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Purpose: To deliver the chemotherapeutics through the nanoparticles, the delivery system

should accumulate at the tumor site first and then penetrate through the interstitium into the

interior. The specific tumor-targeting pathway mediated via the receptor-ligand binding could

achieve the desirable accumulation of nanoparticles, and the nanoparticles with smaller sizes

were required for penetration.

Methods and materials: We constructed a size-shrinkable nanocluster modified with a

tumor-targeting motif IF-7 (IF-7-MNC) based on a pH-sensitive framework which could be

disintegrated in an acid environment to release the micelles aggregated inside. The micelles

were constructed by amphiphilic block copolymers PEG−PLA to encapsulate paclitaxel

(PTX), while the cross-linked framework consisting of TPGS-PEI was used as a net to

gather and release micelles. This nanoplatform could specifically bind with the tumor

receptor Annexin A1 through the ligand IF-7 and then shrunk into small micelles with a

desirable size for penetration.

Conclusion: IF-7-MNC of 112.27±6.81 nm could shrink into micelles in PBS (0.01 M, pH

5.0) with sizes of 14.89±0.32 nm. The cellular-uptake results showed that IF-7-MNC could

be significantly internalized by A549 cells and HUVEC cells, while the penetration of IF-7-

MNC could be more prominent into the 3D-tumor spheroids compared with that of MNC.

The biodistribution results displayed that the fluorescence of IF-7-MNC in the tumor site at

24 hrs was 4.5-fold stronger than that of MNC. The results of anti-tumor growth demon-

strated that IF-7-MNC was more favorable for the tumor therapy than MNC, where the

inhibitory rate of tumor growth was 88.29% in the PTX-loaded IF-7-MNC (IF-7-PMNC)

treated group, significantly greater than PMNC treatment group (p<0.05).
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Introduction
During the past decades, many clinical therapies have been explored to treat

cancers, where chemotherapy, radiotherapy, photothermal therapy, immunotherapy,

and targeted therapies like antibody-based approaches are included.1–4 All these

different treatments can be conducted alone or in combination, whereas the effi-

ciency of elongating the life span of patients through methods above is limited;5,6

and the most widely used therapies, such as chemotherapy, might come along with

systematic toxicity affecting the life quality of patients.7 Accordingly, more accu-

rate and safer therapies for cancer treatment are in demand to improve the survival

time as well as the living quality of patients.
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To improve the in vivo curative efficacy of chemother-

apeutics, researchers have designed several nanovesicles

for the drug delivery,8 among which the micelle is one of

the promising types.9 Known as self-assembled nanoscale

particles, the micelle is composited with a hydrophobic

core and a hydrophilic shell,10 allowing it to encapsulate

the insoluble drug into the inner side and reduce the uptake

by the reticuloendothelial system (RES).11 However, as a

drug delivery nanoplatform, the non-targeting micelle has

not displayed very desirable in vivo manner. It has been

reported that the paclitaxel (PTX) loaded micelles (PM)

showed a short retention in the blood circulation and a

similar biodistribution result with Taxol,12 with only 20%

of the micelles found integrated in the blood after 1 hr

post-administration.13 These results indicated that micelles

exhibited no significant tumor-targeting ability, while the

PEG−PLA just functioned as a solubilizer for hydrophobic

chemotherapeutics and could not remain as a nanosized

vesicle in the blood.14 There are also researchers using

other natural polymeric materials like some laurylcarba-

mate derivative to form micellar structures, enhancing the

stability of in vivo drug delivery process.15 Therefore, it is

important for the in vivo application of micelles to

enhance the accumulation of drug encapsulated in the

micelles at the tumor sites as well as minimize the biodis-

tribution in other healthy tissues.

It has long been acknowledged that the physiological

traits, including high vascular density and large gaps between

endothelial cells,16 of the solid tumor make it possible for the

nanosized particles to retain and penetrate into the tumor

sites, which is also known as EPR effect;17,18 and the favor-

able particle size for achieving the EPR effect is reported as

approximate 100 nm.19 Nevertheless, some doubts over the

EPR effects have risen in recent years. Researchers wondered

the actual effectiveness of the particle accumulation in a solid

tumor via EPR effect, and clinical outcomes from different

nanosized drug delivery systems drug carriers have indicated

that EPR is not as reliable as previously thought since the

drug-loaded nanocarriers generally failed to exhibit superior

efficacy to free drug when studied in clinical trials,20 which

meant that the tumor-targeting efficacy of nanosized particles

through EPR effects might be quite limited or in vain.21,22

Moreover, even when the nanoparticles reached at the per-

iphery of the solid tumor, the fibrillar collagen network

would hinder the particles larger than 60 nm from penetrating

into the tumor interior site,23 which conversely indicated that

the micelles which were smaller than 15 nm could be the

favorable ones to penetrate through the interstitium.

Inspired by the mechanisms above, we previously

designed a size-shrinkable micelle nanoclusters (MNC) at

~100 nm based on a TPGS-PEI cross-linked framework

which was pH-sensitive and gather micelles inside

together.24 MNC was proved to accumulate at the tumor

fringe through EPR effects, swell and disintegrate in the

lysosomes which are acidic after being taken into the

peripheral cancer cells, and then release the nanosized

micelles from the framework for further penetration.

Nevertheless, since EPR effects have been found not so

prominent in tumor targeting, herein we modified the

nanoclusters with a polypeptide IF-7 to improve the target-

ing efficiency of MNC through the receptor-mediated

active targeting strategies.

As synthetic amino acids with seven short peptides

(IFLLWQR), IF-7 is an analog of AnnA1 IgG, which

could specifically bind to the 15 KDa fragment of

Annexin A1.25 Annexin A1, also known as AnnA1, is a

member of a superfamily of annexin proteins and binds to

acidic phospholipids in the presence of Ca2+.26 Researches

have studied its various functions in the tumor progress:

Cheng et al, found that AnnA1 was highly expressed in the

gastric cancer and related with the invasiveness of tumor

cells;27 and Marjo de Graauw et al, found it facilitated the

breast cancer cells to colonize at the distant organs.28 In

addition, the expression of AnnA1 was also found in vas-

cular endothelial cells of the solid tumor, whose expression

was significantly higher than that of vascular endothelial

growth factor receptor, making it a potential target for

efficient utilization in receptor-ligand binding.29,30

In this study, combined the active targeting strategy

mediated by receptor-ligand binding with the size-shrink-

able characteristics through the pH-sensitive framework,

we designed IF-7 modified size-shrinkable nanoclusters

(IF-7-MNC) to achieve the enhanced tumor targeting and

penetration. The in vitro and in vivo evaluations have been

carried out to prove the targeting efficacy and size-shrink-

able efficacy in the acid environment of IF-7-MNC

(Scheme 1).

Materials and methods
Materials
PEG2000-PLA2000 was purchased from JenKem

Technology Co., Ltd. (Beijing, China). TPGS was pur-

chased from Eastman Chemical (Kingsport; TN, USA).

PTX was from Jiangsu Yew Pharmaceutical Co., Ltd.

(Wuxi, China). IgG was from Shanghai Rongsheng
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Biological Technology Co., Ltd. (Shanghai, China). IF-7-

Cys-Arg-Arg (MW, 1390.72 Da) was synthesized by GL

Biochem Co., Ltd. (Shanghai, China). Coumarin-6 was

purchased from Biotium (Hayward, CA, USA). Hoechst

33342 and DAPI were from Beyotime. Biotechnology Co.,

Ltd. (Nantong, China). Polyethylenimine (PEI; MW,

2000), N,N′-Carbonyldiimidazole (CDI), 1,1-Dioctadecyl-

3,3,3,3′-tetramethylindotricarbocyanine iodide (DiR),

methyl thiazolyl tetrazolium (MTT), 5-(N, N-Dimethyl)

amiloride hydrochloride (DMA), Monensin, NaN3, chlor-

promazine hydrochloride, Filipin III, Genistein, and

Cytochalasin D were all purchased from Sigma-Aldrich

(St. Louis, USA). All other reagents and chemicals were of

analytical grade. Dialysis bags (MW, 3500) were provided

by Green Bird Technology Co., Ltd. (Shanghai, China)

and centrifugal filter devices (MW, 3500) were from

Millipore (MA, USA).

Dulbecco’s Modified Eagle Medium (DMEM) (high

glucose) cell culture medium, Roswell Park Memorial

Institute (RPMI) 1640 cell culture medium, 0.25%

Trypsin-EDTA, penicillin/streptomycin stock solutions

and certified fetal bovine serum (FBS) were all purchased

from GIBCO Invitrogen Co. (Carlsbad, USA).

HUVEC and A549 cell lines were purchased from the

ATCC (Rockefeller, USA) and were cultured in DMEM

and RPMI 1640 medium, respectively, supplemented with

10% FBS and 100 U/mL penicillin under 95% humidity

and 5% CO2 at 37°C.

Male BALB/c mice and nude mice (18–22 g) were

supplied by the Experimental Animals Center of Fudan

University (Shanghai, China), and were kept under speci-

fic pathogen-free conditions. All animal experiments

agreed with the guidelines of the ethics committee of

Fudan University (Shanghai, China), and were approved

by the ethics committee of the School of Pharmacy, Fudan

University.

Preparation and characterization of IF-7-

MNC
In our previous study, we have successfully synthesized

MNC.23 Briefly, TPGS-CDI was synthesized by activating

TPGS with CDI at 40°C for 4 hrs; Blank micelles,

micelles loaded with PTX (PM), micelles loaded with

Coumarin-6 (CM), and micelles loaded with DiR (DM)

were prepared by film-forming method, where these car-

gos were mixed with PEG−PLA, dissolved in acetonitrile

solvents and dried through rotary evaporation. After

hydration with deionized water, micelles were formed

and filtered through 0.22 μm filters to remove free drug.

Afterward, we synthesized MNC and MNC modified with

IF-7 (IF-7-MNC) through the emulsification−evaporation

method.31 In brief, 10 mL micelles solutions containing

0.1% PEI were mixed with 20 mg TPGS-CDI dissolved by

dichloromethane. After ultrasonication for 30 mins, the

solutions were immediately evaporated in rotary at 45°C

to remove the residual solvent. Then, the solution with

light blue opalescence was filtered through 0.22 μm filters

to remove the debris. Afterward, the original nanocluster

(MNC-O) was obtained; and then the nanocluster (MNC)

was obtained by adding 0.7 mg IgG to MNC-O followed

by stirring for 10 mins; while IF-7-MNC was obtained

through the same procedure except for replacing IgG with

IF-7. IF-7-MNC solution was ultrafiltrated at 4000 rpm for

Scheme 1 A carbohydrate mimetic peptide IF-7-modified PEG-PLA/TPGS-PEI micellar nanocluster (IF-7-MNC) was prepared by emulsification−evaporation method to

form the cross-link framework of TPGS-PEI to encapsulate the PEG-PLA micelles inside. IF-7 was applied as a targeting motif to bind with receptors in the tumor cells,

enhancing IF-7-MNC in vivo chances of tumor accumulation and more micelles released to penetrate into tumor sites.
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30 mins to remove the unbinding peptides. PTX-loaded

IF-7-MNC (IF-7-PMNC), Coumarin-6-loaded IF-7-MNC

(IF-7-CMNC) and DiR-loaded IF-7-MNC (IF-7-DMNC)

were fabricated by procedure described above.

The particle size and zeta potential of different

nanoclusters were measured through dynamic light scatter-

ing (DLS) by using Zeta Sizer Nano series (Malvern

Instruments, Worcestershire, UK). The morphology was

examined through transmission electron microscopy

(TEM; Tecnai G2 Spirit, FEI, Netherlands). The concen-

trations of different loadings and IF-7 bond to MNC were

determined by the system of HPLC, and the drug loading

coefficiency (DL) was calculated according to the formula

below:

DL% ¼ amount of drug in micelles

amount of the PEG� PLA and drug
� 100%

Evaluation of IF-7-MNC stability in

different pH environments
To study the stability of IF-7-MNC against being diluted

in various pH levels, PBS (0.01 M, pH 7.4), PBS (0.01 M,

pH 6.5), and PBS (0.01 M, pH 5.0) were used to simulate

the microenvironment of physiology, tumor, and lysosome,

respectively.32 Thirteen mg/mL IF-7-MNC were diluted

with various PBS solutions for several times and incubated

for 0.5 hrs at room temperature; afterward, the particle

diameters and zeta potential were measured through DLS

as described before.

Evaluation of IF-7-PMNC release profile
In vitro release behavior of PMNC and IF-7-PMNC

was investigated by the dialysis method.33 Briefly, 1

mL of PMNC solution or IF-7-PMNC solution (con-

taining 0.2 mg PTX) was added into the pre-swollen

dialysis bag (MWCO=3500 Da, Greenbird Inc.,

Shanghai, China), and then the dialysis bag with a

sealed end was submerged fully into 49 mL of acidic

buffers (pH 5.0 or 6.5) or PBS (pH 7.4) containing

0.5% Tween 80 to achieve pseudosink conditions. The

dialysis was carried out at 37°C at 100 rpm vortex for

24 hrs. The concentration of PTX in samples was

analyzed by HPLC with revision for volume replace-

ment. PTX released from PTX stock solution was used

as the control.

Cellular-uptake evaluation
A549 and HUVEC were chosen as representative cell lines

to evaluate the uptake level of nanoclusters. Two cell lines

were seeded in 24-well plates at a density of 1×104 per

well. After incubation for 24 hrs, the medium was dis-

carded, and cells were incubated in FBS-free RPMI 1640

or DMEM containing CMNC and IF-7-CMNC (100 ng/

mL Coumarin-6) for 0.5, 1, 2, and 4 hrs, respectively.

Moreover, cells pretreated with IF-7 (4 µg/mL) were

then incubated with medium containing IF-7-CMNC,

which was used as a control. Finally, the cells were

washed with pre-cooled PBS and fixed with 4% parafor-

maldehyde, followed by visualization under Inverted

Fluorescence Microscope (DMI4000D; Leica, Germany).

To quantify the uptake level, cells were treated with the

same procedure as described above except for that after

incubation with different nanoclusters, the cells were har-

vested through the treatment of trypsin, and suspended in

PBS. The fluorescence intensity was analyzed by

Flowcytometry (FACSCalibur; BD, USA).

Evaluation of IF-7-MNC internalization

mechanism
To indicate the mechanism of the cell uptake of IF-7-

MNC, A549 cells were seed into six-well plates at a

density of 1×105 cells/well. After incubation for 24 hrs,

the medium was discarded, and cells were gently

washed with PBS for three times. Then, the cells

were pretreated with different endocytosis inhibitors

including Chlorpromazine hydrochloride (CPZ;10 µg/

mL), Glucose (0.45 M), Filipin III (5 µg/mL),

Genistein (0.2 mM), Cytochalasin D (3 µM),

Amiloride Hydrochloride (DMA; 10 µM), NaN3 (1

mg/mL), and Monensin (3 μM). Moreover, 100 µg

free peptides IF-7 were also added into A549 cells

for pretreatment. Then, IF-7-CMNC (Coumarin-6 100

ng/mL) was added to incubate with cells for 0.5 hrs.

Afterward, the cells were washed and suspended in

PBS; and the fluorescence intensity was analyzed by

Flowcytometry (FACSCalibur; BD, USA).

Evaluation of penetration ability into 3D-

tumor spheroids
In order to evaluate the penetration efficacy of IF-7-MNC

into 3D-tumor spheroids, the in vitro tumor spheroids were

constructed as follows: 150 μL of low melting point agar-

ose containing 2% (w/v) FBS-free 1640 medium was
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autoclaved for 30 mins at 121°C in advance, and then

quickly added into 48-well plates. After the solution

cooled down, 500 μL cell suspensions (1600 cells/mL)

were seeded into each well, followed by a gentle shake

for 5 mins and incubation at 37°C for 7 days. Afterward,

1640 mediums containing IF-7-CMNC and CMNC were

added into respective wells, ensuring the coumarin-6 con-

centration to reach 200 μg/mL. After 4 hrs incubation, the

tumor spheroids were rinsed by pre-cooled PBS for several

times and fixed with 4% paraformaldehyde for 0.5 hrs.

Then, the tumor spheroids were put in confocal dishes and

imaged by a confocal laser scanning microscopy

(CLSM710, Leica, Germany).

In vitro cytotoxicity evaluation
To study in vitro cytotoxicity of IF-7-MNC, A549 was

chosen as a representative cell line and seeded in a 96-well

plate at a density of 5×103 cells per well. After incubation

for 24 hrs, the medium was removed, and cells were

incubated for 96 hrs in DMEM containing PMNC, IF-7-

PMNC, and PTX solutions with PTX concentrations ran-

ging from 0.1L to 500 ng/mL. Cells cultured with blank

DMEM were used as a control. The cytotoxicity was then

measured through MTT assay. Briefly, 200 µL MTT solu-

tions (diluted to 0.5 mg/mL with FBS-free RPMI 1640 or

DMEM) were added to each well and the plates were

incubated for 4 hrs at 37°C. The supernatants were dis-

carded and 200 µL of dimethyl sulfoxide was added to

dissolve the formazan crystal. After incubation for 15 mins

at 37°C sheltered from lights, the absorbance at 570 nm

was measured by a microplate reader (Synergy 2; Biotek

Instruments Inc., USA).

Evaluation of in vivo biodistribution of IF-

7-DMNC
In order to study in vivo biodistribution of IF-7-DMNC,

we established the model of A549 subcutaneous tumor-

bearing nude mice by subcutaneously inoculating 200 μL

A549 cell suspensions into the nude mice at a density of

3×104 cells/mL. DiR (700–900 nm) was used to label the

nanocluster and trace its biodistribution behavior in vivo.

After the tumor volume reaching 50–100 mm,3 DMNC

and IF-7-DMNC (1 μg DiR/mice) were intravenously

injected into the tumor-bearing mice. Then at 1, 2, 4, 8,

12, and 24 hrs, the nude mice were imaged under an in

vivo imaging system (MA, USA). And at the end of the

experiment, the mice were sacrificed to harvest organs and

tumors for ex vivo imaging.

Evaluation of in vivo anti-tumor efficacy
A549 subcutaneous tumor-bearing nude mice were estab-

lished by subcutaneously inoculating 200 μL of A549

suspension at a cell density of 2.5×104 cells/mL into

Balb/C nude mice. When tumor volume reached 50−100

mm3, the nude mice were divided into four groups (n=6)

randomly and administered with saline (as a control),

Taxol, PMNC and IF-7- PMNC (10 mg/kg PTX) on days

0, 4, and 8. The tumor volume and body weight were

measured every 2 days. Volume of tumors was calculated

according to the following formula: Volume = Dmax ×

Dmin2×0.5, where Dmax is the longest tumor diameters

while Dmin is the shortest (mm). On day 14, mice were

sacrificed before the tumors were obtained, weighed, and

photographed. The anti-tumor efficacy was characterized

through the inhibition rate of tumor (IRT%) which was

calculated as follows:

IRT %ð Þ ¼ Wc�Wt

Wc
� 100%

In the formula, Wc referred to the tumor weight of mice

from the control group and Wt referred to that of experi-

ment groups.

Safety evaluation
Subcutaneous tumor-bearing mice were randomly divided

into three groups (n=3) and administered with saline (as a

control), Taxol, PMNC and IF-7- PMNC (10 mg/kg PTX)

on days 0, 4, and 8. Then at the end of the experiment, the

treated mice were sacrificed to harvest the main organs

(heart, liver, spleen, lung, and kidney) and the blood. The

obtained organs were fixed in formalin for H&E staining;

and the blood was pre-vortexed for hematology study and

hepatorenal evaluation.

Data analysis
Data are presented as mean ± standard deviation (SD), and

the difference between groups was analyzed by operating

ANOVA for multiple groups and Student’s t-test for two

groups. The difference between two groups was consid-

ered statistically significant for *p<0.05, **p<0.01, and

***p<0.001.

Dovepress Chen et al

International Journal of Nanomedicine 2019:14 submit your manuscript | www.dovepress.com

DovePress
7343

Powered by TCPDF (www.tcpdf.org)

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


Results and discussion
Preparation and characterization of IF-7-

MNC
Based on the successful synthesis of TPGS-CDI and pre-

paration of micelles as previously reported,23 IF-7-MNC

were successfully prepared and characterized. The results

of DSL and TEM are shown in Figure 1. The particle sizes

of MNC and IF-7-MNC were 104.2±8.1 and 112.27±6.81

nm, respectively, with polydispersity index <0.2; and the

morphology of nanoclusters was clearly observed through

TEM, where the micelles were found to be aggregated

together. IF-7 could decrease zeta potential of MNC-O

from 10.46±2.82 to −4.97 mV ±2.34 mV. Encapsulation

of coumarin-6 or PTX did not significantly affect the

particle size and zeta potential. According to the HPLC

analysis, DL% of IF-7 was 9.41±0.87%.

IF-7 is a strongly negative charged peptide and is

qualified to replace IgG to decrease the zeta potential of

MNC-O effectively.34 Considering the poor hydrophilicity

of IF-7, we modified the peptide with one cysteine and two

arginines to increase the solubility without affecting the

properties of IF-7.35,36 Both the size and zeta potential

data indicated that MNC and IF-7-MNC shared the similar

physical properties, showing that the replacement of IgG

with IF-7 had no impact on the basic chemophysical

parameters of nanoclusters.

Furthermore, we have studied the size distribution and

morphology of IF-7-MNC after size-shrinkable (Figure

S1), and found that IF-7-MNC could disintegrate into

independent micelles in acidic environment.

Evaluation of IF-7-MNC pH-responsive

characteristic
Two experiments were designed to study pH-responsive

characteristics of IF-7-MNC. To be more specific, the

stability experiment was used to determine its pH-sensi-

tivity character, while the release profile experiment was

used to evaluate the impact of acidic pH environment on

the release of PTX from nanoclusters.

The stability study was carried out by using PBS at

pH 7.4, 6.5, 5.0 to simulate the microenvironment of

physiology, tumor, and lysosome, respectively. IF-7-

MNC was diluted from 2 to 100 times; then the size

and zeta potential were examined. As shown in Figure

2A, with dilution folds increasing, the particle size of

IF-7-MNC in PBS (pH 7.4) stayed about 100 nm with-

out significant fluctuations, and the surface charge gra-

dually decreased to −11.1±2.3 mV, demonstrating that

Figure 1 Size distribution (A) and TEM image (B) of IF-7-MNC. Scale bar =200 nm.

Abbreviation: TEM, transmission electron microscopy.

Figure 2 The change of size and zeta potential of IF-7-MNC against dilution by different buffers including (A) PBS (pH 7.4), (B) PBS (pH 6.5), and (C) PBS (pH 5.0).
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IF-7-MNC had a notable stability against diluting in

the physiological pH condition.

On the contrary, the size of IF-7-MNC increased to

more than 180 nm when diluted for 20 times (Figure 2B),

indicating that IF-7-MNC would dilate to some degree in

the acid environment. When the dilution times increased to

50 folds, IF-7-MNC shrunk sharply to nearly 70 nm and

finally stabilized at around 15 nm. The results indicated

that IF-7-MNC could shift to the size of micelles in an

acidic environment like tumor microenvironment. The

similar phenomenon was also observed in PBS (0.01 M,

5.0) (shown in Figure 2C), illustrating that size-shrinkable

could also be achieved in the acidic environment of lyso-

some, which would facilitate the intracellular drug release

of IF-7-MNC.

To further prove the pH-responsive trait of IF-7-MNC,

the release profile evaluation was carried out by dialysis

method. The release of PTX-loaded IF-7-MNC and MNC

were examined at two different pH values: PBS (0.01 M,

pH 6.5) medium was used for mimicking the tumor envir-

onment and PBS (0.01 M, pH 5.0) medium was for lyso-

somal acidity.37 As shown in Figure 3, the pH of PBS had

no influence on the release of PTX from the stock solution,

since more than 99% PTX could freely diffuse through

dialysis membrane within the first 2 hrs. However, in

acidic solutions, the cumulative release of PTX from

both PMNC and IF-7-PMNC was achieved in 12 hrs,

which displayed a slow-release profile of the drug-loaded

nanoclusters, confirming the pH-sensitivity of MNC.

When the nanoclusters were present in an acid envir-

onment, a large number of protons would be captured by

the unsaturated amino groups of PEI, resulting in the

inflow of H2O and Cl−, during which the process was

similar to that of nanogels.38 Accordingly, MNC would

expand to larger size. The influx of H2O and Cl− would

gradually increase the inner osmotic pressure of the

nanocluster, which might be balanced with elasticity of

the polymer in framework.39 Since it has reported that the

swelling extent of nanoparticles was attributed to the bal-

ance between the polymer elasticity and interior osmotic

pressure.40 In the system of MNC, TPGS cross-linked with

PEI through a single end linkage, which indicated that

with the increase of osmotic pressure, the plasticity of

the cross-linked structure was not durable enough to bal-

ance the inner pressure. Consequently, once the swelling

extent reached a certain degree, TPGS-PEI structure could

be disintegrated.

Evaluation of IF-7-MNC cellular-uptake

level and internalization mechanism
Figure 4A displays the qualitative results of various MNC

preparations taken in by A549 cells. The green fluores-

cence indicated the internalized CMNC or IF-7-CMNC,

and the fluorescent intensity was the reflection of cellular-

uptake level. The internalization level of these three for-

mulations showed a time-dependent manner: as the time of

incubation prolonged, the fluorescence intensity of each

group was gradually increased and reached at the max-

imum value at 2 hrs. Moreover, at each time point, the

cellular-uptake level of IF-7-CMNC was more significant

than that of CMNC by A549, indicating that IF-7 receptor

binding with Annexin1 expressed in A549 cells favored

the uptake of MNC. And the qualitative results (shown in

Figure 4B) analyzed via the flow cytometry were consis-

tent with quantitative results. Nevertheless, the internaliza-

tion level of IF-7-CMNC was significantly reduced in

A549 pretreated with IF-7 polypeptide, which could be

due to that the free IF-7 polypeptide initially bond with

Figure 3 Release profiles of PTX from different PTX formulations in (A) PBS (0.01 M, pH 6.5) and (B) PBS (0.01 M, pH 5.0) containing 0.5% Tween 80.

Abbreviation: PTX, paclitaxel.
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Annexin 1 on the surface of A549. The competitive inhi-

bition was caused by the pre-binding of Annexin 1 with

free IF-7 peptides, which reduced the accessible Annexin

1 receptors for specific recognition and therefore impeded

the internalization pathway of IF-7-CMNC initiated by

Annexin 1-IF-7 binding. This also proved that IF-7 played

a major role as the targeting motif of A549 cell uptake.

Moreover, we chose HUVEC cell line where Annexin 1 is

also highly expressed as another in vitro model to evaluate

the cellular-uptake level of IF-7-CMNC, and the results

shown in Figure S2 were consistent with the result above.

Furthermore, we have studied the internalizationmechan-

ism of IF-7-MNC. It is known that there are three endocytic

pathways: caveolae-mediated endocytosis, clathrin-mediated

endocytosis, and micropinocytosis.41 In order to reveal the

internalization mechanism of IF-7-MNC in A549 cells, we

pre-incubated various endocytosis inhibitors and free IF-7

polypeptides with A549 cells before IF-7-MNC incubation.

Inhibitors used for this study were listed as follows: CPZ and

Glucose were clathrin-mediated endocytosis inhibitors;

Cytochalasin D Filipin and Genistein were caveolae-

mediated endocytosis inhibitors; and DMA could inhibit

micropinocytosis; NaN3 was an energy-depletion agent;

Monensin was a lysosome inhibitor. We perceived from

Figure S3 that the inhibitors of three endocytosis pathways

were all able to limit the internalization efficiency of IF-

7-MNC in A549 cells, and energy-depletion by NaN3 also

restrained the cellular uptake of the nanocluster by A549

cells. The internalization could also be inhibited significantly

by Monensin (p<0.05), which indicated that IF-7-MNC

would go through the lysosome. Moreover, free IF-7 poly-

peptides could restrict almost 45% of IF-7-MNC to be taken

by A549, which was consistent with the findings of cellular-

internalization study before. As it is known that the receptor-

Figure 4 Qualitative and quantitative results of CMNC and IF-7-CMNC taken in by A549 cells. Cells pre-incubated with 100 μg IF-7 was served as control. (A) The cellular-

uptake level of IF-7-CMNC by A549 cells was imaged at 0.5, 1, 2, and 4 hrs. Scale bar =100 μm. (B) The quantitative results of CMNC and IF-7-CMNC taken in by A549 cells

analyzed by flow cytometry. (n=3). *p<0.05, **p<0.01.
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mediated endocytosis is generally inhibited when the specific

ligands exist excessively,42 the result could be explained as

the excessive IF-7 peptides bond with AnnA1 before the

IF-7-MNC internalization, reducing the AnnA1 receptors

available for binding mediated with IF-7.

Evaluation of IF–MNC penetration ability

into tumor spheroids
The 3D-tumor spheroids were constructed to mimic the

pathologic characteristics of solid tumor, which might

simulate in vivo tumor cell density, cell-matrix,

hypoxia, and other biofeatures.43 Hence, A549 tumor

spheroids were employed to study the penetrating effi-

ciency of these nanoclusters labeled with coumarin-6.

As shown in Figure 5, with the same scan depth, ie 90

μm, the tumor spheroid incubated with IF-7-CMNC

displayed stronger green fluorescence intensity than

that with CMNC, indicating IF-7-CMNC had a stron-

ger ability to penetrate tumor spheroids than CMNC. It

has been proved in our previous study that the

nanocluster could be disintegrated in the lysosome

and released the micelles inside to escape from the

cells, and then penetrated into the cell interstitial.23

Here, with the same penetration depth, more extensive

distribution of IF-7-MNC might be attributed to that

IF-7 benefitted the internalization of IF-7-CMNC

through the specific binding with AnnA1.

In vivo biodistribution study
As shown in Figure 6A, with the blood circulation time

prolonged, the fluorescence of IF-7-DMNC gradually

increased at the tumor sites and reach maximum at 24 hrs.

The semi-quantitative results shown in Figure 6B displayed

that after i.v. administration for 4 hrs, the in vivo fluorescent

intensity of IF-7-DMNC at the tumor site was higher than that

of DMNC at each experimental point. On the other hand,

DMNC were more distributed in the liver; and at 24 hrs, the

main organs and tumors were harvested for ex vivo imaging

and quantification, and the quantitative results shown in Figure

6C illustrated that the fluorescence intensity of IF-7-DMNC in

the tumor was about 4.5-fold stronger than that of DMNC,

while the fluorescence intensity of IF-7-DMNC amount to

69.4% and 53.4% of DMNC in the liver and the spleen,

respectively. These results proved that compared with

DMNC which accumulated toward the subcutaneous tumor

Figure 5 CMNC and IF-7-CMNC penetrated into tumor spheroids after 4 hrs incubation with the 100 ng/mL of Coumarin-6. Multi-level scan interval: 10 μm.
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through a passive targeting way, IF-7-DMNC exhibited a

prominent active tumor-targeting ability and effectively

avoided the clearance effect by RES. There have been some

studies reporting that polyamino acids or “self” peptides could

modify the surface of nanoparticles to reduce the in vivo

clearance mediated by macrophages.44 Herein, IF-7 could

lead to less phagocytosis of MNC by macrophages and more

specific target to the tumor site by AnnA1 recognition.

In vitro cytotoxicity evaluation
As displayed in Figure 7A, after incubation for 96 hrs, the

cytotoxicity of the blank MNC was negligible at

Figure 6 In vivo tumor-targeting efficacy evaluation of DMNC and IF-7-DMNC. (A) Living imaging of A549 subcutaneous tumor-bearing nude intravenously injected with

Coumarin-labeled nanoclusters at 1, 2, 4, 8, 12, and 24 hrs, respectively. (B, C) Quantitative results of in vivo and ex vivo imaging.

Figure 7 A549 cell viability evaluation. (A) Viability of A549 cells treated with various concentrations of blank IF-7-MNC; (B) viability of A549 cells treated with various

PTX formulations, including free PTX, PMNC, and IF-7-PMNC (n=6).
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concentrations ranging from 0.1 to 500 μg/mL. The cyto-

toxicity increased slightly as the concentration enhanced,

while the IC50 value of IF-7-MNC against A549 cells was

still larger than 500 μg/mL, confirming that the nanoclus-

ter had no significant toxicity on A549 viability hence

could be safely used to deliver PTX.

As shown in Figure 7B, with PTX concentrations vary-

ing from 0.1 to 1000 ng/mL, the most significant reduction

in the A549 cell viability was found in the group incubated

with IF-7-PMNC. And the IC50 values after incubation for

96 hrs with different PTX formulations are compared in

Table 1: IF-7-PMNC < PMNC < Free PTX. To be more

specific, the IC50 value of free PTX against A549 cells was

5.4-fold and 24.1-fold higher than that of PMNC and IF-7-

PMNC, respectively. And the significant difference

between PMNC and IF-7-PMNC (p<0.01) showed that

PMNC group had a notably greater cytotoxic effect on

A549 cells, which might be due to the enhanced uptake

of nanoclusters by A549 cells.

In vivo anti-tumor efficacy
As shown in the curve of tumor growth in Figure 8A,

compared with the control group treated with saline, the

tumor growth of IF-7-PMNC treated group and PMNC

treated groups were both significantly inhibited. Wherein,

IF-7-PMNC showed a stronger inhibition effect on the

tumor growth than that of PMNC. Especially during the

first 4 days after administration, the tumor volume of the

IF-7-PMNC group increased much more slowly than that of

other groups. The change of body weight was shown in

Figure 8B, indicating that compared with the control group,

there were only minor changes of body weight in the two

Table 1 IC50 of different PTX formulations on A549 cells (n=6)

Formulation IC50 (ng/mL)

Free PTX 52.37±7.51

PMNC 9.68±2.20**

IF-7-PMNC 2.17±0.76***

Notes: **p<0.01, ***p<0.001, significantly different from free PTX.

Abbreviation: PTX, paclitaxel.

Figure 8 Anti-tumor growth efficacy of different PTX formulations in A549 subcutaneous tumor-bearing nude mice (n=6). (A) Tumor volumes and (B) body weight of nude
mice changed with time elapsed. (C) Tumor size and morphology at the experimental end point (12th day). (D) Tumor weight at the experimental end point (12th day).

***p<0.001.

Table 2 Anti-tumor effects of PTX formulations against A549 subcutaneous tumor in Balb/c mice (n=6)

Groups Dose (mg/kg) Body weight (g) Related tumor weight IRT (%)

Initial Final

Control – 24.82±1.29 25.89±1.34 0.94±0.14 –

PMNC 10 24.69±1.67 25.44±1.30 0.25±0.05 73.40

IF-7-PMNC 10 24.49±1.52 25.56±0.99 0.11±0.04 88.29*

Notes: *p<0.05, significantly different with PMNC group.
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different MNC groups and basically maintained at about 25

g, proving that MNC preparation carrier groups had low

toxicity to the body. On 12 days after administration, mice

were sacrificed, and the tumors were obtained for photo-

graphing (shown in Figure 8C), and the tumor weight of

each group was quantified in Figure 8D. The inhibition rate

of tumor weight was calculated and shown in Table 2,

demonstrating that PMNC and IF-7-PMNC both played an

inhibitory role in tumor growth, while PMNCmodified with

IF-7 could increase the inhibitory rate from 73.40% to

88.29% (p<0.05).

The in vivo anti-tumor result demonstrated that the

tumor growth-inhibiting efficacy was determined more

than the cytotoxicity of chemotherapeutics but also the

amounts accumulated at the tumor site and penetrated

into the inner part. IF-7-PMNC enhanced the chemother-

apeutics accumulation via ligand-receptor recognition

when compared with PMNC accumulated through EPR

effects. Since the chances of nanocluster enriching at the

tumor sites could be improved by Annexin 1-IF-7 binding,

the amounts of micelles escaped from the lysosome and

penetrated through the tumor interior could also be

increased. According to all these results, IF-7-PMNC

would outperform other formulations and exhibited the

most extraordinary suppressive effect on tumor

development.

Moreover, there have been some studies reporting that

the polymeric micelles could be used to treat multidrug-

resistant tumors,45,46 which inspires us to update the bio-

materials with curative functions for our micelle nanoclus-

ter, furthering its therapeutic application in cancer

treatment.

In vivo safety evaluation
The in vivo toxicity of different nanocluster was studied.

As shown in Figure 9, no obvious pathological damage

was found in the main organs (heart, liver, spleen, lung,

and kidney). And the hematology study showed compared

with the group treated with saline, no significant differ-

ences were counted in the number of white blood cells, red

blood cells, and platelets of MNC and IF-7-MNC groups

(displayed in Table 3).

Conclusion
In this study, IF-7-modified size-shrinkable MNC (IF-7-

MNC) was constructed via binding IF-7 to the surface of

Figure 9 H&E stained heart, liver, spleen, lung, and kidney sections isolated from A549 subcutaneous tumor-bearing nude mice after treatment with saline, blank MNC and

blank IF-7-MNC every 4 days 1 for three continuous times. Images were obtained by using a Lesica microscope. Original magnification: 20×.

Table 3 Blood cell counts of nude mice after treatments with saline, MNC, and IF-7-MNC (n=3)

Group WBC (109cells/L) RBC(1012 cells/L) Platelets(109 cells/L)

Saline 5.02±0.88 10.81±1.67 1309±310.2

MNC 5.41±1.19 10.62±1.22 1393±211.8

IF-7-MNC 5.06±0.95 9.96±0.73 1336±194.4
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the pH-sensitive and cross-linked structure through the

electrostatic adsorption, with micelles aggregated inside

the framework. The particle size was 112.27±6.81 nm

and the morphology examined by TEM displayed the

delivery system in the form of MNC. The distending of

IF-7-MNC could happen when it was present in the acid

conditions, and the structure could slowdown the release

of PTX loaded in the micelles. Moreover, compared with

MNC, in vitro evaluations showed that IF-7-MNC could

be more significantly internalized into A549 cells and

HUVEC cells, as well as with a stronger penetration

efficacy into the 3D-tumor spheroids. The biodistribution

study has shown that IF-7-MNC could more accumulated

at the tumor sites, exhibiting better tumor-targeting cap-

ability. The in vivo anti-tumor results also showed a pro-

minent inhibitory effect on tumor growth of IF-7-MNC.

The safety evaluation proved it was of lower toxicity to be

used in vivo. In conclusion, IF-7-modified size-shrinkable

MNC was of great application potential in cancer therapy.
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