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Purpose: The mononuclear phagocyte system (MPS) presents a formidable obstacle that 
hampers the delivery of various nanopreparations to tumors. Therefore, there is an urgent 
need to improve the off-MPS targeting ability of nanomedicines. In the present study, we 
present a novel preconditioning strategy to substantially increase the circulation times and 
tumor targeting of nanoparticles by regulating nanocarrier-MPS interactions.
Methods: In vitro, the effect of different vacuolar H+-ATPase inhibitors on macrophage uptake 
of targeted or nontargeted lipid vesicles was evaluated. Specifically, the clinically approved 
proton-pump inhibitor esomeprazole (ESO) was selected as a preconditioning agent. Then, we 
further investigated the blocking effect of ESO on the macrophage endocytosis of nanocarriers. 
In vivo, ESO was first intravenously administered into A549-tumor-bearing nude mice, and 24 
h later, the c(RGDm7)-modified vesicles co-loaded with doxorubicin and gefitinib were intra
venously injected.
Results: In vitro, ESO was found to reduce the interactions between macrophages and c 
(RGDm7)-modified vesicles by interfering with the latter’s lysosomal trafficking. Studies 
conducted in vivo confirmed that ESO pretreatment greatly decreased the liver and spleen 
distribution of the targeted vesicles, enhanced their tumor accumulation, and improved the 
therapeutic outcome of the drug-loaded nanomedicines.
Conclusion: Our findings indicate that ESO can regulate the nanoparticle-MPS interaction, 
which provides a feasible option for enhancing the off-MPS targeting of nanomedicines.
Keywords: mononuclear phagocyte system, preconditioning strategy, esomeprazole, 
V-ATPase inhibitors, targeted lipid vesicles

Introduction
A major challenge in the field of nanotechnology is the inability to deliver ther
apeutic moieties to target sites because of the tendency of phagocytic cells of the 
mononuclear phagocyte system (MPS) to rapidly sequester and clear nanoparticles 
(NPs) from the blood. Understanding MPS-NP interactions is crucial to developing 
effective nanotechnologies for therapeutic and in vivo imaging applications. Studies 
and meta-analyses have shown that more than 99% of injected anticancer agents are 
cleared by the organs of the MPS, primarily by Kupffer cells, leaving only a median 
of 0.7% (or 0.76%) to be delivered to solid tumors.1–4 An insufficient understanding 
of the interactions between NPs and biological systems, such as the formation of 
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protein corona, NP-MPS interactions, and tumor uptake, 
explains the failure to produce NPs that can overcome 
these biological barriers.5–8

Various strategies to nanoparticle design have been 
developed to prolong circulation and enhance drug delivery 
to diseased tissues, several of which involve optimizing 
particles’ physicochemical characteristics, including size 
and architecture,9,10 and surface coating with hydrophilic 
polymer materials, such as polyethylene glycol (PEG).11,12 

Another approach employs a reticuloendothelial system 
(RES, an older term for MPS) blockade strategy with blank 
conventional liposomes or D-self-peptide-labeled liposomes, 
or by depletion of MPS macrophages with an array of 
inorganic and organic materials.13–16 In addition, bioinspired 
strategies using nanocarriers from nature have been used to 
reduce nanoparticle uptake by the MPS.17–19 Although stra
tegies based on unapproved drugs or complicated materials 
have made significant progress toward overcoming these 
biological barriers, translating that progress into clinical 
applications has proven difficult. As a result, there is grow
ing interest in repositioning FDA-approved drugs that can 
minimize non-specific uptake of nanoparticles by MPS.

Proton-pump inhibitors (PPIs), the most widely adminis
tered medication worldwide for the reduction of stomach acid 
secretion, have proven to be safe and well-tolerated. Several 
reports have shown that PPIs inhibit H+/K+-ATPase in gastric 
parietal cells and vacuolar H+-ATPase (V-ATPase) overex
pressed in tumor cells and liver macrophages (Kupffer 
cells).20,21 V-ATPases are localized in the membranes of acidic 
organelles, such as lysosomes, endosomes, secretory vesicles, 
and plasma membranes, and are important regulators of the 
transmembrane pH gradient.22–24 Because the macrophage 
endolysosomal system is active and exhibits high lysosomal 
enzyme expression levels, particularly V-ATPase,25 (the pri
mary membrane channel involved in the drug sequestration), it 
is believed that inhibiting V-ATPase in the endolysosomal 
system prior to the injection of vesicles may decrease their 
MPS clearance and lead to their accumulation in tumors. 
V-ATPase inhibitors are weak bases that tend to be trapped 
in the acidic lysosomal lumen through protonation.26,27 

Various approaches have been used to abolish lysosomal 
drug sequestration in hopes of sensitizing multidrug-resistant 
cells to chemotherapy drugs.28 PPIs pretreatment reportedly 
induces an increase in both extracellular and lysosomal pH via 
the inhibition of V-ATPase activity, which may sensitize can
cer cells that are resistant to chemotherapy drugs.29 

Bafilomycin A1, a V-ATPase inhibitor, has been reported to 
restore the sensitivity of weak chemotherapeutic bases to drug- 

resistant proximal tubule cells, but bafilomycin A1 has been 
shown to be toxic in in vivo studies.28 The efficacy of PPIs in 
combination with chemotherapeutic agents for cancer treat
ment has been evaluated in clinical trials. One Phase III 
clinical trial demonstrated that PPIs improved the antitumor 
effect of docetaxel in combination with cisplatin in metastatic 
breast cancer patients.30

In the current study, we sought to use clinically approved 
V-ATPase inhibitors as endocytosis inhibitors to minimize 
monocyte–macrophage uptake of nanoparticles and investi
gate the possibility of decreasing the MPS clearance and 
increasing the circulation time of targeted lipid vesicles. 
First, a cyclic homing peptide “c(RGDm7)” was modified 
on the phospholipid vesicles loaded with both a cytotoxic 
agent (DOX) and epidermal growth factor receptor (EGFR) 
inhibitor (GE) to achieve sequential release of these antic
ancer drugs (Figure 1). Then, we examined the effect of 
different V-ATPase inhibitors on macrophage uptake of tar
geted and plain vesicles to select the appropriate precondi
tioning agent. Accordingly, esomeprazole (ESO) was 
selected for further studies. The in vivo biodistribution and 
antitumor efficacy of targeted drug delivery systems after 
ESO pretreatment were then investigated.

Materials and Methods
Integrin αvβ3 Expression in A549 and 
MCF-7 Cells
The human lung carcinoma cells (A549) and human breast 
cancer cell line (MCF-7) were obtained from the Institute of 
Basic Medical Science, Chinese Academy of Medical 
Sciences (Beijing, China). The cells were seeded on glass 
bottom dishes for 24 h. The cells were then rinsed three times 
with PBS, and fixed with 4% paraformaldehyde. After being 
blocked with 5% BSA at 37 °C for 1 h, the cells were incubated 
with integrin αvβ3 rabbit monoclonal antibodies (ab75872, 
Abcam, UK), followed by incubation with secondary antibody 
Texas Red-conjugated Affinipure Goat Anti-rabbit IgG at 37 ° 
C for 1 h. Cell nuclei were dyed with Hoechst 33258, and the 
cells were visualized using a confocal laser scanning micro
scope (CLSM, Heidelberg, Germany).

Synthesis and Characterization of c 
(RGDm7)-PEG-DSPE
Nucleophilic substitution reaction was used to conjugate c 
(RGDm7) with NHS-PEG2000-DSPE.31 c(RGDm7) was 
dissolved in anhydrous DMF and mixed with NHS- 
PEG2000-DSPE at a molar ratio of 1:2. The pH was titrated 
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to 8.0 with triethylamine, and the reaction was maintained 
for 120 h at ambient temperature. After further purification 
using dialysis (MWCO 3500 Da) and lyophilization, c 
(RGDm7)-PEG-DSPE was collected and analyzed by 
MALDI-TOF-MS.

Preparation and Characterization of Lipid 
Vesicles Modified with c(RGDm7)-PEG- 
DSPE
Lipid vesicles were prepared according to a previously 
reported method.32 Briefly, the lipid composition of ligand- 
modified lipid vesicles (c(RGDm7)-LS) was EPC, 

cholesterol, mPEG-DSPE, and c(RGDm7)-PEG-DSPE 
(55:40:3:2 molar ratio), and EPC, cholesterol, mPEG-DSPE 
(55:40:5 molar ratio) for PEGylated vesicles known as lipo
somes (LS). For DiO-, and DiR-labeled vesicles, 1 mol % 
DiO or DiR was added to the lipid mixture. The solvent was 
rotary evaporated at 40 °C, and the lipid film dried overnight 
at room temperature. The resulting film was hydrated with 
normal saline solution at 60 °C for 30 min. After hydration, 
the mixture was serially extruded with polycarbonate mem
branes of 200, 100, and 50 nm on Avanti Mini-Extruder 
(Avanti Polar Lipids). For the preparation of dual drug- 
loaded vesicles, lipids and GE at a weight ratio of 20:1 

Figure 1 Schematic representation of ESO-based preconditioning strategy for reduction of nanoparticle-MPS interaction.
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were evaporated at 40 °C and dried under vacuum overnight 
at room temperature to form a thin film. This lipid film was 
hydrated with 0.32 M (NH4)2SO4 at 60 °C for 30 min, and 
extruded across a series of polycarbonate membranes (from 
200 to 50 nm) using an Avanti Mini-Extruder (Avanti Polar 
Lipids). Gel filtration over a Sephadex G50 column was 
performed to form unilamellar vesicles. DOX was then 
actively remote-loaded into lipid vesicles using an ammo
nium sulfate gradient procedure as reported previously.33 The 
final concentrations of GE, DOX and phospholipid used in 
the formulation were approximately 0.6 mg/mL, 1 mg/mL, 
and 15 mg/mL, respectively. The particle size distribution 
and morphology of different vesicles were determined using 
a Malvern Zetasizer (Malvern Instruments, Malvern, UK) 
and transmission electron microscope (TEM) (H-7000, 
Hitachi, Japan), respectively.

In vitro Cell Viability
The murine macrophage RAW264.7 cell line was purchased 
from the Institute of Basic Medical Science, Chinese 
Academy of Medical Sciences (Beijing, China). The cell 
viability of different drugs (omeprazole, dexlansoprazole, 
ESO, enoxacin, and chloroquine) on RAW 264.7 cells was 
estimated by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl- 
2-H-tetrazolium bromide (MTT) assay using the untreated 
group as a control. RAW 264.7 cells (3000 cells per well) 
were cultured in 96-well plates for 24 h. Serial concentrations 
of drugs were added to cells for 24, and 48 h incubation. 
Afterward, 10 μL of MTT solution (5 mg/mL) was added into 
each well, followed by incubation for another 4 h at 37 °C. 
The absorbance at 490 nm representing cell viability was 
determined using a microplate reader.

Cellular Uptake Study in vitro
Murine macrophage cells (RAW 264.7) were used to inves
tigate the effect of V-ATPase inhibitors on macrophage 
uptake of a subsequent dose of vesicles. Briefly, cells 
grown overnight in 12-well plates were pretreated with var
ious concentrations of omeprazole, dexlansoprazole, ESO, 
enoxacin, or chloroquine at 37 °C for 24 h. Lipid vesicles 
(LS-DiO, c(RGDm7)-LS-DiO) at a final concentration of 5 
μM were then added into the wells and further incubated at 
37 °C for 4 h. Cellular uptake was quantitatively analyzed 
using a FACSAria II flow cytometer (BD Biosciences).

Similarly, the cellular internalization of modified and 
unmodified vesicles by A549 cells was evaluated qualitatively 
by confocal fluorescence microscopy and quantitatively by 
flow cytometry. Briefly, cells were cultured in 12-well plates 

in DMEM at 37 °C for 24 h. LS-DiO or c(RGDm7)-LS-DiO 
(5 μM) were incubated with cells for 4 h. For qualitative 
cellular uptake measurements, cells were rinsed thrice with 
PBS and fixed with paraformaldehyde. Cells were then dyed 
with Hoechst 33258 for imaging under a CLSM (TCS SP5, 
Leica, Germany). Cells were also analyzed using a FACSAria 
II flow cytometer (BD Biosciences).

Mechanism of Blocking Nanoparticle 
Uptake
Lysosomal co-localization was performed to assess the block
ing effect of ESO on macrophage uptake of nanoparticles. 
Briefly, RAW 264.7 cells were pretreated with ESO at 
a concentration of 200 μM for 24 h, then incubated with 5 
μM LS-DiO or c(RGDm7)-LS-DiO for 4 h, followed by 
incubation with 50 nM LysoTracker for 60 min and 10 mM 
Hoechst 33258 for 10 min to observe lysosomes and nuclei, 
respectively. Cells were then gently rinsed thrice with ice-cold 
PBS for visualization under CLSM (TCS SP5, Leica, 
Germany).

In vitro Cytotoxicity
In vitro cytotoxicity of nanoformulations was evaluated 
using MTT assay. After 24 h of culture, A549 cells (3× 
103 cells per well) in 96-well culture plates were incubated 
with various formulations at a series of DOX concentra
tions. After 72 h, the absorbance was measured at 490 nm 
using a plate reader.

Biodistribution of Nanocarriers 
Pretreated with ESO
Peking University Health Science Center approved the animal 
experiments and were performed in compliance with guide
lines evaluated by the Ethics Committee of Peking University. 
A549 cells (5 × 106, 100 μL) were injected subcutaneously 
into the right armpit of each nude mouse to establish an animal 
lung tumor model. To evaluate the effect of ESO on vesicle 
biodistribution, nude mice were pre-injected with ESO at 
a dose of 3 mg/kg. After 24 h, 100 μL DiR-labeled vesicles 
were intravenously injected to animals. Four hours later, the 
major organs and tumor tissues were carefully collected, 
rinsed with cold PBS for ex vivo imaging.

The immunofluorescence study was further performed 
by intravenously injecting various DiO-loaded vesicles 
pretreated with or without ESO into A549 tumor-bearing 
nude mice 14 days post-implantation. Four hours after 
injection, mice were sacrificed, and tumor tissues were 
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collected and frozen in Tissue-Tek® O.C.T. compound and 
fixed in paraformaldehyde. Samples were then cut into 3 
μm slices, followed by incubation with anti-CD31 anti
body overnight to visualize tumor angiogenesis. Slides 
were stained with secondary antibody and Hoechst, and 
then observed under CLSM.

Pharmacokinetics Study
SD rats were used to investigate the efficiency of ESO pre
treatment on pharmacokinetic properties of lipid vesicles. 
Briefly, rats were stochastically divided into four groups (6 
rats per group) and administrated LS-GE/DOX, c(RGDm7)- 
LS-GE/DOX, ESO + LS-GE/DOX and ESO + c(RGDm7)- 
LS-GE/DOX at a DOX dose of 6 mg/kg and a GE dose of 
2.4 mg/kg. At predetermined time points (0.083, 0.167, 0.25, 
0.5, 1, 2, 4, 6, 8, 12, 24, 48, and 72 h post-i.v. injection), blood 
samples were collected, centrifuged, and the separated 
plasma was analyzed by HPLC. Pharmacokinetics para
meters (area-under curve (AUC(0−t)), mean residence time 
(MRT(0−t)), and plasma half-life (t1/2) were determined using 
a non-compartmental model by Kinetica 4.4 (Thermo, USA).

In vivo Antitumor Efficacy Studies
Xenograft models for lung cancer were established by sub
cutaneously injecting 5 × 106 A549 cells into the right flank of 
BALB/c nude mice. Five groups of 8 mice each were intra
venously administrated with 100 μL of saline, LS-GE/DOX, c 
(RGDm7)-LS-GE/DOX, LS-GE/DOX (pretreated with 3 mg/ 
kg of ESO for 24 h), or c(RGDm7)-LS-GE/DOX (pretreated 
with 3 mg/kg of ESO for 24 h) at a DOX dose of 2 mg/kg and 
a GE dose of 0.8 mg/kg for 10 days. Tumor sizes were 
measured with a digital caliper every two days, and tumor 
volumes were calculated using the formula (L ×W2)/2 where 
L is the largest and W is the smallest diameter, respectively. 
Relative body weight change was monitored throughout the 
experiment. At day 12 after treatment, some mice were sacri
ficed by cervical dislocation, the tumors and main organs 
(heart, liver, spleen, lung, and kidney) were harvested. The 
fixed tumors sections were subjected to TUNEL apoptosis 
and CD31 staining. The other organs were sectioned and 
stained with hematoxylin and eosin (H&E). Animals were 
euthanized when tumor size was >2000 mm3, which was 
considered as the endpoint of survival data.

Biological Safety Evaluation
In vivo toxicity of nanocarriers was examined on healthy 
normal mice randomized into five groups (n = 3) and treated 
as previously described. At the 12th day after treatment, blood 

samples were obtained from all mice for the measurement of 
serum enzyme markers of heart (CK: creatinine kinase, LDH: 
lactate dehydrogenase), liver (ALT: alanine aminotransferase, 
AST: aspartate aminotransferase), and renal function tests 
(CREA: creatinine and BUN: blood urea nitrogen).

Statistical Analysis
Quantitative data are reported as mean ± SD. Student’s 
t-test was used to compare two groups, and one-way 
ANOVA was used to compare multiple groups. Data 
were analyzed using GraphPad Prism 6.0 software. The 
level of significance was set at p < 0.05.

Results and Discussion
Receptor Expression and 
Characterization of c(RGDm7)-PEG- 
DSPE
A receptor expression examination showed that A549 cells 
were αvβ3 integrin-positive, while MCF-7 cells expressed 
lower integrin levels (Figure S1). Then the ligand c 
(RGDm7) was attached to the distal end of NHS-PEG- 
DSPE through the reaction of amino groups with active 
groups of NHS. MALDI-TOF-MS indicated that the NHS- 
PEG-DSPE peak (with an average molecular weight of 
2800 Da) was right-shifted after c(RGDm7) attachment. 
The analyzed molecular weight of the c(RGDm7)-PEG- 
DSPE was approximately 3400 Da, and the difference in 
mass was consistent with the theoretical molecular weight 
of the c(RGDm7) (Figure S2). This analysis proved that c 
(RGDm7)-PEG-DSPE was successfully synthesized.

Characterization of Lipid Vesicles
Dynamic light scattering was used to determine the mean 
particle size of different lipid vesicles. Both plain and mod
ified vesicles displayed similar particle size distributions, 
indicating that the presence of a ligand did not affect their 
physical characteristics. More than 90% of DOX and 50% of 
GE were encapsulated in lipid vesicles. The precipitation of 
GE due to lower-energy macroscopic crystals in water 
resulted in relatively lower encapsulation efficiency com
pared to that of DOX.34 Additionally, TEM revealed that 
the particles were spherical with nanometer-sizes (Figure 2).

In vitro Cell Viability
The cell viability of RAW 264.7 cells after treatment with 
V-ATPase inhibitors (omeprazole, dexlansoprazole, ESO, 
enoxacin) and antimalarial drug (chloroquine) was assessed 
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to confirm their biocompatibility and toxic dose ranges. 
Following 24 h of incubation, a slight decrease was observed 
in the viability of RAW 264.7 cells treated with various 
V-ATPase inhibitors, while a significant toxicity was 
observed with even 100 μM chloroquine when compared 

with the control at all drug concentrations. Following 48 
h of treatment, a decrease in cell viability was detected 
when the concentration of V-ATPase inhibitor was 150 μM 
or higher (Figure 3). These results indicated the biosafety of 
V-ATPase inhibitors which did not damage macrophage cells 

Figure 2 Characterization of different nanoformulations. Size distribution (A) and TEM (B) of c(RGDm7)-LS-GE/DOX, c(RGDm7)-LS-DOX, c(RGDm7)-LS-GE, and LS-GE 
/DOX.
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even at higher concentrations. Based on the cell viability 
analysis, a concentration ranged from 5 to 200 μM with an 
incubation time of 24 h was selected for further study.

Cellular Uptake and Lysosomal 
Localization
The effect of V-ATPase inhibitors on vesicle uptake in RAW 
264.7 cells was assessed. Flow cytometry analysis showed 
that drug concentrations of 25 μM and 50 μM had 

a negligible influence on the cellular uptake of vesicles 
(Figure 4). It was found that ESO was more effective than 
other V-ATPase inhibitors, and its effect on macrophage 
uptake of targeted and nontargeted vesicles was concentra
tion-dependent. As the concentration increased to 200 μM, 
ESO pretreatment effectively reduced macrophage endocy
tosis of both c(RGDm7)-LS and unmodified vesicles.

Fluorescence microscopy (Figure 5) revealed that the 
vesicles could co-localize with lysosomes in RAW 264.7 
cells. However, pretreatment with ESO significantly 

Figure 3 Effect of different drugs on the cell viability of RAW 264.7 cells. MTT assay was used to assess the viability of RAW 264.7 cells after 24 h (A), and 48 h (B) of 
incubation; data are shown as mean ± SD (n = 3).
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decreased their co-localization with lysosomes. The main 
function of Kupffer cells is to sequester nanoparticles 
circulating from the bloodstream. Upon internalization by 
Kupffer cells, NPs are delivered to early endosomes, late 
endosomes and lysosomes, respectively, through an intra
cellular trafficking process, and finally degraded in 

lysosomes.35–38 As previously reported, an alkaline lyso
some environment induced by PPIs pretreatment can 
impair lysosomal enzymes which are active at a lower 
pH optimum of approximately 4.80.39,40 Previous study 
has clarified that PPIs are enriched in acidic organelles, 
where they are activated and affect V-ATPases.21 In the 

Figure 4 Effect of different V-ATPase inhibitors on macrophage uptake of c(RGDm7)-LS (A), and LS (B). RAW 264.7 cells were pretreated with different concentrations of 
V-ATPase inhibitors at 37 °C for 24 h. Nanocarriers (LS-DiO, c(RGDm7)-LS-DiO) at a final concentration of 5 μM were incubated with cells at 37 °C for 4 h. Data were 
mean ± SD (n = 3, **p < 0.01, ***p < 0.001).
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present study, ESO could alter the phagocytic ability of 
macrophages by inhibiting lysosomal enzymes which 
could in turn decrease the macrophage uptake of the sub
sequently injected NPs. Therefore, macrophage sequestra
tion of NPs will be impaired by ESO pretreatment. 
Moreover, PPIs pretreatment has been shown to elevate 
the sensitivity of various cell lines to chemotherapeutic 
drugs.41–43 On the one hand, ESO can decrease macro
phage uptake of NPs; on the other, it can enhance uptake 
in tumor cells, making it an attractive element in combina
tion antitumor drug therapy.

The cellular uptake of c(RGDm7)-LS on human non- 
small cell lung cancer (NSCLC) A549 cells was also 
investigated. The c(RGDm7)-LS could be preferentially 
taken up by A549 cells via interaction between RGD and 
integrin αvβ3 overexpressed on tumor cells. This interac
tion increased the endocytosis of targeted vesicles by 4.65- 
fold compared with nontargeted vesicles. The findings by 
confocal microscopy images were consistent with that by 
flow cytometry analysis (Figure 6).

Cytotoxicity of c(RGDm7)-LS-GE/DOX
The cell viabilities of free DOX and different vesicular 
formulations on A549 cells were quantified by MTT assay 

(Figure 7). The anti-proliferation effect of different treat
ments exhibited a concentration-dependent pattern. Free 
DOX showed the best antiproliferative effect in A549 
cells due to quick internalization by the cells.44 The c 
(RGDm7)-LS-GE/DOX yielded the lowest IC50 value 
among all the vesicular formulations, which could be 
attributed to the markedly enhanced cellular internalization 
by the c(RGDm7) modification.

Preconditioning Strategy in vivo
In cellular studies, ESO was the most effective precondi
tioning drug for blocking macrophages. To further inves
tigate whether ESO pretreatment is the optimal 
preconditioning strategy in vivo, we performed the 
in vivo and ex vivo distribution of various DiR-labeled 
vesicles in nude mice bearing subcutaneous A549 tumor 
xenografts. It was proved that pretreatment with ESO 
reduced the accumulation of labeled vesicles in liver and 
spleen. Moreover, the tumoritropic delivery of c(RGDm7)- 
LS was enhanced following ESO pretreatment. As shown 
in Figure 8, the ESO + c(RGDm7)-LS group exhibited the 
highest fluorescence signal in the tumor region compared 
with the c(RGDm7)-LS group and unmodified vesicles 
with or without ESO pretreatment. The tumor 

Figure 5 Influence of ESO on lysosomal co-localization of DiO-loaded LS in RAW 264.7 cells. Scale bar =10 μm.
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accumulation was approximately 5.35-fold higher in the 
ESO + c(RGDm7)-LS group than that in the LS group, 
which might be due to the inhibiting of lysosomal traffick
ing by ESO, leading to decreased liver and spleen accu
mulation of c(RGDm7)-LS. Although nontargeted vesicles 
did not exhibit higher liver biodistribution, tumor accumu
lation was lower compared with targeted nanoparticles. 
This indicated that the preconditioning strategy and ligand 
modification together could decrease MPS uptake of c 
(RGDm7)-LS and enhance its tumor accumulation.

Acidification of the different cellular compartments by 
V-ATPase is reportedly necessary for intracellular traffick
ing within the endolysosomal system.45–47 Because macro
phages express proton-pump V-ATPases at high levels on 
their plasma membranes and specialized intracellular com
partments, particularly in lysosomal acidification 
mechanisms,25,48 it is expected that ESO could reduce 

lysosomal trafficking and consequently decrease intracel
lular nanoparticle sequestration by inhibiting V-ATPase- 
dependent lysosome acidification. Integrin αvβ3 is also 
expressed on the tumor vasculature, which increases the 
tumor retention of nanocarriers.49,50 RGD peptides have 
been demonstrated to promote the transcytosis of nanocar
riers into tumors.51,52 As mentioned above, integrin αvβ3 

receptors were highly expressed on lung tumor cells, and 
the cellular uptake of targeted vesicles by A549 cells was 
evident. The attachment of (cRGD) peptides onto poly
meric micelles with plasmid DNA has been previously 
shown to treat intractable pancreatic tumors through the 
ligand and integrin interaction on tumor vasculature.53

An immunofluorescence study was also carried out to 
assess the feasibility of the preconditioning strategy 
(Figure S3). The ESO + c(RGDm7)-LS group tended to 
accumulate more in tumor regions compared with the other 
three groups, which is consistent with in vivo biodistribution. 
Furthermore, ESO + c(RGDm7)-LS co-localized well with 
CD31-labeled blood vessels, demonstrating an ability to target 
tumor neovasculature.

In vivo Circulation Studies
A pharmacokinetics study demonstrated that ESO pretreat
ment could prolong the circulation time of c(RGDm7)-LS- 
GE/DOX (Figure 9), which is of considerable significance 
to drug delivery. A preconditioning strategy was observed 
to increase the area under the curve (AUC), blood- 
circulation half-life (t1/2), and mean residence time 
(MRT) compared with those of c(RGDm7)-LS-GE/DOX 
(Table S1-S2). The plasma concentration of DOX was 
maintained at high levels even at 72 h, but the level of 
GE could only be detected within 24 h. Compared with the 
c(RGDm7)-LS group, the ESO + c(RGDm7)-LS-GE/DOX 
group was 1.86/2.12-fold higher in AUC, 1.23/1.91-fold 
higher in t1/2 and 1.21/1.98-fold higher in MRT, based on 
the analysis of DOX and GE, respectively. This confirmed 
that a preconditioning strategy using ESO enabled effec
tive blood persistence of DOX and GE.

In vivo Antitumor Efficacy
After demonstrating the efficiency of ESO pretreatment in 
enhancing tumor targeting of c(RGDm7)-LS, we then exam
ined the antitumor efficacy in five groups of mice (n = 8 per 
group) bearing subcutaneous A549 tumors. Both tumor 
volume and body weights were recorded after the different 
treatments were initiated (Figure 10A and C). Remarkably, 
ESO + c(RGDm7)-LS-GE/DOX showed the most 

Figure 6 Cellular uptake of DiO-loaded LS in A549 cells. (A) CLSM images of 
A549 cells incubated with different formulations at 37 °C for 4 h. (B) Flow 
cytometry analysis of cell uptake. ***p < 0.001 (Scale bar =10 μm).
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Figure 7 Cytotoxic effect of various nanoformulations on A549 cells. Cell viability was investigated using MTT assay after 72 h of incubation (mean ± SD, n = 3).

Figure 8 Effect of ESO on the biodistribution of nanocarriers. (A) In vivo fluorescence images of A549 tumor-bearing nude mice 4 h post-injection of different formulations. 
(B) Quantitative analysis of the mean fluorescence intensity in the main organs 4 h after i.v. administration of nanocarriers. (C) Ex vivo images of harvested main organs and 
tumors after intravenous injection of different formulations. (D) Mean fluorescence intensity from DiR-labeled vesicles in tumors. Data are presented as mean ± SD (n=3, 
**p < 0.01, ***p < 0.001).
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significant antitumor efficacy in reducing tumor growth in 
comparison with the other treatment groups. The therapeutic 
efficacy was also checked by monitoring survival time of 
mice (Figure 10B). ESO + c(RGDm7)-LS-GE/DOX signifi
cantly extended the overall survival of A549 tumor–bearing 
mice, with a median survival time of 35 days compared with 
that of the saline group (21 days, p < 0.001), LS-GE/DOX 
group (24 days, p < 0.001), c(RGDm7)-LS-GE/DOX group 
(28 days, p < 0.01), and ESO + LS-GE/DOX group (30 
days, p < 0.005). These data confirmed the enhanced ther
apeutic efficiency of c(RGDm7)-LS-GE/DOX pretreated 

with ESO. Taken together, ESO could inhibit V-ATPase in 
lysosomes of Kupffer cells and then decrease the sequestra
tion of NPs. Moreover, ESO might sensitize lung tumor cells 
to DOX and GE, leading to a stronger therapeutic effect of c 
(RGDm7)-LS-GE/DOX. More detailed information about 
tumors and corresponding immunohistochemical studies 
(TUNEL, CD31 staining) in different groups was conducted 
(Figure 10D and E), respectively. Collectively, consistent 
with previous data, ESO + c(RGDm7)-LS-GE/DOX 
induced the smallest tumor size, the greatest cell apoptosis, 
the best inhibitory effect on angiogenesis, and the longest 

Figure 9 In vivo pharmacokinetics of nanocarriers with and without ESO pretreatment. Plasma DOX (A) and GE (B) concentration-time profiles of nanoformulations in 
rats (n = 6).
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survival time. All these indicated that the ligand modifica
tion and preconditioning strategy could significantly 
improve the therapy outcome of tumor.

Biosafety Evaluation
The toxicity of nanocarriers was investigated by H&E 
stained histology analysis, and blood biochemistry. 
Histological examinations showed no obvious signs of 
damage on the main organs in the treated groups 
(Figure S4A). In addition, no noticeable heart, hepatic, 
nor renal toxicity was observed in all treated groups, as 
indicated by the corresponding values of function markers 
for heart (CK, LDH), liver (ALT, AST), and kidney 
(CREA, BUN) (Figure S4B). We found that ESO-based 
preconditioning strategy in combination with a lipid 

vesicular drug delivery system produced a safe and bio
compatible treatment without significant adverse effects.

Conclusion
In conclusion, we demonstrated that an ESO-based precon
ditioning strategy is a promising approach to reducing MPS 
uptake and improving the targeting efficiency of nanocar
riers. In vitro experiments indicated that ESO pretreatment 
could significantly decrease the uptake of targeted vesicles 
by macrophage cells compared with those without pretreat
ment. In vivo data showed that a preconditioning strategy 
with c(RGDm7) modification resulted in lower MPS dis
tribution and higher tumor accumulation of the ESO + c 
(RGDm7)-LS group. Moreover, ESO + c(RGDm7)-LS-GE 
/DOX achieved outstanding antitumor activity. This 

Figure 10 In vivo antitumor efficacy of ESO + c(RGDm7)-LS-GE/DOX. (A) Tumor growth curves and images of excised A549 tumors (n = 8). Red arrows indicate 
treatment. (B) Survival of the mice over time (n = 7). (C) Relative body weight of treated tumor-bearing mice over time (n = 8; mean ± SD). (D) TUNEL apoptosis and (E) 
CD31 staining performed on A549 tumor sections. Scale bar = 200 μm.
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preconditioning strategy based on an FDA-approved drug 
may expand the range of applications of various nanoparti
cles, and open the door to the discovery of other types of 
preconditioning agents. This study may lead to a viable 
strategy to improve the efficiency of targeted drug delivery 
systems.

Abbreviations
MPS, mononuclear phagocyte system; ESO, esomeprazole; 
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