Examples included a combination of ATST and celecoxib
synergistically induces cell cycle arrest and apoptosis in
colon cancer cells;?' ATST potentiates the anti-angiogenic
effects of bevacizumab in human colorectal cancer.”? In
this study, the combination of ATST with TAGE was
applied for the colon cancer therapy.

The avf3 integrin receptor is specifically overexpressed
in some tumor cells and has been implicated in the promotion
of tumor growth, progression, and metastasis of solid
tumors.”> A number of synthetic cyclized arginine-glycine-
aspartic acid sequences (RGD) containing peptides have
been identified to have high affinity with integrin avp3.**
So conjugates containing RGD motif were in synthesized

and utilized for drug delivery to cancers.”> Nano-sized drug
delivery systems are used for the diagnosis and treatment of
cancers.”® RGD modified nano-systems were proved to be
efficient for colon carcinoma treatment.””-*®

In the present research, we constructed RGD modified,
ATST and TAGE combined nano-systems. Firstly, a new
RGD-containing ligand was synthesized. Then a novel
nano-system was designed for the co-loading of two
drugs. The combination effects as well as antitumor effects
of these two agents were evaluated on colon cancer cells

and mice bearing cancer models.

Materials and Methods

Materials

Cyclo (Arg-Gly-Asp-d-Phe-Lys) (cRGDfK) and polyethy-
lene glycol (PEG) were purchased from Xi’an ruixi
Biological Technology Co, Ltd (Xi’an, China). D-o-
tocopheryl succinate dichloromethane (TOSD) was
obtained from Shanghai ZZBIO Co., Ltd (Shanghai,
China). Dicyclohexylcarbodiimide (DCC), glyceryl mono-
stearate (GMS), Carbopol 940 (CBP), 3-(4,5-dimethylthia-
zole-2-yl)—2,5-diphenyltetrazolium bromide (MTT), and
Dulbecco’s modified Eagle’s medium (DMEM) were
obtained from Sigma-Aldrich (St. Louis, MO). Fetal
bovine serum (FBS) was provided by Lonza Bioscience
(Walkersville, MD).

Synthesis of RGD-Containing Ligand
RGD-containing ligand was synthesized by conjugating
cRGDfK with TOSD using PEG as a linker to obtain
cRGDfK-PEG-TOSD (Figure 1).>*° TOSD (1.2 equiva-
lents) and PEG (1 equivalent) were dissolved in dichlor-
omethane, then DCC (1.1 equivalents) was added drop by
drop in an ice bath, stirred at 25°C overnight (mixture 1).
cRGDfK (1.2 equivalents) was then added along with
DCC (1.1 equivalents) to the mixture 1. After reacting at
25°C overnight, the mixture was put into a rotary evapora-
tor to remove the dichloromethane, cRGDfK-PEG-TOSD
was separated by filtration, washed three times with ethyl
ether, and obtained by vacuum drying overnight with
a production rate of 81.2%.>' The chemical structure of
cRGDfK-PEG-TOSD was confirmed 'H NMR.

Construction of Nano-Systems

ATST loaded lipid nanoparticles (ATST LNPs, Figure 2)
were prepared by solvent displacement method.*> ATST
(50 mg) and GMS (100 mg) were dissolved in acetone
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Figure | RGD contained ligand was synthesized by conjugating cRGDfK with TOSD using PEG as a linker to obtain cRGDfK-PEG-TOSD. The chemical structures of

cRGDfK-PEG-TOSD was confirmed 'H NMR.

(5 mL), and added into distilled water (15 mL, contained
0.5% DDAB) under stirring (400 rpm). ATST LNPs was
collected by centrifugation (10,000xg, 30 min) and
washed three times with distilled water.

TAGE loaded zein nanoparticles (TAGE ZNPs, Figure 2)
were prepared using a liquid—liquid dispersion method.*
TAGE (50 mg) and zein (100 mg) were dissolved in acetone
(5 mL), and added into distilled water (15 mL, contained

cRGDfK-PEG-TOSD

ATST TAGE
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Figure 2 Construction of nano-systems: ATST LNPs, TAGE ZNPs, ATST/TAGE CNPs, and RGD-ATST/TAGE CNPs.

Drug Design, Development and Therapy 2020:14

submit your manuscript

3059

Dove


http://www.dovepress.com
http://www.dovepress.com

Bao et al

Dove

0.05% CBP) under stirring (400 rpm). TAGE ZNPs were
collected by centrifugation (10,000xg, 30 minutes) and
washed three times with distilled water.

ATST and TAGE combined nano-systems (ATST/
TAGE CNPs, Figure 2) were prepared by combining the
above two methods. TAGE ZNPs was firstly prepared and
then added into distilled water (mixture 2). ATST (50 mg)
and GMS (100 mg) were dissolved in acetone (5 mL), and
added into mixture 2 under stirring (400 rpm).

RGD modified, ATST and TAGE combined nano-
systems (RGD-ATST/TAGE CNPs, Figure 2) were pre-
pared by adding cRGDfK-PEG-TOSD to the ATST/TAGE
CNPs under stirring (400 rpm). Blank RGD modified,
ATST and TAGE combined nano-systems (RGD CNPs)
without drugs were prepared by the similar method with-
out adding ATST and TAGE.

All the above mentioned nano-systems were lyophi-
lized and stored at 4°C until further analysis.

Particle Size and Zeta Potential

Particle size, polydispersity index, and zeta potential of
nano-systems were characterized by Dynamic Light
Scattering (DLS, Beckman Coulter Delsa Nano C,
Fullerton, CA) at 25°C.>*

Drug Entrapment Efficiency and Release

Kinetics
Drug entrapment efficiency was determined by the separa-
tion of the drugs from the nano-systems by ultracentrifu-
gation (15,000xg, 30 minutes, 4°C).35 The concentration
of ATST was determined by measuring the absorbance at
246 nm using a UV-VIS spectrophotometer. The dosage of
TAGE was evacuated by HPLC method.*® Diamonsil C18
column (250 mmx4.6 mm, 5 um) was used along with
water-methanol (4:6, v/v) mobile phase. The flow rate was
1.0 mL/min and the detection wavelength was 326 nm.
Release studies were operated by dialysis method using
dialysis bags (molecular weight cut off 10,000). Nano-
systems were sealed in the bags separately and suspended
in a beaker containing phosphate buffer saline (PBS, 0.1
M, pH 7.4, 100 mL) under stirring (100 rpm). At preset
time intervals, the release medium (2 mL) was taken out
and analyzed for drug release by the same method as “drug
entrapment efficiency”. The same amount of fresh PBS
(2 mL) was replenished into the release medium. The drug

release behaviors were fitted into zero-order, first order,

matrix, Hixon-Crowell cube root law and Korsmeyer-
Peppas models to select the most appropriate model.

Cells

Human colon cancer cell lines HT-29 (HT-29 cells),
SW480 (SW480 cells); and the normal human colon
CCD-18 cell line (CCD-18 cells) were obtained from the
American Type Culture Collection (ATCC, Manassas,
VA). The cell lines were maintained in a humidified 5%
CO, incubator using DMEM supplemented with 10%
FBS, 1% of antibiotics mixture of penicillin (10,000 U/
mL), and streptomycin (10 mg/mL).37

MTT Assay and Combination Index

Calculation

HT-29 cells, SW480 cells, and CCD-18 cells were seeded
in 24-well plates (1x10* cells/well) in 300 pL of supple-
mented DMEM. MTT assay was used to determine the
cytotoxic effects of nano-systems against cancer or normal
cells.®® Briefly, after 24 hours of culture, the cells were
treated with drug-loaded nano-systems and free drugs at
certain concentrations for 24 hours. Subsequently, MTT
was added to the treated cells for 3 hours, with added
DMSO, and then placed in the cells for 15 minutes.
Finally, the absorbance at 570 nm was measured. The
half maximal inhibitory concentration (ICs) values of all
the formulations were calculated.

The combination index (CI) values were determined by
ICs¢ and calculated by the median-effect equation as described
by Chou and Talaly**** and Palko-Eabuz et al. The value of
CI<I represents drug synergy, CI>1 indicates drug antagon-
ism, while an additive effect is observed when CI=1.

Animals

Female BALB/c mice (6-weeks-old) were purchased from
the Laboratory Animal Center of Xi’an Jiaotong
University. HT-29 cells (4x10° cells in 0.2 mL of cell
suspension) were injected subcutaneously into the right
fossa axillaris of nude mice to produce a colon cancer
xenograft. All the experiments followed the National
Institutes of Health guidelines for the care and use of
laboratory animals and approved by the Medical Ethics
Committee of Xi’an Central Hospital (No. 20200323(1)).

In vivo Biodistribution
Colon cancer xenografts were randomly divided into seven
groups and received injections of RGD-ATST/TAGE CNPs,

submit your manuscript

3060

Dove

Drug Design, Development and Therapy 2020:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Bao et al

ATST/TAGE CNPs, ATST LNPs, TAGE ZNPs, RGD
CNPs, free ATST/TAGE (each contained 5 mgkg of
ATST and/or TAGE), and 0.9% saline as control.*' Mice
were sacrificed after 1 hour of administration, and tumor,
heart, kidney, liver, lung, and spleen were harvested. Tissues
were homogenized with saline (containing 1 mM EDTA) to
prepare 20% (w/v) homogenate solution. Ethanol was firstly
added followed by adding hexane/diethyl ether (3:1, v/v) to
extract the drugs from the tissues. The extract was centrifu-
gated (1000xg, 10 minutes, 4°C), the upper layer was col-
lected, and it was analyzed by the methods described in the
“Drug Entrapment Efficiency” section.

In vivo Pharmacokinetics

The same procedure was carried out as in the above “In
vivo Biodistribution” section. Blood samples of mice were
collected in heparinized tubes at 0.25, 0.5, 0.75, 1, 2, 3, 4,
5, and 6 hours. Plasma was isolated from whole blood by
centrifugation (1000xg, 10 minutes), then the separated
plasma was spun with triple methanol in a centrifuge
tube for 30 seconds and centrifuged (1000xg, 5 minutes).
The drugs existing in samples of plasma were analyzed by
the methods in the “Drug Entrapment Efficiency” section.

In vivo Anti-Tumor Efficacy

Seven groups of colon cancer xenografts received the
injections of RGD-ATST/TAGE CNPs, ATST/TAGE
CNPs, ATST LNPs, TAGE ZNPs, RGD CNPs, free
ATST/TAGE (each containing 5 mg/kg of ATST and/or
TAGE), and 0.9% saline as control every other day for 14
consecutive days. During the treatment, tumor size was
measured every 4 days. Tumor volumes were calculated
and a tumor growth curve was plotted. Mice were sacri-
ficed by cervical dislocation on day 20 and the tumor
tissues were collected, captured, and weighted. The
tumor inhibition rate on day 20 was calculated.

Particle Size (nm)
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Statistical Analysis
The non-parametric data was analyzed using Friedman
test. P<0.05 was considered statistically significant.

Results

Characterization of cRGDfK-PEG-TOSD
The chemical structure of cRGDfK-PEG-TOSD was con-
firmed by 'H NMR (Figure 1). "H NMR (CDCl;, 500 MHz)
0: 1.01 (CH; of TOSD), 1.43 (CH, of TOSD), 2.12 (NH, of
cRGDfK), 2.41 (CHj; in the benzene ring of TOSD), 3.36
(CH, of PEG), 3.69 (CH, of cRGDfK), 4.26 (CH, next to
the amide linkage), 4.61 (CH, of cRGD{K), 6.33 (NH of
cRGDfK), 7.02 (H in the benzene ring of cRGDfK), 7.46
(NH of cRGDfK), and 8.02 (NH of the amide linkage).

Particle Size and Zeta Potential of

Nano-Systems

Particle sizes of ATST LNPs and TAGE ZNPs were 102.4
and 113.6 nm, which were a little bit higher than 100 nm
(Figure 3). For the double layered ATST/TAGE CNPs, size
increased to 132.6 nm. RGD decorated CNPs showed the
largest diameter of 156.9 nm (RGD-ATST/TAGE CNPs)
and 153.8 nm (RGD CNPs). ATST LNPs (19.3 mV) and
TAGE ZNPs (—33.5 mV) exhibited opposite zeta potential.
When ATST/TAGE CNPs were constructed using zein as
the surface layer, zeta potential was negative (—23.2 mV),
however, with the presence of RGD, the surface charge
increased to —17.1 mV (RGD-ATST/TAGE CNPs).

Drug Entrapment Efficiency and Release

Kinetics

Table 1 summarized the drug entrapment efficiencies of nano-
systems, which were all around 90%. The release profiles of
ATST or TAGE from the nano-systems are presented in
Figure 4. Faster release of ATST was found than that of

Polydispersity index Zeta potential (mV)

Cc

B TAGE ZNPs
B RGD-ATST/TAGE CNPs

n,"E

B ATST LNPs
B ATST/TAGE CNPs
B RGD CNPs

B TAGE ZNPs
B RGD-ATST/TAGE CNPs

Figure 3 Particle size (A), polydispersity index (B), and zeta potential (C) of nano-systems.
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Table | Drug Entrapment Efficiency of Nano-Systems

Formulation ATST | TAGE | ATST/ RGD-ATST

LNPs | ZNPs | TAGE ITAGE
CNPs CNPs

ATST 92.1 / 90.3%3.1 91.3+3.7

entrapment +2.2

efficiency (%)

TAGE / 922 88.9+4.1 89.3+3.6

entrapment +2.9

efficiency (%)

Abbreviations: ATST, atorvastatin; LNPs, lipid nanoparticles; TAGE, tangeretin; ZNPs,
zein nanoparticles; RGD, arginine-glycine-aspartic; CNPs, combined nano-systems.

TAGE from ATST/TAGE CNPs, which could be attributed to
the different location of the two drugs. ATST was in the outer
layer of the nano-system and will be released easier.

Cytotoxicities and Combination Index

Calculation

Cytotoxicities of both nano-systems and free drugs exhibited
a dose dependent manner on HT-29 cells, SW480 cells, and
CCD-18 cells (Figure 5). However, similar cell viability of
nano-systems and free drugs was found on CCD-18 cells. On
the opposite, formulations showed different effects on HT-29

cells. For example, ATST/TAGE CNPs significantly inhib-
ited the HT-29 cells viability than that of free ATST/TAGE
(P<0.05). RGD decorated nano-system showed an obvious
cytotoxicity on HT-29 cells compared to an undecorated
nano-system, but no obvious difference was found on normal
CCD-18 cells. This could be the evidence that RGD may
enhance the target ability of the nano-system thus gain better
tumor cell inhibition effects. The CI values obtained for HT-
29 cells indicated a synergistic effect in case of the drugs
combination in the nano-systems (Table 2). In Table 2, CI
values of ATST LNPs and TAGE ZNPs were presented and
ATST/TAGE CNPs with different ATST to TAGE rations all
illustrated synergy effects. The strongest synergism
(CI=0.3465) was observed when the ratio was 1:1 (ATST
to TAGE, w/w). So the same amount of drugs was used
during the preparation of the nano-systems.

In vivo Biodistribution and

Pharmacokinetics

The concentrations of drugs in the tumor site showed
significant differences (Figure 6). RGD-ATST/TAGE
CNPs exhibited the highest tumor distribution, which is
higher than ATST/TAGE CNPs (P<0.05). ATST/TAGE
CNPs also accumulated more in the tumor than free

A B ATST LNPs [0 ATST/TAGE CNPs RGD-ATST/TAGE CNPs B B TAGE ZNPs [ ATST/TAGE CNPs RGD-ATST/TAGE CNPs
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Figure 4 The release profiles of ATST (A) or TAGE (B) from ATST LNPs and TAGE ZNPs.
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Figure 5 Cytotoxicities of both nano-systems and free drugs exhibited a dose dependent manner on HT-29 cells (A), SW480 cells (B), and CCD-18 cells (C).
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Table 2 Cl Values Obtained for HT-29 Cells

ATST:TAGE Ratios 10:1 5:1 2:1 I:1 1:2 1:5 1:10

Cl values 0.7385 0.5644 0.5232 0.3465 0.4986 0.6153 0.8418

Abbreviations: Cl, combination index; ATST, atorvastatin; TAGE, tangeretin.

ATST/TAGE (P<0.05). Increased levels of drugs were
found in heart and kidney by free ATST/TAGE; in con-
trast, drugs loaded in nano-systems showed lower distribu-
tion in these organs (P<0.05). Taken together, these results
suggest that RGD decorated nano-systems could quickly
transfer the drugs to the tumor tissue and avoid high
accumulation in the heart and kidney. The blood concen-
tration-time profiles showed that free drugs were rapidly
removed from the circulation in comparison with the nano-
systems. The drugs concentration remained high in the
blood for a longer period of time when they were carried
by nanoparticles. RGD-ATST/TAGE CNPs and ATST/
TAGE CNPs showed the most remarkable ability to
remain the drugs concentrations. The pharmacokinetic
parameters are summarized in Table 3. The area under
the concentration-time curve (AUC) for RGD-ATST
/TAGE CNPs was greater than that for ATST/TAGE
CNPs (1.96 times for ATST and 2.26 times for TAGE).
The significant increase in half-life indicates that the elim-
ination of nano-systems was slower and that the circula-

tion time was longer than free drugs.

B ATST LNPs (ATST)
B RGD-ATST/TAGE CNPs (ATST)

B TAGE ZNPs (TAGE)
RGD-ATST/TAGE CNPs (TAGE)

30

25

20

10

Tumor Heart Kidney

In vivo Anti-Tumor Efficacy

In vivo anti-tumor efficacy of the nano-systems was eval-
uated by measuring and plotting the curve of the tumor
volume after treatment (Figure 7). The tumor volume
growth of the drugs treated groups was more modest
compared to the control group. At day 20, the tumor
volume of the RGD-ATST/TAGE CNPs group (212.4
+26.7 mm’) was significantly smaller than the ATST/
TAGE CNPs group (302.3+34.9 mm’) (P<0.05). The
ATST/TAGE CNPs group showed smaller tumor volume
than the ATST LNPs group (383.1£39.5 mm?®, P<0.05),
the TAGE ZNPs group (390.8+35.7 mm?, P<0.05), and
free ATST/TAGE (712.3+46.7 mm®, P<0.05). The Free
ATST/TAGE group exhibited better tumor inhibition effi-
ciency than the control group (915.2+59.6 mm?>, P<0.05).
The tumor inhibition rates for RGD-ATST/TAGE CNPs,
ATST/TAGE CNPs, ATST LNPs, TAGE ZNPs, and free
ATST/TAGE were 76.8%, 66.9%, 58.1%, 57.3%, and
22.2%, respectively (Table 4). There were no significant
differences in the body weight of mice before and after

treatment (data not shown).

B ATST/TAGE CNPs (ATST)
M Free ATST/TAGE (ATST)

B ATST/TAGE CNPs (TAGE)
M Free ATST/TAGE (TAGE)

-'@.l ¥

2 M

Liver Lung Spleen

Figure 6 In vivo biodistribution of ATST (presented as (ATST) behind the nano-systems) or TAGE (presented as (TAGE) behind the nano-systems) in the tumor site and

other organs. * P<0.05.
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Table 3 The Pharmacokinetic Parameters

Parameters | Drugs | Free ATST/ RGD-ATST
ATST/ TAGE ITAGE
TAGE CNPs CNPs
Crmax (L/kglh) | ATST 19.5£1.5 20.1x1.9 21.3+2.6
TAGE 17.6x1.7 18.7£1.8 18.3%1.5
Tia (h) ATST 1.5£0.3 5.8+0.9% 9.3I.1*
TAGE 1.3£0.2 7.9+£0.7% 11.3+0.9%
AUC (mg/L. ATST 35.9+2.8% | 156.848.9% | 307.6+19.8*
h) TAGE | 30.3+3.1*% | 128.3+6.7% | 289.5+13.7*

Discussion

The aim of this study was to develop a tangeretin and
atorvastatin combined nano-system decorated with RGD
for colon cancer combination therapy. Studies have been
carried out by researchers including the evaluation of the
combined effects of berberine and evodiamine on color-
ectal cancer cells in vitro,** and curcumin synergized the
action of S-fluorouracil and oxaliplatin against chemore-
sistant human cancer colon cells.** RGD peptide decorated

nanocarriers have been widely used as delivery systems

Note: *P<0.05 compared with Free ATST/TAGE.
Abbreviations: C,,,, plasma drug peak concentration; T);, half-life of drugs;
AUC, area under the curve.

for targeted anti-cancer chemotherapy,** and also applied

for combinatorial topotecan and quercetin delivery
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Figure 7 In vivo anti-tumor efficacy of the nano-systems was evaluated by measured and plotted the curve of tumor volume (A) and the tumor images (B) after treatment. *
P<0.05.
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Table 4 Tumor Inhibition Rate of Nano-Systems

Formulation | Free ATST TAGE | ATST/ | RGD-
ATST/ | LNPs ZNPs TAGE | ATST/
TAGE CNPs TAGE
CNPs
Tumor 76.8 66.9 58.1 57.3 222
inhibition rate
(%)

Abbreviations: ATST, atorvastatin; LNPs, lipid nanoparticles; TAGE, tangeretin;
ZNPs, zein nanoparticles; RGD, arginine-glycine-aspartic; CNPs, combined nano-
systems.

approach for anti-breast cancer cells strategy.*’ In this
study, RGD-containing ligand was synthesized by conju-
gating cRGDfK with TOSD using PEG as a linker to
obtain cRGDfK-PEG-TOSD. The use of PEG allows sub-
sequent attachment of cell targeting molecules to prepare
nano-systems, which retain long survival time in circula-
tion and target recognition.”’ TOSD was used as a novel
lipid to form the surface layer of the systems.*®

A lipid nano-system: ATST LNPs, a zein nano-system:
TAGE ZNPs, and ATST and TAGE combined nano-systems:
ATST/TAGE CNPs and RGD-ATST/TAGE CNPs were pre-
pared with narrow and homogenous particle size (between
102.4£3.1 and 156.9+4.1 nm, with polydispersity indexes
below 0.20), which is considered as ideal for passive tumor
targeting.*’ The size of nano-systems increased with RGD
decoration, indicating the presence of cRGDfK-PEG-TOSD
enlarged the diameters of the particles.* Drug entrapment
efficiencies of nano-systems were high (around 90%), sug-
gesting the good loading capacity.*” The release profiles of
ATST or TAGE from ATST LNPs and TAGE ZNPs followed
zero order kinetics which indicated that the drug release is
independent of the drug concentration.”® Drugs released
from RGD-ATST/TAGE CNPs followed the Higuchi
model, indicating drug release by diffusion.”’ Faster release
of ATST was found than that of TAGE from ATST/TAGE
CNPs, which could be explained by the fact that ATST was in
the outer layer of the nano-system and will be released
earlier.

Cytotoxicities of both nano-systems and free drugs exhib-
ited a dose dependent manner on both HT-29 cells and CCD-
18 cells. Formulations showed different effects on HT-29
cells but similar effects on CCD-18 cells. RGD decorated
nano-systems showed obvious cytotoxicity on HT-29 cells
than undecorated nano-systems, but no obvious difference
was found on normal CCD-18 cells. This could be the evi-
dence that RGD may enhance the target ability of the nano-

system thus gain better tumor cell inhibition effects.”® When
combination therapy is used in cancer chemotherapy, evalua-
tion of the synergistic effect is important and CI analyses are
one of the most reliable methods.”* CI values were deter-
mined using the Chou and Talalay method to validate the
synergistic effect of drugs combined in the nano-systems.
The strongest synergism was observed when the weight ratio
of ATST to TAGE was 1:1.

In vivo biodistribution of RGD-ATST/TAGE CNPs in
the tumor site is higher than ATST/TAGE CNPs and free
ATST/TAGE and opposite results were found in the heart
and kidney. Similar results were reported by Wang et al.>*
These results may be explained by the fact that RGD
decorated nano-systems could quickly transfer the drugs
to the tumor tissue and avoid high accumulation in the
heart and kidney. These results were in accordance with
the findings of Yu et al.”
profiles showed that free drugs were rapidly removed from

The blood concentration-time

the circulation in comparison with the nano-systems. The
drugs concentration remained high in the blood for
a longer period of time when they were carried by nano-
particles. The most significant efficiency of RGD-ATST
/TAGE CNPs and ATST/TAGE CNPs to remain the drugs
concentrations may be helpful for the long time therapeu-
tic effects in vivo.’® Larger AUC of RGD-ATST/TAGE
CNPs than that for ATST/TAGE CNPs indicated the effi-
ciency of drugs was significantly improved when loading
with a RGD decorated nano-system. The significant
increase in half-life indicates that the elimination of nano-
systems was slower and that the circulation time was
longer than free drugs, which was attributed to the pre-
sence of a PEG chain on the surface of particles, which
provided stealth effect to the nano-systems.

In vivo tumor growth was more prominently inhibited
by RGD-ATST/TAGE CNPs than ATST LNPs and TAGE
ZNPs, which could be the evidence needed that combined
drugs loaded nano-systems could be synergetic in the
treatment of lung cancer in vivo.’’ Improved anticancer
activity of RGD-ATST/TAGE CNPs was obtained com-
pared to the ATST/TAGE CNPs group, which could be
attributed to the RGD decoration. These studies demon-
strated that RGD-ATST/TAGE CNPs showed the most
significant synergistic therapeutic efficacy, exhibiting no
significant toxicity to major organs and tissues, and body
weight of the treated mice was stable. Therefore, the
combination nano-system is a promising platform for

colon cancer therapy.
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Conclusion

In this study, RGD-containing ligand was synthesized by
conjugating cRGDfK with TOSD using PEG as a linker to
obtain cRGDfK-PEG-TOSD. ATST and TAGE combined
nano-systems: RGD-ATST/TAGE CNPs was prepared with
narrow and homogenous particle size (156.9+4.1 nm), which
is considered as ideal for tumor targeting. High drug entrap-
ment efficiencies of RGD-ATST/TAGE CNPs were found
(91.3+3.7 for ATST and 89.343.6% for TAGE). The stron-
gest synergism was observed when the weight ratio of ATST
to TAGE was 1:1. In vivo biodistribution of RGD-ATST
/TAGE CNPs in the tumor site is high and prominently
inhibited the in vivo tumor growth. The combination nano-
system is a promising platform for colon cancer therapy.
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