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exploring the action 
of RGDV‑gemcitabine on tumor 
metastasis, tumor growth 
and possible action pathway
Xiaoyi Zhang1,2, Jinhuan Zhang1,2, Wenchao Liu1,2, Yaonan Wang1,2, Jianhui Wu1,2, 
Shurui Zhao1,2, Ming Zhao1,2,3* & Shiqi peng1,2*

the coupling of Arg‑Gly‑Asp‑Val (RGDV) and gemcitabine led to a hypothesis that the conjugate 
(RGDV-gemcitabine) could inhibit tumor metastasis. To confirm this hypothesis the activities of 
RGDV-gemcitabine inhibiting tumor metastasis in vitro and in vivo were presented for the first time. 
AfM (atomic force microscopy) imaged that RGDV‑gemcitabine was able to adhere onto the surface 
of serum-starved A549 cells, to block the extending of the pseudopodia. Thereby RGDV-gemcitabine 
was able to inhibit the invasion, migration and adhesion of serum-starved A549 cells in vitro. On 
C57BL/6 mouse model RGDV-gemcitabine dose dependently inhibited the metastasis of planted 
tumor towards the lung and the minimal dose was 0.084 µmol/kg/3 days. The decrease of serum TNF-α 
(tumor necrosis factor), IL-8 (interleukin-8), MMP-2 (matrix metalloprotein-2) and MMP-9 (matrix 
metalloprotein-9) of the treated C57BL/6 mice was correlated with the action pathway of RGDV-
gemcitabine inhibiting the metastasis of the planted tumor towards lung.

Gemcitabine has been one of the clinical first-line drugs for chemotherapy and is a standard choice for treating 
locally advanced cancer, metastatic pancreatic cancer, breast cancer as well as ovarian  cancer1–6, however drug 
resistance, short half-life and side effects seriously decrease its chemotherapeutic efficacy. To enhance the efficacy 
of treating pancreatic cancer gemcitabine is combined with oxaliplatin, irinotecan, miR-345, nab-paclitaxel, 
RT11-i anti-body, metformin, ginkgolide B and  melatonin7–13. To arise the efficacy of treating bladder cancer or 
muscle invasive bladder cancer gemcitabine is combined with  platinum14,15. To increase the efficacy of treating 
advanced breast cancer gemcitabine is combined with  carboplatin16. To improve the efficacy of treating germ 
cell cancer, as well as metastatic and unresectable transitional cell carcinoma gemcitabine is combined with 
 sorafenib17,18. To heighten the efficacy of treating urothelial carcinoma of the bladder gemcitabine is combined 
with  paclitaxel19. To elevate the efficacy of treating concomitant primary lung cancer, metastatic pulmonary 
colorectal cancer and soft tissue sarcomas gemcitabine is combined with cisplatin, bevacizumab or  docetaxel20,21. 
To upgrade the efficacy of treating osteosarcoma, advanced urothelial cancer, metastatic urothelial cancer, blad-
der cancer, hepatocellular carcinoma and urothelial bladder cancer gemcitabine is combined with licoricidin, 
taxanes, triptolide, chlorambucil and  lentinan22–26.

In addition to the combination therapy, previously 4-amino group of gemcitabine was acylated by Arg-Gly-
Asp-Val, and 4-(Arg-Gly-Asp-Val-amino)-1-[3,3-difluoro-4-hydroxy-5-hydroxylmethyloxolan-2-yl]pyrimidin-
2-one (RGDV-gemcitabine) was evaluated. Comparing to gemcitabine RGDV-gemcitabine had longer half-life, 
targeted tumor tissues, had no drug resistance, exhibited higher anti-tumor activity, as well as minimally injured 
kidney, liver and bone marrow. Introducing RGDV was correlated with the advantages of RGDV-gemcitabine 
over  gemcitabine27. Based on these issues we hypothesized that RGDV-gemcitabine could be able to inhibit 
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tumor metastasis. To confirm this hypothesis the in vitro and in vivo actions of RGDV-gemcitabine on tumor 
metastasis and tumor growth were evaluated, and the possible mechanism was discussed.

Results
RGDV-gemcitabine does not act on erythrocytes and leucocytes in vitro. The AFM images of 
the erythrocytes (Fig. 1a) and the leucocytes (Fig. 1b) of C57BL/6 mouse in ultrapure water visualized that their 
surfaces are smooth (see locally amplified erythrocytes and leucocytes also). The AFM images of the eryth-
rocytes (Fig. 1c) and the leucocytes (Fig. 1d) of C57BL/6 mouse in the solution of RGDV-gemcitabine in the 
ultrapure water (1.0 mM) visualized that their surfaces are also smooth (see locally amplified erythrocytes and 
leucocytes also). The images suggest that RGDV-gemcitabine does not act on the erythrocytes and the leucocytes 
of C57BL/6 mouse.

RGDV-gemcitabine changes surface morphology of A549 cells in vitro. To show the effect of 
RGDV-gemcitabine on the surface morphology of A549 cells the AFM image was recorded. The AFM images of 
A549 cells in RPMI-1640 medium with 10% FBS (fetal bovine serum) are shown in Fig. 2a, the surfaces of A549 
cells are smooth and have no pseudopodium. The AFM images of A549 cells in RPMI-1640 medium without 
FBS (serum starvation) are shown in Fig. 2b, the surfaces of serum starvation A549 cells are not smooth and have 
pseudopodium. The AFM images of 0.5 μM of RGDV-gemcitabine treated A549 cells in RPMI-1640 medium 
without FBS (serum starvation) are shown in Fig. 2c, the surfaces of serum starvation A549 cells are smooth 
and have no pseudopodium, on which some nano-particles of RGDV-gemcitabine are found. The differentiation 
images suggest that RGDV-gemcitabine is able to change surface morphology of serum starvation A549 cells, 

Figure 1.  AFM feature of the treated erythrocytes and leucocytes: (a) AFM feature of C57BL/6 mouse 
erythrocytes in ultrapure water of pH 6.7, which is locally amplified and shows a smooth surface; (b) AFM 
feature of C57BL/6 mouse erythrocytes treated with a solution of RGDV-gemcitabine in ultrapure water of 
pH 6.7 (1 mM), which is locally amplified, shows a smooth surface and suggests that RGDV-gemcitabine does 
not act on C57BL/6 mouse erythrocytes; (c) AFM feature of C57BL/6 mouse leucocytes in ultrapure water of 
pH 6.7, which is locally amplified and shows a smooth surface; (d) AFM feature of C57BL/6 mouse leucocytes 
treated with a solution of RGDV-gemcitabine in ultrapure water of pH 6.7 (1 mM), which is locally amplified, 
shows a smooth surface and suggests that RGDV-gemcitabine does not act on C57BL/6 mouse leucocytes.

Figure 2.  AFM image and the effect of RGDV-gemcitabine on surface morphology of A549 cells: (a) AFM 
image of A549 cells in RPMI-1640 medium with 10% FBS, of which the surfaces are smooth and have no 
pseudopodia; (b) AFM image of A549 cells in RPMI-1640 medium without 10% FBS, the locally amplified 
illustration shows conical pseudopodia that are highlighted with red arrowhead and suggests that serum 
starvation A549 cells are able to extend pseudopodia; (c) AFM image of 0.5 μM of RGDV-gemcitabine treated 
A549 cells in serum starvation, of which the surfaces are smooth without pseudopodia and on the surface there 
are some nano-particles.



3

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:15729  | https://doi.org/10.1038/s41598-020-72824-8

www.nature.com/scientificreports/

which can be characterized by RGDV-gemcitabine blocking A549 cells to extend pseudopodia and the accumu-
lating nano-particles on the surface of A549 cells.

RGDV-gemcitabine inhibits the migration of A549 cells in vitro. To show the effect of RGDV-gem-
citabine on the migration of A549 cells the chamber system assay was performed. As seen, the migrated number 
of A549 cells treated with 0.5 μM of gemcitabine is equal to that of A549 cells treated with PBS (phosphate buffer 
saline), and is significantly higher than that of A549 cells treated with 0.5 μM of RGDV-gemcitabine (Fig. 3a). 
This means that RGDV-gemcitabine, but not gemcitabine, effectively inhibits the migration of A549 cells.

RGDV-gemcitabine inhibits the invasion of A549 cells in vitro. To show the effect of RGDV-gem-
citabine on the invasion of A549 cells the chamber system assay was performed. As seen, the invasion number of 
A549 cells treated with 0.5 μM of gemcitabine is equal to that of A549 cells treated with PBS, and is significantly 
higher than that of A549 cells treated with 0.5 μM of RGDV-gemcitabine (Fig. 3b). This means that RGDV-
gemcitabine, but not gemcitabine, effectively inhibits the invasion of A549 cells.

RGDV-gemcitabine inhibits the adhesion of A549 cells in vitro. To show the effect of RGDV-gem-
citabine on the adhesion of A549 cells the chamber system assay was performed. As seen, the adhesion ratio of 
A549 cells treated with 0.5 μM of gemcitabine is equal to that of A549 cells treated with PBS, and is significantly 
higher than that of A549 cells treated with 0.5 μM of RGDV-gemcitabine (Fig. 3c). This means that RGDV-
gemcitabine, but not gemcitabine, effectively inhibits the adhesion of A549 cells.

RGDV-gemcitabine changes the monolayer of A549 cells in vitro. To show the effect of RGDV-
gemcitabine on the monolayer of A549 cells the wound healing assay was performed. As seen, 12 h, 24 h and 
48 h after the incubations the percentage of the reduction in scratch width of A549 cell monolayer treated with 
0.5 μM of RGDV-gemcitabine are significantly lower than those of the reduction in scratch width of A549 cell 
monolayer treated with 0.5 μM of gemcitabine and PBS (Fig. 3d). This means that RGDV-gemcitabine, but not 
gemcitabine, effectively changes the migration of A549 cell monolayer.

RGDV-gemcitabine inhibits tumor metastasis in vivo. The advantages of RGDV-gemcitabine over 
gemcitabine are not only reflected by the inhibition of the migration, invasion and adhesion of A549 cells in vitro 
(Fig. 3) but also by the potency of RGDV-gemcitabine in subcutaneous tumors implanted assay of C57BL/6 
mouse (12 mice per group). As seen, the number of nodules metastasized to the lungs of the mice treated with 
RGDV-gemcitabine is significantly less than the number of nodules metastasized to the lungs of C57BL/6 mice 
treated with NS. For RGDV-gemcitabine the number of nodules metastasized to the lungs is significantly and 
gradually decreased with the increase of its dose, showing a dose dependent manner and giving a minimal effec-
tive dose of 0.084 μmol/kg/3 days (Fig. 4a).

RGDV-gemcitabine decreases tumor weight in vivo. The in vivo advantage of RGDV-gemcitabine is 
reflected by the tumor weight of LLC sarcoma implanted C57BL/6 mice (12 mice per group). As seen, the tumor 
weight of the mice treated with RGDV-gemcitabine is significantly lower than that of the mice treated with NS. 
For RGDV-gemcitabine the tumor weight is significantly and gradually decreased with the increase of its dose, 
showing a dose dependent manner and giving a minimal effective dose of 0.84 μmol/kg/3 days (Fig. 4b). It was 
also found that the tumor weight of the mice treated with gemcitabine (8.4 μmol/kg/3 days, four administrations 
totally) was equal to that of the mice treated with NS (the dada were not shown here).

Figure 3.  Effect of 0.5 μM of RGDV-gemcitabine on the migration, invasion, adhesion and monolayer of A549 
cells: (a) effect of 0.5 μM of RGDV-gemcitabine on the migration of A549 cells, which shows that the migration 
cells induced by 0.5 μM of RGDV-gemcitabine are significantly lower than the migration cells induced by 
0.5 μM of gemcitabine and PBS; (b) effect of 0.5 μM of RGDV-gemcitabine on the invasion of A549 cells, which 
shows that the invasion cells induced by 0.5 μM of RGDV-gemcitabine are significantly lower than the invasion 
cells induced by 0.5 μM of gemcitabine and PBS; (c) effect of 0.5 μM of RGDV-gemcitabine on the adhesion of 
A549 cells, which shows that the adhesion cells induced by 0.5 μM of RGDV-gemcitabine are significantly lower 
than the adhesion cells induced by 0.5 μM of gemcitabine and PBS; (d) effect of 0.5 μM of RGDV-gemcitabine 
on scratch width of A549 cell monolayer, showing that the potency of 0.5 μM of RGDV-gemcitabine decreasing 
the scratch width of A549 cell monolayer is significantly lower than those of 0.5 μM of gemcitabine and PBS 
decreasing the scratch width of A549 cell monolayer ; n = 3.
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RGDV-gemcitabine decreases tumor volumn in vivo. The in vivo advantage of RGDV-gemcitabine 
is reflected by tumor volume of LLC sarcoma implanted C57BL/6 mice (12 mice per group). The tumor growth 
curve of 12 consecutive days of measurements indicates that the tumor volume of the mice treated with RGDV-
gemcitabine is significantly lower than that of the mice treated with NS. For RGDV-gemcitabine the tumor 
volume is significantly and gradually decreased with the increase of its dose, showing a dose dependent manner 
and giving a minimal effective dose of 0.84 μmol/kg/3 days (Fig. 4c). It was also found that the tumor volume 
of the mice treated with gemcitabine (8.4 μmol/kg/3 days, four administrations totally) was equal to that of the 
mice treated with NS (the dada were not shown here).

RGDV-gemcitabine decreases serum MMP-2 and MMP-9 in vivo. The characteristics of RGDV-
gemcitabine and gemcitabine led to the measurement of the levels of MMP-2 and MMP-9 in the serum of 
C57BL/6 mice treated with RGDV-gemcitabine (8.4 μmol/kg/3 days) and gemcitabine (84 μmol/kg/3 days), four 
administrations totally. As seen, the level of MMP-2 of the mice treated with gemcitabine is significantly lower 
than that of the mice treated with NS and is significantly higher than that of the mice treated with RGDV-gem-
citabine (Fig. 5a). Similarly, the level of MMP-9 of the mice treated with gemcitabine is significantly lower than 
that of the mice treated with NS and is significantly higher than that of the mice treated with RGDV-gemcitabine 
(Fig. 5b). However, the levels of MMP-2 and MMP-9 in the serum of the mice treated with NS are equal to those 
of the mice treated with 8.4 μmol/kg/3 days of gemcitabine (the dada were not shown here). Thus at the doses 
of inhibiting tumor metastasis RGDV-gemcitabine, but not gemcitabine, effectively decrease of serum MMP-2 
and MMP-9 of C57BL/6 mice.

RGDV-gemcitabine decreases serum IL-8 and TNF-ɑ in vivo. The characteristics of RGDV-gemcit-
abine and gemcitabine led to the measurement of the levels of IL-8 and TNF-ɑin the serum of C57BL/6 mice 
treated with RGDV-gemcitabine (8.4 μmol/kg/3 days) and gemcitabine (84 μmol/kg/3 days), four administra-
tions totally. As seen, the level of IL-8 of the mice treated with gemcitabine is significantly lower than that of the 
mice treated with NS and is significantly higher than that of the mice treated with RGDV-gemcitabine (Fig. 5c). 
Similarly, the level of TNF-ɑ of the mice treated with gemcitabine is significantly lower than that of the mice 
treated with NS and is significantly higher than that of the mice treated with RGDV-gemcitabine (Fig.  5d). 
However, the levels of IL-8 and TNF-ɑ in the serum of the mice treated with NS are equal to those of the mice 
treated with 8.4 μmol/kg/3 days of gemcitabine (the dada were not shown here). Thus at the doses of inhibit-
ing implanted tumor growth RGDV-gemcitabine, but not gemcitabine, effectively decrease of serum IL-8 and 
TNF-ɑ of C57BL/6 mice.

Discussion
In order to select cells associated with tumor metastasis we conducted the preliminary experiment. In the pre-
liminary experiment adenocarcinoma human alveolar basal epithelial cells (A549), human pancreatic tumor cell 
lines (AsPC-1, Capan-1 and Capan-2), human acinar epithelial carcinoma cell (HPAC) and pancreatic ductal 
adenocarcinoma cell (PDAC) were involved. We found that among the cancer cell lines A549 was the most sensi-
tive one to RGDV-gemcitabine (see Fig. 6). In this case A549 cells were used for in vitro assay.

We showed that 0.5 μM of RGDV-gemcitabine, but not 0.5 μM of gemcitabine, effectively inhibited the migra-
tion, invasion and adhesion of A549 cells in vitro28. We also showed that 0.5 μM of RGDV-gemcitabine, but 
not 0.5 μM of gemcitabine, effectively inhibited the wound healing of the monolayer of A549 cells in vitro. It is 
generally accepted that the migration, invasion, adhesion and monolayer wound healing of A549 cells depend on 
pseudopodia extension. Thus we suggested that if RGDV-gemcitabine inhibiting migration, invasion, adhesion 
and the monolayer wound healing of serum starvation A549 cells can be thought of as event stream, then the 
nano-particles of RGDV-gemcitabine adhering on the surfaces and blocking pseudopodia extension of serum 

Figure 4.  Effect of RGDV-gemcitabine on tumor lung metastasis, tumor weight and tumor volume of LLC 
sarcoma implanted C57BL/6 mice: (a) effect of RGDV-gemcitabine on the metastasis of the tumor towards 
the lungs of C57BL/6 mice, which is represented with the nodules number occurring on the lungs; (b) effect of 
RGDV-gemcitabine on the weight of the implanted tumor of C57BL/6 mice; (c) effect of RGDV-gemcitabine on 
the volume of the implanted tumor of C57BL/6 mice, which is illustrated with tumor growth curve; n = 12.
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Figure 5.  Levels of MMP-2, MMP-9, IL-8 and TNF-α in the serum of C57BL/6 mice orally treated by 8.4 μmol/
kg/3 days (four administrations totally) of RGDV-gemcitabine: (a) levels of MMP-2 in the serum of C57BL/6 
mice orally treated by RGDV-gemcitabine, which shows that the activity of RGDV-gemcitabine is more than 
10 times of that of gemcitabine; (b) levels of MMP-9 in the serum of C57BL/6 mice orally treated by RGDV-
gemcitabine, which shows that the activity of RGDV-gemcitabine is more than 10 times of that of gemcitabine; 
(c) levels of IL-8 in the serum of C57BL/6 mice orally treated by RGDV-gemcitabine, which shows that the 
activity of RGDV-gemcitabine is more than 10 times of that of gemcitabine; (d) levels of TNF-α in the serum 
of C57BL/6 mice orally treated by RGDV-gemcitabine, which shows that the activity of RGDV-gemcitabine is 
more than 10 times of that of gemcitabine; n = 12.

Figure 6.  IC50 of RGDV-gemcitabine against the proliferation of A549 and pancreatic tumor cells, which shows 
that A549 is the most sensitive one to RGDV-gemcitabine, n = 9.
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starvation A549 cells should be triggering events or source events. Since RGDV-gemcitabine did not change the 
morphology of the erythrocytes and leucocytes, the action of RGDV-gemcitabine on serum starvation A549 
cells reflected a selectivity of its nano-particles to serum starvation A549 cells.

As a result of this selective adhesion the in vivo advantages of RGDV-gemcitabine over gemcitabine was 
logically revealed. In vivo RGDV-gemcitabine, but not gemcitabine, dose dependently inhibited the metastasis 
of the implanted tumor towards the lung of C57BL/6 mice, slowed the increase of the weight and volume of 
implanted tumor of C57BL/6 mice.

It is generally accepted that MMP-2 and MMP-9 are involved in tumor metastasis. This profile led to the 
measurement of serum MMP-2 and MMP-9 of C57BL/6 mice. We showed that 8.4 μmol/kg/3 days of RGDV-
gemcitabine, but not 8.4 μmol/kg/3 days of gemcitabine, decreased the levels of MMP-2 and MMP-9 in the serum 
of C57BL/6 mice. Therefore the down regulation of serum MMP-2 and MMP-9 may be a possible action pathway 
of RGDV-gemcitabine inhibiting tumor metastasis.

It is generally accepted that IL-8 and TNF-ɑ are involved in tumor growth. This profile led to the measure-
ment of serum IL-8 and TNF-ɑ of C57BL/6 mice. We showed that 8.4 μmol/kg/3 days of RGDV-gemcitabine, but 
not 8.4 μmol/kg/3 days of gemcitabine, decreased the levels of IL-8 and TNF-ɑ in the serum of C57BL/6 mice. 
Therefore the down regulation of serum IL-8 and TNF-ɑ may be a possible action pathway of RGDV-gemcitabine 
inhibiting the growth of the implanted tumor.

conclusion
In conclusion, the accumulation of RGDV-gemcitabine and the lack of the extending pseudopodia on the sur-
face of the serum-starved A549 cells lead to dual actions of RGDV-gemcitabine inhibiting the metastasis of the 
implanted tumor towards the lung of the treated C57BL/6 mice and slowing the growth of the implanted tumor 
in the treated C57BL/6 mice. Lung cancer is one of the mostly diagnosed cancers, the dual action of RGDV-
gemcitabine inhibiting tumor metastasis and slowing tumor growth is of clinical importance.

Materials and methods
Reagents and instruments. For this work gemcitabine RGDV-gemcitabine was prepared by following 
the  literature27. A 99.5% purity of HPLC (high-performance liquid chromatography) of RGDV-gemcitabine was 
conducted on an Agilent Technologies 1200 Series HPLC system (Agilent Technologies, Santa Clara, CA, USA) 
by using Eclipse XDB C18 column (5 μm, 4.6 mm × 150 mm, 40 °C), and was eluted with aqueous methanol in 
a gradient consisting of 60% methanol (0–5 min), 70% methanol (5–10 min), 80% methanol (10–20 min) and 
90% methanol (20–30 min). A 0.8 mL/min flow rate was used.

Animals, cells and ethics. LLC and A549 cells were purchased from keyGEN BioTECH (Nanjing China). 
From the Laboratory Animal Center of Capital Medical University male C57BL/6 mice (22 ± 2 g) were pur-
chased. Ethics Committee of Capital Medical University assured that C57BL/6 mouse welfare filled the require-
ments of the Animal Welfare Act and NIH Guide for Care and Use of Laboratory Animals. All in vitro assay 
on A549 cells and in vivo assay on C57BL/6 mice were based on the protocols reviewed and approved by the 
committee. Statistical analyses of all data were carried out by use of one-way ANOVA (analysis of variance). All 
analyses were done with SPSS 19.0 program and P value < 0.05 was considered statistically significant.

A549 cell monolayer assay. The effect of RGDV-gemcitabine on A549 cell monolayer was assayed with 
wound healing  model29. In brief, in a six-well plate A549 cells were at 37 °C and in 5%  CO2 grown for 24 h to 
reach a confluence of 80–90%. Then the cells were seeded into a 6-well tissue culture plate and in the presence 
of 0.1% DMSO (dimethyl sulfoxide) or gemcitabine (0.5 μM) or RGDV-gemcitabine (0.5 μM) were incubated 
for 0 h, 12 h, 24 h and 48 h to form a cell monolayer. At the time points of 0 h, 12 h, 24 h and 48 h incubations 
the scratch across cell monolayer were made by using a sterile 10 μL pipette tip, and the wound gap was photo-
graphed to get scratch width and calculate the relative ration of width reduction.

cell migration assay. The effect of RGDV-gemcitabine on cancer cell migration was evaluated with cancer 
cell migration  assay30. In brief, 100  μL of RPMI-1640 medium containing A549 cells (4 × 105 cells/mL) were 
added into the top chamber, while 600 μL of RPMI-1640 medium supplemented with 10% FBS were placed in 
the bottom chamber. At 37 °C the wells in the top chamber were treated with DMSO (0.1%, blank control) or 
gemcitabine (0.5 μM, positive control) or RGDV-gemcitabine (0.5 μM) for 8 h. The remained matrigel and cells 
in the top chamber were removed by cotton swabs. Then A549 cells on the bottom surface of the membrane were 
fixed with paraformaldehyde for 30 min and stained with 0.5% crystal violet for 15 min. The migrated cells on 
the membrane were washed with ultrapure water and photographed under an optical microscope. The cells were 
counted in at least 9 random microscopic fields. Each assay was repeated for three times.

Cell invasion assay. This assay was done by using a chamber system based procedure of the  literature31. 
In brief, at 37  °C matrigel matrix (BD Biosciences) was placed into the transwell filter (100 μL/well, 8.0 μm 
PET, Millipore) and allowed to complete 1-h-gelation. Into the wells of the top chamber 150 μL of RPMI-1640 
medium containing A549 cells (4 × 105 cells /mL) were added, and into the bottom chamber 600 μL of RPMI-
1640 medium supplemented with 10% FBS were added. At 37 °C the wells in the top chamber were treated with 
DMSO (0.1%, blank control) or gemcitabine (0.5 μM, positive control) or RGDV-gemcitabine (0.5 μM) for 12 h. 
The remained matrigel and cells in the top chamber were removed by cotton swabs, while A549 cells on the bot-
tom surface of the membrane were fixed with paraformaldehyde for 30 min and stained with 0.5% crystal violet 
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for 15 min. The invading cells on the membrane were washed with ultrapure water and photographed under 
an optical microscope. The cells were counted in at least 9 random microscopic fields. Each assay was repeated 
three times.

cell adhesion assay. This assay was performed by using FN (fibronectin) (10 μg/mL) coated 96-well plate 
and by use the procedure of  literature32. In brief, the suspension of A549 cells in RPMI-1640 medium supple-
mented with 10% FBS (100 μL, 5 × 104 cells/mL) was added into FN coated 96-well plate, and into each well 25 μL 
of PBS or a solution of gemcitabine in PBS (0.5 μM, 25 μL, positive control) or a solution of RGDV-gemcitabine 
in PBS (0.5 μM, 25 μL) were added to incubate for 1 h. Finally the non-adherent cells were washed by PBS, the 
value of OD (optical density) of the well was tested with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide) method and the adhesive ratio of A549 cells was calculated.

In vivo LLC sarcoma metastasis assay. This assay was carried out with 8-week-old male C57BL/6 mice 
by using a procedure of the  literature33,34. In brief, 2 × 107 viable LLC cells were suspended in 0.2 mL of NS, this 
suspension was injected into the skin of the right armpit of C57BL/6 mice to form subcutaneous solid tumors. 
Nine days after injection the tumor volume reached ~ 50  mm3 and the mice were randomly divided to NS group 
(oral dose: 10 mL/kg/3 days, totally 4 administrations) and RGDV-gemcitabine group (oral dose: 8.4, 0.84, and 
0.084 μmol/kg/3 days, four administrations totally), during which the tumor volume was measured with a cali-
per every 3 days. Forty eight hours after the last administration, all C57BL/6 mice were weighed. After ether 
anesthesia the mice were sampled blood, killed and immediately dissected to obtain the tumor tissues and lungs. 
The tumor tissue was weighed to represent the anti-tumor activity. The lung was used to count the metastasis 
nodule.

Serum MMP-2, MMP-9, IL-8 and TNF-α assays. Serum MMP-2, MMP-9, IL-8 and TNF-α of the 
C57BL/6 mice orally treated with RGDV-gemcitabine (8.4 μmol/kg/3 days, four administrations totally) were 
measured by following the guidance of mouse total MMP-2 ELISA kit (R&D Systems, Inc., USA), mouse total 
MMP-9 ELISA kit (R&D Systems, Inc., USA), mouse IL-8 ELISA kit (Xitang Biotechnology Co., Shanghai, Peo-
ple’s Republic of China) and mouse TNF-α ELISA kit (Xitang Biotechnology Co., Shanghai, People’s Republic of 
China) respectively.
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