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Background: Nanoparticles exhibit great promise for improving the solubility and tissue-

specific distribution of chemotherapeutic agents; however, the passive and highly variable

enhanced permeability and retention (EPR) effects observed in tumors frequently leads to

insufficient delivery of nanodrugs into tumors. The tumor-penetrating peptide iRGD can

actively enhance tumor-selective delivery of nanoparticles into tumors by binding to integrin

and interacting with tissue-penetrating receptor neuropilin-1.

Materials and methods: To improve colorectal cancer treatment, in this study, we

prepared a paclitaxel (PTX)-loaded PLGA nanoparticle (PLGA-PTX) and evaluated its

tumor-targeting and antitumor activity by co-administration with iRGD.

Results: Compared to free PTX, encapsulated PTX retained preferential cytotoxicity toward

various colorectal cancer cells while effectively sparing healthy cells. PLGA-PTX treatment

resulted in cell cycle arrest at the G2/M phase and apoptosis, leading to inhibition of cancer

cell migration and invasion. PLGA-PTX combined with iRGD displayed little enhancement

of cytotoxicity in vitro. Despite this, iRGD receptors integrin and neuropilin-1 were found to

be primarily overexpressed on abundant tumor vessels in mice bearing colorectal tumors.

Consequently, co-administration of nanoparticles with iRGD promoted the selective delivery

of nanoparticles into tumor tissues in vivo. Additionally, the combined regimen enhanced the

antitumor effects compared to those of each individual reagent.

Conclusion: Our findings suggest that PLGA nanoparticles combined with the iRGD

peptide provide a promising drug delivery strategy for facilitating active drug accumulation

into tumors, given that iRGD receptors are overexpressed on tumor vessels. This co-admin-

istration system lacking covalent conjugation provides a more convenient means to combine

various therapeutic agents with iRGD to achieve personalized nanotherapy.

Keywords: tumor penetrating peptide, nanoparticle, iRGD, paclitaxel, tumor vasculature,

colorectal cancer

Introduction
Colorectal cancer is the third most common cancer in the world and is responsible for

more than 880,000 deaths in 2018.1 The rapid growth of colorectal cancer is

characterized by the abundant development of blood vessels, a characteristic that

contributes to its malignancy and aggression.2,3 Although surgery can be used to treat

colorectal cancer when it is diagnosed at its earlier stages, in most cases, it is difficult
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to completely remove primary or metastatic tumors. Thus,

adjuvant chemotherapy is typically used to suppress tumor

growth and prolong survival in patients, especially those

harboring unresectable tumors. The drug cocktails

FOLFOX (leucovorin, fluorouracil, and oxaliplatin) or

CAPOX (capecitabine and oxaliplatin) that act as DNA-

damaging therapeutic agents have been commonly com-

bined with surgery, radiotherapy, or targeted blockade

regents to treat colorectal cancer depending upon cancer

stage and molecular subtype.4–6 Use of these chemotherapy

regimens as the treatment backbone provides notable activ-

ity but still requires improvement for prolonging disease-

free survival and ultimately providing a long-term cure.

Paclitaxel (PTX), isolated from the bark of Taxus bre-

vifolia, is one of the most successful first-line antitumor

drugs that possesses confirmed cytotoxicity against a

broad range of tumors. PTX targets microtubules and

reduces their dynamicity, as a result arresting mitotic

action and inducing proliferating cell apoptosis.7 PTX

combined with certain pathway inhibitors exhibited

remarkable cytotoxicity in colorectal cancer cells.8,9

Intriguingly, the addition of PTX to FOLFOX (POF regi-

men) as a first-line therapy has successfully improved

patient response rate and survival in a randomized phase

II clinical trial for advanced gastric cancer treatment when

compared to FOLFOX alone.10,11 These inspiring out-

comes of preclinical and clinical studies in colorectal and

gastric cancer treatment appear to show great promise for

the use of this application of PTX in colorectal cancer

therapy. Due to its poor aqueous solubility, PTX (brand

name, Taxol) is commonly formulated in a vehicle com-

posed of a 1:1 blend of Cremophor EL and ethanol prior to

administration. The toxic effects of Cremophor EL, how-

ever, have been noted in both animal models and patients.

Additionally, PTX can kill actively dividing normal cells,

consequently resulting in toxic side effects.12–15

Nanoparticles have been demonstrated to significantly

promote solubility and to mitigate the systematic toxicity

of conventional antitumor agents, ultimately enhancing the

therapeutic index. Importantly, nanodrugs are capable of

passively targeting solid tumors by an enhanced perme-

ability and retention (EPR) effect.16,17 Attesting to the

advantages in cancer therapy, a number of nanodrugs,

including the albumin-bound PTX nanoparticle Abraxane

and liposome-delivered doxorubicin Doxil, have been

approved in the US and Europe for primary and metastatic

cancer treatment.18 Solid tumors, however, are typically

densely heterogeneous and their blood vessels can vary

with according to tumor type and growth status, and this,

in turn causes highly variable EPR effects in tumors. The

frequent occurrence of low EPR, especially in clinical

tumors, compromises EPR-dependent nanoparticle deliv-

ery and often leads to insufficient accumulation of nano-

drugs within solid tumors.19,20

To achieve more desirable therapeutic outcomes, novel

diagnostic tools can be designed to identify the extent of

the ERP effect in tumors and to select patients who will

benefit from nanotherapy. Alternatively, nanoparticles

have been extensively modified by the addition of tumor-

homing ligands to actively enhance particle delivery into

tumors.21,22 Of these ligands, the tumor-penetrating pep-

tide iRGD is a bifunctional ligand containing a tumor-

homing motif (RGD) and a tissue-penetrating motif

(CendR). Covalent conjugation of iRGD to nanoparticles

can significantly promote the delivery of encapsulated

drugs into tumors, resulting in improved tumor-targeting

and tissue-penetrating properties of the payloads.23–25

More interestingly, the enhanced delivery of nanodrugs

into tumors can also be achieved through co-administra-

tion with iRGD in addition to conjugation with the pep-

tide. Once bound to tumor sites via the RGD motif, the

tissue-penetrating motif CendR can stimulate vascular per-

meability in a VEGF-like manner and facilitate the trans-

port of peptides and co-administered payloads across the

endothelial cell barrier from the tumor vessels into the

tumor parenchyma. Enhanced antitumor activity has been

observed for several nanodrugs when they were co-admi-

nistered with iRGD.26–28

Poly lactic-co-glycolic acid (PLGA) is a US Food and

Drug Administration (FDA)-approved biodegradable

materials for drug delivery and the PLGA-based nanopar-

ticles have been extensively used for delivery of both

therapeutic small compounds and biomacromolecules.29

In the present study, we prepared and characterized a

PTX-loaded PLGA nanoparticle (PLGA-PTX) for use in

colorectal cancer treatment. PLGA-PTX was co-adminis-

tered with iRGD to promote tumor-targeting drug delivery.

Although this combination treatment exhibited few syner-

gistic effects directly against tumor cell growth in vitro,

iRGD improved the delivery of PLGA nanoparticles and

the encapsulated PTX from tumor blood vessels into tumor

parenchyma, and it enhanced the antitumor effects of

PLGA-PTX in vivo. This co-administration drug delivery

system exhibits great promise as a convenient method to

combine various therapeutic agents for colorectal cancer

treatment.
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Materials And Methods
Materials
Monomethoxy-poly(ethylene glycol)-poly lactic-co-glyco-

lic acid (PEG-PLGA) was obtained from Jinan Dai Gang

Biomaterial Co., Ltd. (Jinan, China). PTX was purchased

from Dalian Melone Biomart Co., Ltd, and iRGD

(CRGDRGPDC) was provided by Genscript Co., Ltd.

(Guilin, China). Coumarin-6 and polyvinylalcohol (PVA)

were purchased from Sigma-Aldrich (St. Louis, MO,

USA). Cell counting kit-8 (CCK-8), Annexin V apoptosis

detection kits, and PI/RNase cell cycle assay kits were

obtained from Dojindo (Kumamoto, Japan). Caspase-

Glo® 3/7 assay kits were purchased from Promega

(Madison, WI, USA), and 4,6-diamidino-2-phenylindole

(DAPI) was obtained from Molecular Probes (Eugene,

OR, USA). Alexa Fluor 647 anti-mouse CD31 antibody

was purchased from Biolegend (San Diego, CA, USA),

and 1,1ʹ-dioctadecyl-3,3,3ʹ,3ʹ- tetramethylindodicarbocya-

nine (DID) was provided by Key GEN Bio TECH Co.,

Ltd. Anti-integrin and neuropilin-1 antibodies were pur-

chased from Abcam (Cambridge, MA, USA).

Peptide Design And Characterization
The iRGD peptide targets to tumors through the action of

its integrin-binding RGD motif. After this initial binding,

its CendR motif exposed by proteolysis can bind to neu-

ropilin-1 and then trigger tissue penetration. Therefore,

this cyclic peptide possessing an amino acid sequence of

CRGDRGPDC is a composite of the integrin-binding

RGD motif and the cryptic CendR motif. The iRGD pep-

tide was synthesized using standard solid-phase fluorenyl-

methoxycarbonyl (Fmoc) chemistry techniques and was

custom-made by Genescript Inc. (Nanjing, China). The

purity of the peptide (>95%) was analyzed by reversed-

phase high-performance liquid chromatography (HPLC),

and the mass of the peptide was determined and character-

ized using high resolution mass spectrometry in the pre-

sence and absence of DTT. The peptide was separated into

aliquots, lyophilized, and stored at 20°C for further use.

Cell Culture
Human colorectal cancer cells (LS174T, COLO205,

HCT116, and SW620) and mouse normal liver cells

(BNL CL.2) were obtained from American Type Culture

Collection (ATCC), and they were cultured in RPMI-1640

or DMEM containing 10% fetal bovine serum, 2 mmol/L

L-glutamine, 100 U/mL penicillin, and 100 μg/mL strep-

tomycin at 37°C in a 5% CO2 humidified atmosphere.

Preparation Of Nanoparticles
Nanoparticles were prepared by the emulsion/solvent eva-

poration technique according to a previously reported

method.30 Briefly, 10 mg of PEG-PLGA and 1 mg of

PTX were dissolved into 1 mL of dichloromethane.

Then, the solution was added to 4 mL of 1% PVA and

emulsified by sonication at 100 W for 70 s on ice using a

probe sonicator (Ningbo Scientz Biotechnology Co. Ltd.,

China). Finally, the emulsion was evaporated under a

vacuum to remove the dichloromethane. The obtained

solution was centrifuged (25,000 ×g) at 4°C for 40 min

and washed three times with deionized water. The sedi-

ment was resuspended into phosphate buffered saline

(PBS, pH 7.4) containing 137 mM NaCl, 2.68 mM KCl,

10 mM Na2HPO4, and 2 mM KH2PO4 or lyophilized for

further use.

Characterization Of Nanoparticles
Particle Size, Zeta Potential, And Appearance

The mean particle size and zeta potential of nanoparticles

were both measured by a particle size analyzer (Zetasizer

Nano-ZS, Malvern, UK) following dilution of an appro-

priate amount of nanoparticles into 2 mL of deionized

water. The morphology of the nanoparticles was detected

by transmission electronic microscopy (TEM) (Tecai G2

F20, FEI Co., Ltd. Hong Kong, China) after negative

staining with a 2% phosphotungstic acid solution. To

determine stability, the freshly prepared nanoparticles

were stored in 1% PVA or PBS, pH 7.4, at 4°C for 28

days. At designated time intervals, changes in particle size

were determined as described above.

Entrapment Efficiency And Drug Loading Capacity

The entrapment efficiency (EE%) and drug loading capa-

city (DL%) of PTX-loaded PLGA were both determined

using an Agilent 1260 HPLC system with a C18 column

(150 × 4.6 mm, 3 μm, Thermo Fisher, USA) at 30°C. The

lyophilized nanoparticles (1 mg) were dissolved into 1 mL

of dichloromethane under vortex to extract PTX from the

nanoparticles. After solvent evaporation, the residue was

re-dissolved into 1 mL of deionized water and acetonitrile

(50:50 ratio). PTX content was measured by HPLC at a

flow rate of 0.6 mL/min using an ultraviolet detector at

227 nm.31 The EE% and DL% were calculated as follows:
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EE% ¼ content of PTX entrapped in PLGA

initial PTX content
� 100%

DL% ¼ content of PTX entrapped in PLGA

weight of PLGA
� 100%

In Vitro Release

The release behavior of PTX in PLGA was monitored in

PBS, pH 7.4 or pH 6.4, containing 0.1% Tween 80 as

previously described with a slight modification.32 Briefly,

an aliquot of nanoparticles equivalent to 30 μg of PTX was

diluted into 1 mL of PBS containing 0.1% Tween 80. The

suspension was shaken at 37°C at a rate of 100 rpm. At the

designated time points (0, 0.5, 1, 2, 4, 8, 12, 24, 48, or 72 h),

the supernatant was replaced with 1 mL of fresh PBS buffer

following centrifugation. Subsequently, the PTX released

into the supernatant was immediately determined by HPLC

as described above. The accumulative release of PTX from

nanoparticles was calculated and plotted versus time.

Hemolysis
The use of human blood was approved by the Medical

Ethics Committee of Sichuan Provincial People’s Hospital

and authorized by the written informed consent from

donors. Human erythrocytes (RBCs) obtained from

healthy donors were isolated by centrifugation at 1200 g

for 5 min, washed with normal saline (NS) for three times,

and then suspended in NS at a 2% concentration (volume

ratio). For the hemolysis experiment, the 2.5 mL erythro-

cyte suspension was treated with PTX or PLGA-PTX at

37°C for 3 h. Deionized (DI) water and NS were used as

the positive and negative control, respectively. The super-

natant was collected following centrifugation, and then the

absorbance was measured at 540 nm using an ultraviolet-

visible spectrophotometer (Shimadzu UV-1601PC, Japan).

The percentage of sample-induced hemolysis was calcu-

lated as follows:

hemolysis %ð Þ ¼ A of sample� A of negative control
A of positive control� A of negative control

� 100%

In Vitro Cytotoxicity
In vitro cytotoxicity was measured by the CCK-8 assay

according to the manufacturer’s specifications. Briefly,

cells were seeded into 96-well plates at a density of

1×104 cells/well and incubated for 12–18 h to allow for

attachment to the plate. Free PTX or PLGA-PTX was

diluted into culture medium at a concentration of 0.5, 1,

2.5, 5, 10, 20, 100, or 1000 ng/mL. Diluted drugs (100 μL)

were added to each well in the presence or absence of 30

μmol/L iRGD and then further incubated at 37°C for the

indicated time. Next, 10 μL of CCK-8 solution was added

to each well, and the absorbance was detected at 450 nm

after 1–4 h of incubation. Cells incubated with culture

medium alone were regarded as the 100% viability control

to calculate the survival ratio.

Cell Cycle And Apoptosis Assay
Cell apoptosis and cell cycle were analyzed following

PLGA-PTX treatment over a time course. Cells seeded

into 96-well plates were treated with 100 μL of 100 ng/

mL PLGA-PTX, and the changes in cell morphology were

observed under a microscope. Simultaneously, the activa-

tion of caspase-3 was detected by adding 100 μL of

Caspase-Glo 3/7 reagent to each well and then incubating

for 1 h at room temperature. Alternatively, cells were

stained with the cell-permeable dye Hoechst 33342 at the

indicated time point following PLGA-PTX treatment and

observed under a fluorescence microscope. For flow cyto-

metry analysis, cells were cultured in 6-well plates and

treated with 2.5 mL of 100 ng/mL PLGA-PTX over time.

At the designated time points, cells were detached and

washed with PBS twice. For the cell cycle assay, cells

were fixed with 70% cold ethanol overnight and then

stained with 500 μL of PI/RNase working solution for 30

min according to the kit instructions. For the cell apoptosis

assay, cells were dual-stained with FITC-Annexin V and

PI for 15 min, and this was followed by flow cytometry

analysis.

Tumor Spheroid-Based Migration And

Invasion Assays
To establish tumor spheroids, tumor cells were dispensed into

an ULA (Ultra-Low Attachment) 96-well round-bottomed

microplate (Corning) as described by Vinci et al.33 Cells

were further cultured for 3–4 days to allow for formation of

multicellular tumor spheroids possessing a three-dimensional

compact structure. For the tumor spheroid migration assay,

tumor spheroids were transferred into a 96-well flat-bottomed

microplate pre-coated with 50 μg/mL of fibronectin (EMD

Millipore). Tumor spheroids were further cultured in the pre-

sence or absence of 2.5–10 ng/mL PLGA-PTX. Themigration

of tumor spheroids was imaged using a phase contrast micro-

scope. The quantification of migration inhibition was analyzed

by measuring the areas covered by migrating cells. The fold

change in migration area was normalized to the initial size of
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each tumor spheroid. For the tumor invasion assay, tumor

spheroid medium was gently replaced by an equivalent

volume of matrigel (Corning). Following matrigel solidifica-

tion, culture medium was added to the top of the matrigel.

PLGA-PTX or PBS (10 ng/mL) was diluted into both matrigel

and the overlying medium. The invasion of tumor cells from

tumor spheroids into the matrigel was imaged using an

inverted microscope.

In Vivo Experiments
Tumor Vasculature And Receptor Expression

All animal experiments were approved by the Medical

Ethics Committee of Sichuan Provincial People’s Hospital.

The animal welfare and use were in agreement with the

guidelines approved by the Medical Ethics Committee of

Sichuan Provincial People’s Hospital. LS174T cells (1×106)

dispersed in 100 μL of PBS were injected subcutaneously

into the right flank of female BALB/c (nu/nu) mice. When

the tumor nodules reached the expected size (about

200–300 mm3), tumor sections were excised from the

mice. Then, the tumors were immunostained with anti-

CD31 to reveal the blood vessels and anti-integrin and

neuropilin-1 antibodies to reveal the iRGD receptors.

In Vivo Imaging

BALB/c nude mice were established with LS174T xeno-

grafts as described above. When the tumor nodules

reached a size of approximately 150–200 mm3, six mice

were divided into two groups and injected with PLGA-

DID or PLGA-DID + iRGD. The doses of DID and iRGD

were maintained at 0.2 mg/kg and 10 mg/kg, respectively.

The mice were anaesthetized and imaged at 4, 8, and 24 h

post-administration using the SPECTRAL Lago and Lago

X Imaging Systems (Spectral, AZ, UAS) with an emission

bandpass filter at 640 nm and excitation at 690 nm. Next,

the mice were sacrificed, and tumors and other organs (the

brain, heart, liver, spleen, lung, and kidney) were collected

and imaged.

In Vivo Distribution

BALB/c nude mice were established with the LS174T

xenografts as described above. The, the mice were divided

into two groups and injected intravenously with coumarin-

6-loaded-PLGA and coumarin-6-loaded-PLGA + iRGD,

respectively, at a dose of 10 mg/kg iRGD and 0.4 mg/kg

coumarin-6. Three hours later, the mice were anesthetized,

and the tumor was excised into thick frozen sections (100

μm). For immunostaining, the slides were fixed and

incubated with Alexa Fluor 647 anti-mouse CD31 anti-

body (1:200 dilution) for 1.5 h at 37°C. Nuclei were

stained by DAPI.

In Vivo Antitumor Assessment

Antitumor activity was investigated in a subcutaneous

LS174T tumor-bearing mouse model as described

above. At the onset of a palpable tumor (about

50 mm3), mice were divided into 5 groups that were

intravenously injected with free PTX, PTX + iRGD,

PLGA-PTX, PLGA-PTX + iRGD (PTX and iRGD at a

dose of 10 mg/kg), or an equivalent volume of normal

saline (NS) every 2 days for a total of three injections.

The tumor volume (mm3) was calculated every day as

length×width2×0.5. The body weight of each mouse was

recorded throughout the entire experimental period. All

animals were sacrificed at the conclusion of the observa-

tion, and the tumor weights were then measured.

Statistical Analysis
Results are presented as the mean ± SD of at least three

independent experiments. Analysis of variance was used to

analyze the differences. A P value <0.05 was considered

statistically significant. *P<0.05; **P<0.01; ***P<0.001.

Results
Characterization Of Nanoparticles And

The iRGD Peptide
The prepared colloidal solutions of PLGA and PTX-

loaded PLGA presented with an opalescent appearance

with a strong Tyndall Effect (Figure 1A). The detailed

characteristics of the PLGA nanoparticles were further

evaluated, and these included particle size, polydispersity

index (PDI), zeta potential, entrapment efficiency, and

drug loading capacity. It is believed that particle size is

one of the pivotal factors influencing the tissue distribution

and tumor targeting of the nanoparticles in vivo.34 As

shown in Figure 1B and in Table 1, the size of PLGA

and PLGA-PTX were respectively 138.9 ± 10.8 and 147.5

± 9.5 nm with a narrow size distribution (PDI < 0.1),

indicating a suitable particle size and distribution for

drug delivery into tumors. The zeta potential of PLGA

and PLGA-PTX were −2.26 and −1.84 mV, respectively

(Table 1), which were close to neutrality, confirming the

presence of PEG chains shielding the negative charges that

existed at the surface of the nanoparticles. TEM images

verified that the nanoparticles were spherical in shape and

possessed smooth surfaces (Figure 1C).
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HPLC analysis revealed that PLGA-PTX exhibited

88.2% EE% and 8.02% DL% (Table 1). Additionally, the

stability investigation suggested that PLGA-PTX remained

stable without a significant change in particle size for at

least 2 weeks in both PVA and PBS solutions at 4°C,

indicating that the nanoparticles possessed adequate sto-

rage stability (Figure 1D). Further storage at 4 weeks led

to an increase in the particle size of PLGA-PTX. The drug

release profile of the nanoparticles in vitro was assayed in

PBS and determined by HPLC. As shown in Figure 1E,

PTX exhibited sustained release from PLGA without an

obvious burst-release effect from 0.5 to 72 h in both pH

6.4 and 7.4 PBS containing 0.1% tween 80. Accordingly,

Figure 1 Characterization of nanoparticles and the iRGD peptide.

Notes: (A) Nanoparticles exhibited opalescence and Tyndall effect compared to that observed for deionized water. (B) PLGA-PTX exhibited an average particle size of

147.5±9.5 nm with a narrow size distribution (PDI<0.1). (C) Nanoparticles were spherical in shape and possessed smooth surfaces as shown in the transmission electron

microscopy image (scale bar = 200 nm). (D) Changes in PLGA-PTX particle size at different storage times in PBS and PVA at 4°C. (E) PLGA-PTX exhibited a sustained

release in pH 6.4 and pH 7.4 PBS containing 0.1% Tween-80. (F) The disulfide bond of iRGD was determined in the absence (non-reducing) or presence (reducing) of DTT

by mass spectrometry.

Abbreviations: PLGA, poly lactic-co-glycolic acid; PTX, paclitaxel; PLGA-PTX, paclitaxel-loaded PLGA; PDI, polydispersity index; PBS, phosphate buffer saline. DTT,

dithiothreitol.

Table 1 Characterization Of Nanoparticles (n=3, Mean±SD)

NPs Size (nm) PDI EE%/DL% Zeta Potential

PLGA 138.9±10.8 0.050 −2.26

PLGA-PTX 147.5±9.5 0.040 88.2/8.02 −1.84

Abbreviations: PDI, polydispersity index; EE, entrapment efficiency; DL, drug

loading.
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these results suggest that we have successfully constructed

well-characterized nanoparticles that exhibit good storage

stability and controlled-release properties.

The cyclic peptide formed via a disulfide bond is a crucial

factor that retains the high binding activity of iRGD to the

integrin receptor. The disulfide bonds of iRGD were deter-

mined by high-resolution mass spectrometry. As shown in

Figures 1F and S1, the accurate mass (975.3698 Da) of an

isotopic species was almost identical to the theoretical mass

(975.3651 Da) of the cyclic iRGD peptide. A reduction of the

disulfide bond with DTT resulted in an approximate 2 Da

mass increase (977.3858 Da), verifying the intrinsic disul-

fide-based cyclic structure in iRGD.

In Vitro Cytotoxicity
To determine the cytotoxicity of PLGA-PTX, colorectal

cancer COLO205 cells were treated with increasing concen-

trations of nanodrugs over times ranging from 24 h to 96 h.

As shown in Figure 2A, an enhanced loss of cell viability was

observed in conjunction with an extension of treatment time

from 24 h to 72 h. A further increase of treatment time up to

96 h showed little promotion of cytotoxicity in the context of

tumor cells. To compare the cytotoxicity in the presence of

iRGDwith that in the absence of the peptide, COLO205 cells

were treated with free PTX or PLGA-PTX combined with or

without iRGD for 72 h. As shown in Figure 2B, all treatment

groups showed a dose-dependent cytotoxicity in COLO205

cells. The loss of cell viability reached 70–80% at a concen-

tration of 2.5 ng/mL PTX. These results suggest that PTX at a

low concentration displayed superior cytotoxicity in

COLO205 cells. Additionally, PLGA encapsulation retained

the cell killing effects of PTX against COLO205 cells. The

combination of iRGD with PLGA-PTX or free PTX, how-

ever, showed no obvious improvement of cytotoxicity com-

pared to that of these drugs alone. To validate the cell killing

activities of different PTX formulations and their combina-

tions with iRGD, the colorectal cancer cell line LS174T,

HCT116, and SW620 were treated under the same condi-

tions. Similarly, both PLGA-PTX and PTX alone at 2.5 ng/

mL inhibited 30%–60% of tumor cell growth following 72 h

treatment. Despite this, no substantial enhancement of cyto-

toxicity in these cancer cells was observed when these drugs

were combined with iRGD (Figure 2C). Additionally, encap-

sulation of PTX into PLGA retained the preferential cyto-

toxicity of PTX on cancer cells. PLGA-PTX at high

concentrations of up to 1000 ng/mL induced less than 40%

normal liver cell death in the presence or absence of iRGD

(Figure S2). PLGA-PTX treatment also induced no obvious

hemolysis, while free PTX that was dissolved into the solvent

consisting of Cremophor-EL and ethanol induced 13.43%

lysis in erythrocytes (Figure 2D). These data demonstrate

that PLGA-PTX is a desirable controlled-release formulation

with highly efficient activities against colorectal cancer cells.

The combination of iRGDwith PLGA-PTX in vitro displays

little improvement of the cytotoxicity directly on tumor cells.

Cell Cycle Arrest And Tumor Cell

Apoptosis
To explore the mechanism of tumor cell death induced

by nanodrugs, LS174T tumor cells were treated with

100 ng/mL PLGA-PTX. As shown in Figure 3A, remark-

able cell shrinkage and cell membrane blebbing were

observed concomitantly with the loss of cell number as

treatment times were increased from 24 h to 72 h.

Additionally, PLGA-PTX induced nuclear condensation

in most tumor cells after 24 h of treatment and gradually

led to nuclear fragmentation and DNA loss after treatment

for 48 h to 72 h. Simultaneously, flow cytometry analysis

demonstrated that the percentages of early (Annexin V

+/PI-) and late (Annexin V+/PI+) apoptotic cells were

29.6% and 23.7%, respectively, following PLGA-PTX

treatment for 24 h. Extension of treatment time resulted

in a decrease in the percentage of early apoptotic cells to

less than 10% with a concomitant increase in the percen-

tage of late apoptotic cells to approximately 80% after

72 h of treatment. Additionally, the significant activation

of apoptotic executioner caspase 3 was detected from 8 h

to 24 h after treatment, indicating PLGA-PTX-mediated

induction of the initiation of apoptosis at early time points

prior to the alteration of cell morphology and loss of DNA

(Figure 3B). Within 24 h of treatment, flow cytometry

revealed that PLGA-PTX induced a significant accumula-

tion of DNA at the G2/M phase with a concomitant

decrease of DNA content in G0/G1 phase, indicating a

time-dependent tumor cell cycle arrest (Figure 3C). These

results suggest that the encapsulated PTX in PLGA gives

rise to cell cycle arrest of the fast-proliferating tumor cells

and hence induces cell apoptosis following activation of

caspase.

Inhibition Of Tumor Cell Migration And

Invasion From Tumor Spheroids
The migration of tumor cells assay was based on a cultured

three-dimensional tumor spheroid by employing HCT116 as

a cell model, as this cell line was able to form a compact
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spheroid structure useful for further functional assays.33 The

tumor spheroid was formed in an ultra-low attachment

round-bottomed plate and then transferred into a fibronec-

tin-coated flat-bottomed 96-well plate, and this was fol-

lowed by treatment with a low concentration (2.5 to 10

ng/mL) of PLGA-PTX over time. As shown in Figure 4A,

the multicellular tumor spheroids attached to the plate

within 8 h in the PBS group. Subsequently, tumor cells

exhibited a rapid migration along the coated plate away

from tumor spheroids after 24 h, and the leading edge of

Figure 2 In vitro cytotoxicity and hemolysis assay of nanoparticles.

Notes: (A) COLO205 colorectal cancer cells were treated with PLGA-PTX over a time course, and this was followed by cell viability measurement using the CCK-8 assay.

(B) COLO205 cells were treated with free PTX or encapsulated PLGA-PTX combined with or without iRGD for 72 h. (C) Cytotoxicity of PTX or PLGA-PTX against

various colorectal cancer cells. (D) Hemolysis assay. DI water and NS were used as the positive (100% hemolysis) and negative control, respectively. The appearance of

hemolysis (left panel) and percentage of hemolysis (right panel) were assessed for each group.

Abbreviations: PLGA, poly lactic-co-glycolic acid; PTX, paclitaxel; PLGA-PTX, paclitaxel-loaded PLGA; DI water, deionized water; NS, normal saline.
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the migrating cells was almost beyond the microscope field

of view after 48 h. In contrast, the migration of tumor cells

was dramatically inhibited after tumor spheroids were

treated with PLGA-PTX (Figures 4A and S3). The migra-

tion areas in the PLGA-PTX group decreased to at least half

that of the PBS group after 48 h of treatment (Figure 4B).

Figure 3 PLGA-PTX-induced cell cycle arrest and tumor cell apoptosis.

Notes: Colorectal cancer cells (LS174T) were treated with PLGA-PTX over a time course. (A) Cell morphology was recorded by PCM, and cell nuclei were stained via

Hoechst dye, and this was followed by fluorescence microscope imaging. Cell apoptosis was assayed by flow cytometry after dual staining with FITC-labeled Annexin V and

PI. Scale bar, 50 μm. (B) Caspase 3 activation was analyzed by quantification of cleaved caspase 3 relative to a reference at 0 h. (C) Flow cytometry analysis revealed PLGA-

PTX treatment induced accumulation of DNA from G0/G1 phase into G2/M phase over time following PI staining. **P<0.01; ***P<0.001.
Abbreviations: PLGA, poly lactic-co-glycolic acid; PTX, paclitaxel; PLGA-PTX, paclitaxel-loaded PLGA; PCM, phase contrast microscope; FITC, fluorescein; isothiocyanate;

PI, propidium iodide.
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To detect tumor invasion, tumor spheroids were cultured in

round-bottomed plates, and this was followed by the addi-

tion of Matrigel. Tumor spheroids were allowed to grow

further in the semisolid gel-like matrix in the presence or

absence of PLGA-PTX. After incubation for 48 h, numer-

ous tumor cells disseminated from spheroids and invaded

into the matrix in the PBS group. In contrast, treatment with

a low concentration (10 ng/mL) of PLGA-PTX markedly

inhibited the invasion of tumor cells from cultured spher-

oids. Tumor cells remained closely attached to tumor spher-

oids, and only several tumor cells invaded into the matrix

far from spheroids (Figure 4C). Additionally, the

combination of PLGA-PTX and iRGD resulted in compar-

able with PLGA-PTX treatment alone levels of inhibition of

the migration and invasion of HCT116 tumor spheroids

(Figures S4 and S5). These data indicate that PLGA-PTX

nanodrugs given at a low concentration exhibit significant

effects in the context of inhibition of tumor cell migration

and invasion.

Tumor Vasculature Distribution And

Receptor Expression
Drug delivery into tumor sites in vivo primarily depends

upon the distribution of tumor blood vessels within the

Figure 4 PLGA-PTX inhibits tumor spheroid cell migration and invasion.

Notes:Colorectal cancer cells (HCT116) were cultured in an ultra-low attachment plate to form tumor spheroids, and this was followed by treatment with low concentration of

PLGA-PTX in culture medium over time. (A) The tumor cell migration away from tumor spheroids in the absence or presence of 10 ng/mL of PLGA-PTX was recorded using an

inverted microscope. Scale bar, 100 μm. (B) The migration areas were measured and presented as the fold change relative to the areas at 0 h. (C) The invasion of tumor cells that

disseminated from spheroids into the matrigel matrix was imaged using an inverted microscope. Scale bar, 100 μm. *P<0.05; **P<0.01; ***P<0.001.
Abbreviations: PLGA, poly lactic-co-glycolic acid; PTX, paclitaxel; PLGA-PTX, paclitaxel-loaded PLGA; PBS, phosphate buffer saline.
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tumor tissues. The architecture of the tumor vasculature

was investigated in LS174T tumors by immunofluores-

cence staining of blood vessel endothelial cells. Red fluor-

escence of CD31 in Figure 5A demonstrates that blood

vessels were particularly abundant in LS174T tumors,

which provided a fundamental condition for efficient

drug transport into tumors. To achieve tumor-specific

drug delivery via iRGD, the expression of the iRGD

receptors integrin and neuropilin-1 was further assessed

in tumors. Figure 5B shows that the iRGD-binding integ-

rin α5, but not integrin αv, was highly expressed and

enriched on tumor blood vessels. Similarly, the tissue-

penetrating receptor neuropilin-1 was also highly

expressed and predominantly located on tumor vessels.

Only a minor amount of integrin α5 and neuropilin-1

expression was observed on tumor cells. The abundant

tumor vessels and high expression of integrin and neuro-

pilin-1 suggest that iRGD may possess the potential for

improving the active delivery of nanodrugs into LS174T

tumors.

In Vivo Imaging And Tumor Penetration
To evaluate the tumor-targeting enrichment of nanoparti-

cles, live optical imaging was performed on LS174T

tumor-bearing mice injected with NIR fluorescent probe

DID-loaded PLGA. Co-injection of PLGA-DID with

iRGD appeared to enhance the accumulation of PLGA

nanoparticles in tumors at 4, 8, and 24 h post-injection

compared to that of PLGA-DID alone (Figure 6A). The ex

vivo tissues were also imaged and quantified after the mice

were sacrificed at 24 h. In agreement with the live imaging

results, co-administration of PLGA-DID with iRGD

enhanced accumulation by approximately 2-fold more

than that of the payload in tumors without an obvious

increase of payload delivery into normal tissues, and

these tissues included the brain, heart, liver, spleen, lung,

and kidneys (Figure 6B). The high accumulation of nano-

particles was also observed in the liver and spleen due to

the well-established arrestment and clearance of nanoscale

materials by cells of the mononuclear phagocyte system

(MPS). Consequently, our results suggest that co-adminis-

tration with iRGD can effectively and specifically improve

the delivery of nanoparticles into the tumor site.

To further determine if iRGD-mediated nanoparticles

could efficiently distribute into tumor parenchyma, cou-

marin 6-loaded PLGA was co-administered with iRGD

(PLGA-COU + iRGD), and tumor tissues were sectioned

at 3 h post injection. The payload distribution in the tumor

was detected by the green fluorescence signal of coumarin-

6. Confocal microscopy revealed that PLGA-COU alone

principally distributed around tumor vessels, while PLGA-

COU co-injected with iRGD significantly promoted the

deep penetration and distribution of the payload into the

tumor parenchyma away from tumor vessels (Figure 6C).

These results suggest that co-administration with iRGD

can enhance tumor-targeting accumulation and penetration

of PLGA particles into tumors.

In Vivo Antitumor Assessment
The in vivo antitumor effect was further evaluated using

mice bearing LS174T tumors. When the tumor volume

reached approximately 50 mm3, free PTX or PLGA-PTX

were intravenously administered at 10 mg/kg every other

day for a total of three treatments that were combined with

or without 10 mg/kg iRGD. Alternatively, mice were admi-

nistered with an equivalent volume of normal saline (NS).

As shown in Figure 7A, LS174T tumors grew quickly

in the control NS group, and the tumor volume increased

to over 900 mm3 at 12-days post-inoculation. All groups

treated with each formulation of PTX showed significant

suppression of tumor growth, suggesting highly efficient

antitumor effects of PTX in vivo. Encapsulating PTX in

PLGA resulted in a stronger suppressive effect on tumor

growth than that observed after treatment with free PTX.

Additionally, it was clear that co-administration of PLGA-

PTX with iRGD dramatically enhanced tumor growth

suppression efficacy compared to that observed with

PLGA-PTX alone (P<0.05). Similarly, PTX combined

with iRGD displayed stronger antitumor effects than free

PTX (P<0.01). The iRGD peptide promoted the delivery

of PLGA-PTX into tumors and thereby further enhanced

the antitumor efficacy of the nanodrugs.

At the conclusion of the observation, the mean tumor

sizes in the free PTX, PTX + iRGD, PLGA-PTX, and

PLGA-PTX+ iRGD groups were 561±55.5 mm3, 363

±55.8 mm3, 317±31.5 mm3, and 150±26.2 mm3, respec-

tively, compared to 953±47.3 mm3 in the control group. The

corresponding tumor weights were reduced by 39.9%,

67.6%, 69%, and 85.7% after treatment with free PTX

(256 ± 42 mg), PTX + iRGD (138 ± 24 mg), PLGA-PTX

(132 ± 23 mg), and PLGA-PTX + iRGD (61 ± 18 mg),

respectively, compared to that of the NS control group (426

± 71 mg) (Figure 7B). Additionally, treatment with all

formulation of PTX resulted in little change in mice body

weight (Figure S6) compared to that of the NS group. These

data suggest that encapsulation of PTX in PLGA and co-
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administration with tumor-penetrating iRGD peptide can

substantially enhance the therapeutic effects of PTX against

colorectal cancer in vivo.

Discussion
The clinical application of conventional chemotherapeutic

agents such as PTX is limited by their poor water

solubility and a lack of specific tissue distribution.

Nanoparticles can improve solubility, bioavailability, and

passive targeted distribution.35 In this study, we prepared a

controlled-release formulation of PTX via encapsulation of

this compound into PLGA. To increase the active delivery

of PLGA-PTX into tumors, iRGD as the tumor-penetrating

peptide was co-administered with the nanodrugs. We

Figure 5 Tumor vasculature distribution and expression of the iRGD receptor.

Notes: LS174T tumor frozen sections were prepared for immunofluorescence staining and imaging. (A) Blood vessel distributions were stained with anti-CD31 antibody

(red). (B) The expression of iRGD receptors, including integrin αv, integrin α5, and neuropilin-1, were assayed by staining with anti-receptor antibodies (red). Tumor blood

vessels (green) and nuclei (blue) were co-stained with anti-CD31 antibody and DAPI. Scale bar, 100 µm.

Abbreviations: CD31, cluster of differentiation 31; DAPI, 4,6-diamidino-2-phenylindole.
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Figure 6 Distribution of nanoparticles in tumor-bearing mice and tumor xenografts.

Notes: Mice bearing LS174T tumors (150–200 mm3) were given a single intravenous injection of PLGA-DID alone or combined with iRGD. (A) Mice were imaged using the

SPECTRAL Lago NIR imaging system over time. The tumor location was marked with red circles. (B) At 24 h post injection, mice were sacrificed, and tumors and major

organs were harvested for ex vivo imaging. Fluorescence intensity in tumors and organs was quantified. n=3. (C) LS174T tumors were sectioned after the injection of mice

with PLGA-COU alone or in combination with iRGD. The distribution of PLGA-COU (green) within tumors was imaged under a confocal microscope. Tumor vessels were

labeled with anti-CD31 antibody (red), and nuclei were visualized with DAPI (blue). Scale bar, 100 µm. ***P<0.001.
Abbreviations: PLGA, poly lactic-co-glycolic acid; DID, 1,1ʹ-dioctadecyl-3,3,3ʹ,3ʹ- tetramethylindodicarbocyanine; COU, coumarin-6; CD31, cluster of differentiation 31;

DAPI, 4,6-diamidino-2-phenylindole.
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found that co-administration with iRGD significantly pro-

moted the accumulation of nanoparticles preferentially

into colorectal tumor xenografts and enhanced their ther-

apeutic effects in vivo.

The EPR effect has been widely used as the rationale

for employing nanoparticles to treat cancer; however, it

has become increasingly clear that this passive tumor-

targeting strategy through EPR effects frequently results

in low delivery efficiency due to the porosity of tumor

vessels and the degree of tumor vascularization that are

highly variable according to tumor type and status.19,20,36

Contrary to passive drug delivery, active targeting relies

on ligand-receptor interactions that induce specific bind-

ing to overexpressed receptors at the tumor site, and thus

they can enhance drug retention compared to that of the

EPR effect alone.37

The iRGD peptide is a tumor-targeting and tissue-

penetrating peptide that can enhance vascular and tissue

penetration in a tumor-specific manner. In addition to

modification of iRGD on the surface of nanoparticles,38,39

it has been demonstrated that co-administration of drugs

and free iRGD without creating a new chemical entity

can also improve the activity of anticancer drugs.25,40

Additionally, co-administration of iRGD is more conve-

nient and can bypass the conjugation technique. The

combination and proportion between iRGD and drugs

can also be prepared according to clinical acquirements

for personalized medicine. Hence, in this study, we co-

administered nanoparticles with the iRGD peptide and

evaluated the synergistic effect of drug delivery both in

vitro and in vivo.

Here, the PLGA nanoparticle was chosen as the drug

carrier due to itsmerits that include physical stability, sustained

Figure 7 In vivo antitumor efficacy evaluation.

Notes: (A) At the onset of a palpable tumor (about 50 mm3), BALB/c nude mice bearing LS174T tumors were intravenously injected with free PTX, PTX + iRGD, PLGA-

PTX, PLGA-PTX + iRGD, or NS every 2 days for a total of three injections (PTX and iRGD at dose of 10 mg/kg). Tumor volume was calculated as length×width2×0.5. The

mean tumor volume of each group and the tumor volume of each mouse in each group were presented over time. (B) Tumors obtained from the sacrificed mice were

imaged, and tumor weight was measured for each group. *P<0.05; **P<0.01.
Abbreviations: PLGA, poly lactic-co-glycolic acid; PTX, paclitaxel; PLGA-PTX, paclitaxel-loaded PLGA; NS, normal saline.

Zhong et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2019:148556

Powered by TCPDF (www.tcpdf.org)

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


drug release, and FDA approval for safe use in humans.

Encapsulating PTX into PLGA resulted in sufficient EE%

and DL%. The prepared PLGA-PTX was stable without

changes in particle size for at least 2 weeks, and it exhibited

the sustained-release characteristic of PTX. Additionally,

PLGA-PTX demonstrated remarkable cytotoxicity on a vari-

ety of colorectal cancer cells a in time- and concentration-

dependent manner while displaying relatively low cytotoxicity

against normal liver cells (Figures 2A and S2). PLGA-PTX

induced cell cycle arrest in the G2/M phase and resulted in

caspase activation and cell apoptosis (Figure 3). At low con-

centrations, PLGA-PTX inhibited tumor cell migration and

invasion (Figures 4 and S3), indicating a potential ability to

reduce tumormetastasis. The combination of PLGA-PTXwith

iRGD, however, showed no substantial enhancement of cyto-

toxicity of PTX in vitro (Figures 2A and S2)

Figure 8 Schematic diagram of co-administration of iRGD with nanodrugs.

Notes: When the co-administered nanodrugs and iRGD peptide reach the tumor tissue, iRGD binds to the integrin receptor and is proteolytically cleaved. The exposed

tissue-penetrating motif CendR interacts with the neuropilin-1 receptor and triggers nanodrug penetration into tumor tissues. Ultimately, paclitaxel nanodrugs induce tumor

cell cycle arrest and sequential apoptosis.
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Successful drug delivery mediated by iRGD primarily

depends upon the activity of the iRGD peptide, the density

of tumor vessels, and the expression level of iRGD

receptors.41 Based on selective accumulation in tumor

vessels via the integrin receptor, iRGD is then able to be

activated and interact with the neuropilin-1 receptor to

trigger tissue penetration and drug delivery (Figure 8).

Therefore, when employing iRGD as a drug carrier, the

tumor vessel distribution and iRGD receptor expression

should be assessed to ensure the satisfying conditions for

drug transport and penetration into tumors are present.

Colorectal cancer has been characterized by the abundant

development of blood vessels.2,3 In this study, the exten-

sive distribution of tumor vasculature in LS174T xeno-

grafts was revealed by immunofluorescence staining of

blood endothelial cells (Figure 5A). Additionally, the

tumor-targeting receptor integrin and the tumor-penetrat-

ing receptor neuropilin-1 were found to be highly

expressed on tumor vessels (Figure 5B), suggesting a

suitable tumor microenvironment for employing iRGD as

the drug delivery vehicle. The RGD motif has great affi-

nity to integrin αvβ3, αvβ5 and α5β1.42 The high expres-

sion of integrin subunit α5 but not αv in LS174T tumors

indicates α5β1 but not αvβ3 or αvβ5 is the primary integ-

rin on LS174T tumor vessels. This result ties well with

previous studies wherein α5β1 is robustly and uniformly

expressed on blood vessels of many tumor types and is a

promising target for tumor theranostics.42–44

Consequently, intravenous co-administration of nanoparti-

cles with iRGD promoted tumor-preferential accumulation of

the payload within the tumor site without apparent alteration

of the particle distribution in normal tissues (Figures 6A and

6B). Additionally, iRGD enhanced the penetration of cargos

away from tumor vessels into the tumor parenchyma

(Figure 6C). It has been demonstrated that the enhanced

drug penetration via the co-administration of iRGD relies on

iRGD-mediated vascular permeability and trans-cell transpor-

tation of drugs deep into the tumor parenchyma.45,46 The

relative low expression of integrin and neuropilin-1 receptors

on LS174T tumor cells indicated that the improved drug

delivery observed in this study could be predominantly attrib-

uted to enlarged transport of cargoes across tumor vessels

(Figure 8). Eventually, a much stronger tumor growth suppres-

sion was observed in mice bearing LS174T tumors following

treatment with PLGA-PTX + iRGD than that observed after

treatment with PTX alone or PLGA-PTX (Figure 7). Thus, co-

administration of iRGD is a competent strategy for the

enhancement of nanoparticle delivery selectively into tumors.

Conclusion
In this study, a PTX nanodrug co-administered with iRGD

was developed for targeted therapy of colorectal cancer. The

iRGD-co-administration delivery system was found to pos-

sess obvious advantages over iRGD-free nanoparticles,

including enhancing tumor accumulation, tumor penetration,

and antitumor activity. All these findings suggest that co-

administration with iRGD may provide a favorable drug

delivery strategy for the treatment of colorectal tumors that

possess abundant blood vessels with highly expressed integ-

rin and neuropilin-1 receptors. Co-administration of iRGD

with nanodrugs is an alternative manner that may also pro-

vide a convenient preparation process compared to that of the

conjugation technique. Additionally, the combination and

proportion between iRGD and drugs can also feasibly be

optimized for use in precision medicine.
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