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the selectivity of chemotherapy and 
reducing the side effects, thus having 
received growing attention.[2] The tumor 
selectivity of TAEAP could be controlled 
via the structure design of the prodrugs 
and the type selection of tumor-associated 
enzymes.[3] Several typical tumor-associ-
ated enzymes, such as cathepsin proteases, 
prostate-specific antigen, and matrix met-
alloproteinases (MMPs), have been pro-
posed in previous work and proved to be 
successful in triggering the release of the  
active compound from TAEAP within 
tumors.[4] However, one major limitation 
that could interfere the effectiveness of 
TAEAPs is the paucity of enzymes which 
is essential for the prodrug activation 
within a tumor.[5]

Leverage of the tumor response to cancer 
therapy is an effective attempt in improving 

the level of enzymes in tumor sites.[6] There has been report that 
the chemotherapy of gemcitabine or 5-fluorouracil could increase 
the levels of cathepsin protease in myeloid-derived suppressor 
cells.[7] And, radiotherapy has also been confirmed to be effi-
cient in increasing the expression of MMPs in treated tumors.[8] 
However, traditional chemotherapy lacks selectivity and could 
not selectively increase the level of enzymes within tumors, while 
the radiotherapy is usually adopted as a localized therapy and  
unsuitable for treating disseminated or metastasized tumors.[9]

Vascular disrupting agents (VDAs) could selectively modu-
late tumor microenvironment by preferentially disrupting 
immature tumor blood vessels.[10] As a representative low-
molecular-weight VDA, combretastatin A4 phosphate (CA4P) 
could elicit extensive tumor necrosis, while leaving the normal 
tissues relatively intact.[11] Recently, we developed a combret-
astatin A4 nanodrug (CA4-NPs) that exhibited higher selectivity 
to tumor blood vessels than CA4P.[12] In this work, we demon-
strated that treatment with CA4-NPs could selectively enhance 
the expression of MMP9 in the tumor tissues. Because MMP9 
could activate the enzyme-activated prodrug of doxorubicin, 
CA4-NPs could serve as a mediator and cooperator to realize 
the selective drug release of the MMP9-activated doxorubicin 
prodrug (Figure 1). In this work, we reported that this coopera-
tive delivery system could efficiently amplify the drug release 
of MMP9-activated doxorubicin prodrug in tumors by 3.7-fold 
compared with that of noncooperative controls, enhancing the 
inhibition efficiency of tumor growth in a preclinical treatment 
with subcutaneous and orthotopic tumor models in mice.

Tumor-associated enzyme-activated prodrugs can potentially improve the 
selectivity of chemotherapeutics. However, the paucity of tumor-associated 
enzymes which are essential for prodrug activation usually limits the 
antitumor potency. A cooperative strategy that utilizes combretastatin 
A4 nanodrug (CA4-NPs) and matrix metalloproteinase 9 (MMP9)-activated 
doxorubicin prodrug (MMP9-DOX-NPs) is developed. CA4 is a typical 
vascular disrupting agent that can selectively disrupt immature tumor 
blood vessels and exacerbate the tumor hypoxia state. After treatment with 
CA4-NPs, MMP9 expression can be significantly enhanced by 5.6-fold in 
treated tumors, which further boosts tumor-selective active drug release of 
MMP9-DOX-NPs by 3.7-fold in an orthotopic 4T1 mammary adenocarcinoma 
mouse model. The sequential delivery of CA4-NPs and MMP9-DOX-NPs 
exhibits enhanced antitumor efficacy with reduced systemic toxicity 
compared with the noncooperative controls.

Tumor-associated enzyme–activated prodrug (TAEAP) is a class 
of chemotherapeutics that can be specifically activated within 
treated tumors where the enzyme is overexpressed and releases 
its potent naive drug.[1] This strategy is capable of improving 
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The MMP9-activated doxorubicin prodrug (Fmoc-GPLGL-
DOX, MMP9-DOX) was synthesized by conjugation of doxo-
rubicin to Fmoc-GPLGL (Figure  2A). MMP9-DOX was then 

encapsulated in methoxy poly(ethylene glycol)-b-poly(l-glu-
tamic acid-co-l-phenylalanine) nanoparticles to yield MMP9-
DOX-NPs. Detailed information about the preparation and 

Adv. Mater. 2019, 31, 1904278

Figure 1.  Illustration of cooperative cancer treatment by combining combretastatin A4 nanodrug plus MMP9-activated doxorubicin prodrug nano-
medicine. CA4-NPs disrupt tumor vasculature and selectively enhance the expression of MMP9 in the treated tumor, boosting tumor-selective active 
drug release of MMP9-DOX-NPs.

Figure 2.  Preparation and characterization of MMP9-DOX-NPs. A) Synthesis of Fmoc-GPLGL-DOX (MMP9-DOX). B) Fmoc-GPLG fragment cleaved 
by MMP9 from MMP9-DOX, as determined by UPLC-MS. C) The Leu-DOX fragment cleaved by MMP9 from MMP9-DOX, as determined by UPLC-
MS. D) Leu-DOX released from MMP9-DOX with or without MMP9 enzyme in vitro (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001. Amount of Leu-DOX 
and DOX generated from MMP9-DOX-NPs in culture with E) 4T1 and F) 3T3 cells (n = 3). Values represent the fraction of all doxorubicin-containing 
compounds detected. The results are presented as mean ± standard deviation (SD).
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characterization of MMP9-DOX and MMP9-DOX-NPs was 
described in Figures S1 and S2 (Supporting Information).

To evaluate the MMP9 sensitivity of MMP9-DOX, the enzy-
matic cleavage of MMP9-DOX was investigated. As shown in 
Figure 2B,C, the main fragments cleaved by MMP9 were Fmoc-
GPLG ([M + Na]+ = 587.4) and Leu-DOX ([M − 2H + Na]− = 677.6, 
[M + 2H2O − 2H + Na]− = 713.7, and [M − H + Na + NO3]− = 740.6)  
identified by ultra performance liquid chromatography–mass 
spectrometry (UPLC-MS) (Figure S3, Supporting Information). 
This indicated that the main cleavage site was between the Gly 
and Leu amino acid residues in the Fmoc-GPLGL-DOX. And, 
Leu-DOX could be released from MMP9-DOX in the presence 
of MMP9. The triggered drug release profile from MMP9-DOX 
was shown in Figure  2D. The amounts of released Leu-DOX 
in the presence of MMP9 were 1.7-fold, 4.4-fold, 3.4-fold, and 
5.5-fold compared with that in the absence of MMP9 at 12,  
24, 48, and 72 h, respectively. These data further confirmed that 
the prodrug of MMP9-DOX was sensitive to MMP9.

The MMP9 sensitivity of MMP9-DOX and MMP9-DOX-NPs 
was also investigated by evaluation of their intracellular metabo-
lism. Relative protein content and messenger ribonucleic acid 
(mRNA) expression of MMP9 were determined in 12 cell lines. 
As evaluated by gelatin zymography and reverse transcriptase-
polymerase chain reaction assays (Figure S4, Supporting Infor-
mation), the 4T1 cell line expressed high level of MMP9, while 
the 3T3 cell line expressed low level of MMP9. The level of Leu-
DOX cleaved from MMP9-DOX and MMP9-DOX-NPs in 4T1 
cells was higher than that in 3T3 cells (Figure 2E,F and Figure S5  
(Supporting Information)). The molar ratios of [Leu-DOX]/
[MMP9-DOX] in the MMP9-DOX@4T1 group were 3.6, 16.1, 
and 46.7 at 6, 24, and 48 h, respectively. The molar ratios of  
[Leu-DOX]/[MMP9-DOX] in the MMP9-DOX-NPs@4T1 group 
were 4.3, 18.6, and 30.2 at 6, 24, and 48 h, respectively. By contrast,  
the molar ratios of [Leu-DOX]/[MMP9-DOX] in the MMP9-
DOX@3T3 group were significantly decreased to 1.6, 3.1, and 
7.2 at 6, 24, and 48 h, respectively, and 2.1, 5.4, and 8.2 in the 
MMP9-DOX-NPs@3T3 group at 6, 24, and 48 h, respectively 
(Table S1, Supporting Information). These results indicated that 
MMP9-DOX and MMP9-DOX-NPs could be cleaved to Leu-DOX 
more efficiently in cells with high MMP9 level than those with low 
MMP9 level. Meanwhile, considering that aminopeptidases are 
widely distributed throughout animal cells, Leu-DOX would grad-
ually convert into free DOX and prohibit the proliferation of cancer 
cells.[13] In fact, all formulations, including free DOX, MMP9-
DOX, and MMP9-DOX-NPs, showed time- and concentration-
dependent suppression of 4T1 tumor cell proliferation (Figure S6,  
Supporting Information). Free DOX showed the strongest anti-
tumor efficiency with the lowest half maximal inhibitory con-
centration (IC50) values compared with other two groups, while 
MMP9-DOX-NPs were the least potent in tumor inhibition in vitro 
(IC50(free DOX) < IC50(MMP9-DOX) < IC50(MMP9-DOX-NPs) 
(Table S2, Supporting Information). This could be attributed to the 
reason that MMP9-DOX was a prodrug of free DOX, and MMP9-
DOX-NPs was a sustained-release formulation of MMP9-DOX.

The MMP9 signal amplification induced by CA4-NPs was 
then investigated in BALB/c mice bearing 4T1 mammary 
carcinoma. The CA4-NPs were prepared by the Yamaguchi 
reaction of CA4 with poly(l-glutamic acid)-graft-methoxy 
poly(ethylene glycol) (Figure S7, Supporting Information). 

Immunofluorescence staining assay indicated that CA4-NPs 
treatment significantly increased the expression of MMP9 
in tumor tissues (Figure  3A). The relative protein expression 
of MMP9 in the CA4-NPs group was 5.6-fold of that in the 
phosphate-buffered saline (PBS) group 48 h after intravenous 
injection (Figure 3B). The level of MMP9 in the tumor tissues 
was also measured by Western blot analysis (Figure 3C,D) and 
gelatin zymography (Figure S8, Supporting Information). A 
significant increase in MMP9 expression was observed in the 
CA4-NPs group compared with the PBS group. Furthermore, 
we compared the level of MMP9 in normal organs of CA4-NPs 
and PBS groups. The normal organs (heart, liver, spleen, lung, 
and kidney) of the CA4-NPs group exhibited similar level of 
MMP9 as that of PBS group at 48 h postinjection (Figure  3E 
and Figure S9 (Supporting Information)). These results  
provided evidence that the MMP9 signal amplification induced 
by CA4-NPs selectively occurred inside the tumors rather than 
other normal organs.

We further analyzed the factors contributing to MMP9 signal 
amplification in the tumors treated with CA4-NPs. Considering 
that CA4-NPs treatment could lead to severe hypoxic micro-
environment in solid tumors,[14] and the expression of MMP9 
in tumors could be regulated by hypoxia.[15] We investigated 
vascular density and hypoxia state in tumor tissues after CA4-
NPs treatment. Immunofluorescence imaging assay of CD31 
revealed that the blood vessel density of CA4-NPs group was  
lower than that in PBS group (Figure S10A, Supporting Informa-
tion). Additionally, the expression of HIF-1α of CA4-NPs group 
was higher than that in PBS group (Figure S10B, Supporting 
Information). These indicated that CA4-NPs could disrupt 
tumor vessels and induce severe hypoxia in tumor tissues. We 
further compared the level of MMP9 in 4T1 tumor cells under 
normoxic (20% oxygen) and simulated hypoxic (1% oxygen) 
conditions. Both Western blot analysis and gelatin zymography 
assays revealed that the expression of MMP9 increased signifi-
cantly under hypoxic condition whether in the PBS group or in 
the CA4-NPs group. The expression of MMP9 under hypoxic 
condition was 1.3-fold–1.5-fold of that under normoxic condition 
(Figure  3F,G and Figure S11 (Supporting Information)). These 
results revealed that CA4-NPs-induced hypoxia was the key factor 
for MMP9 signal amplification in tumors.

To investigate the influence of treatment with CA4-NPs 
on the active drug release of MMP9-DOX-NPs in vivo, the 
tissue distribution of free DOX was studied in orthotopic 4T1 
tumor-bearing mice because of Leu-DOX could be cleaved to 
free DOX by widespread aminopeptidases.[16] Female BALB/c 
mice bearing tumors (≈150 mm3) were randomly divided 
into two groups: MMP9-DOX-NPs (5 mg kg−1 on DOX basis) 
and CA4-NPs (30 mg kg−1 on CA4 basis) + MMP9-DOX-NPs  
(5 mg kg−1 on DOX basis). At 48 h postinjection, the tumor and 
normal organs were separated for quantification of free DOX. 
Free DOX concentration in the 4T1 tumors was significantly 
higher (2.7-fold, p < 0.001) in the CA4-NPs (30 mg kg−1 on CA4 
basis) + MMP9-DOX-NPs (5 mg kg−1 on DOX basis) group 
compared with the MMP9-DOX-NPs (5 mg kg−1 on DOX basis) 
group (Figure  4A), while no significant difference between 
the two groups was observed in normal organs, such as the 
heart, liver, spleen, lung, and kidney (Figure 4B). These results 
demonstrated that leveraging the vascular-disrupting effect of 
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Figure 4.  Free doxorubicin distribution in tissues and in vivo tumor inhibition following treatment with a combination of CA4-NPs and MMP9-DOX-
NPs. A) Free doxorubicin distribution in tumor tissues (n = 6 mice per group). B) Free doxorubicin distribution in normal organ tissues. C) Tumor 
volume change in orthotopic 4T1 tumor model during treatment (n = 5 mice per group). D) Tumor inhibition rate in 4T1 tumor model. E) Change 
in body weight in 4T1 tumor model. F) Tumor volume change in subcutaneous C26 tumor model during treatment (n = 6 mice per group). Doses of 
DOX and CA4 basis were 5 and 30 mg kg−1, respectively. Data represent means ± SD, statistical analysis by one-way analysis of variance (ANOVA) and 
Tukey’s test: *p < 0.05; **p < 0.01; ***p < 0.001. The results are presented as mean ± standard deviation.

Figure 3.  CA4-NPs-induced MMP9 signal amplification. The level of MMP9 at 48 h in 4T1 tumors (≈150 mm3) treated with PBS or CA4-NPs  
(30 mg kg−1 on CA4 basis). A) Immunofluorescence staining assay for MMP9 of 4T1 tumor tissues, the scale bar represents 50 µm. B) Quantitative 
analysis of the expression of MMP9 in tumor tissues measured by immunofluorescence staining assay (n = 3). C) MMP9 level in the tumor tissues 
as demonstrated by Western blot analysis. D) The quantification analysis of the expression of MMP9 in tumor tissues measured by Western blot  
(n = 3). E) Quantitative analysis of MMP9 level in normal organ tissues of the two groups (n = 3). In (B), (D), (E), MMP9 level in the tumor tissues 
of PBS group represent the reference value. F) MMP9 level in 4T1 cells cultured in different conditions for 48 h. G) The quantification analysis of the 
expression of MMP9 in 4T1 cells measured by Western blot (n = 3). MMP9 level was calculated relative to the reference value, which was represented 
by MMP9 level in the PBS group in normal oxygen condition. CA4-NPs dose: 5 ng mL−1 on CA4 basis. *p < 0.05, **p < 0.01, ***p < 0.001. The results 
are presented as mean ± standard deviation.
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CA4-NPs could significantly enhance tumor selective release 
of MMP9-activated doxorubicin prodrug nanomedicine, con-
sistent with previous findings that CA4-NPs treatment–induced 
MMP9 signal amplification occurred selectively inside tumors.

Tumor-selective MMP9 signal amplification through treat-
ment with CA4-NPs provided a rationale for studying the thera-
peutic efficacy of the combination of CA4-NPs plus MMP9-DOX-
NPs in an orthotopic 4T1 mammary adenocarcinoma model. 
The more MMP9-DOX-NPs targetingly released in tumor tis-
sues, the more Leu-DOX released from MMP9-DOX by MMP9 
and more DOX released in tumor tissues by aminopeptidases 
for tumor cells inhibition. Female BALB/c mice bearing tumors 
(≈150 mm3) were randomly divided into four groups: PBS, CA4-
NPs (30 mg kg−1 on CA4 basis), MMP9-DOX-NPs (5 mg kg−1 on 
DOX basis), and CA4-NPs (30 mg kg−1 on CA4 basis) + MMP9-
DOX-NPs (5 mg kg−1 on DOX basis). The treatment regimen 
was shown in Figure S12 (Supporting Information). Tumor 
volume and body weight of the mice were monitored for 13 
days. Monotherapies with either CA4-NPs or MMP9-DOX-NPs 
demonstrated a moderate effect of inhibition of tumor growth. 
Mean tumor volumes were 452.5 ± 37.4 and 378.1 ± 48.3 mm3, 
and tumor inhibition rates were 36.8% and 49.5% for the  
CA4-NPs and MMP9-DOX-NPs monotherapy groups, respec-
tively. Consistent with the proposed scenario, combination 
therapy with CA4-NPs and MMP9-DOX-NPs suppressed tumor 
growth more strongly compared with either monotherapy. 
Mean tumor size in the CA4-NPs + MMP9-DOX-NPs group at 
the end point was 193.7 ± 32.2 mm3 with a tumor inhibition 
rate of 88.2%, a 1.8-fold increase compared to the MMP9-DOX-
NPs group (Figure 4C,D and Figure S13 (Supporting Informa-
tion)). The antitumor efficiency was also evaluated by Q value 
method.[17] The Q value was 1.29 for the CA4-NPs + MMP9-
DOX-NPs group, indicating a synergistic interaction of the 
system. Systemic toxicity was evaluated by assessment of body 
weight in the treated mice (Figure  4E). Compared with the 
PBS group, no significant body weight loss was observed in 
the MMP9-DOX-NPs group. In the CA4-NPs and CA4-NPs +  
MMP9-DOX-NPs groups, body weight decreased during the 
early time points (≈9%) but gradually recovered after 7 days.  
These results revealed that combination treatment with  
CA4-NPs + MMP9-DOX-NPs exhibited significantly enhanced 
antitumor efficacy with minimal systemic toxicity compared 
with noncooperative controls.

To further evaluate the therapeutic effects and systemic toxicity 
of the treatment, excised tumors and normal organs were stained 
with hematoxylin and eosin (H&E). As shown in Figure S14  
(Supporting Information), a larger number of dead cells was 
observed in the CA4-NPs + MMP9-DOX-NPs group com-
pared with the other groups, where cells were characterized by 
hypereosinophilic cytoplasm with small, fragmented nuclei. 
CA4-NPs or MMP9-DOX-NPs monotherapy displayed a sim-
ilar antitumor effect, although weaker than the combination  
therapy. No unusual pathological abnormalities were observed 
in the H&E-stained normal organs, in any group. These results 
revealed that the sequential treatment with CA4-NPs and 
MMP9-DOX-NPs strongly inhibited tumor growth without sig-
nificant cytotoxicity to normal organs. Hematological analyses 
were performed to study the biocompatibility and hematolog-
ical toxicity of the cooperative group on healthy Kunming mice 

and 4T1-bearing Balb/c mice (tumor volume ≈ 150 mm3) after 
48 h intravenous injection of different formulations. As shown 
in Figures S15 and S16 (Supporting Information), there were 
no significant difference in all nine hematological parameters 
between the cooperative group and PBS group/normal group. 
All these results indicated the high therapeutic effects with lim-
ited systemic toxicity of the cooperative group.

In addition to evaluation using an orthotopic 4T1 mam-
mary adenocarcinoma model, we also evaluated the coopera-
tive strategy on subcutaneous C26 colon tumor-bearing BALB/c 
mice, where similar results were obtained. The treatment 
regimen was same as shown in Figure S12 (Supporting Infor-
mation). Tumor growth was significantly inhibited in the CA4-
NPs + MMP9-DOX-NPs group compared with the other groups  
(P < 0.001) with Q value of 1.15 (Figure 4F). While, there was 
no significant difference in animal body weight among the 
CA4-NPs, MMP9-DOX-NPs or CA4-NPs + MMP9-DOX-NPs 
groups (Figure S17, Supporting Information). Collectively, 
these results suggested that the cooperative strategy of CA4-
NPs + MMP9-DOX-NPs had potential for the treatment of var-
ious types of cancer.

In summary, we developed a cooperative strategy lever-
aging sequential delivery of CA4-NPs and MMP9-DOX-NPs 
to enhance tumor-selective drug release in cancer therapy. We 
demonstrated that CA4-NPs-induced MMP9 signal amplifica-
tion boosted tumor-selective drug release of MMP9-DOX-NPs 
by 3.7-fold (p < 0.001). The combination of CA4-NPs + MMP9-
DOX-NPs exhibited superior anticancer efficacy compared with 
monotherapy, highlighting the importance of tumor-selective 
MMP9 signal amplification of the MMP9-activated prodrug 
therapy. This cooperative strategy could be leveraged for devel-
opment of next generation tumor-associated enzyme–activated 
prodrug systems with reduced toxicity. Future work will focus 
on the in-depth characterization of the combination of CA4-
NPs + MMP9-DOX-NPs, including pharmacokinetics and host 
immunoresponse. Combination with immunotherapy will 
also be considered to further improve anticancer efficacy.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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