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Abstract 

Nanocarrier-based anti-tumor drugs hold great promise for reducing side effects and improving 
tumor-site drug retention in the treatment of solid tumors. However, therapeutic outcomes are 
still limited, primarily due to a lack of drug penetration within most tumor tissues. Herein, we 
propose a strategy using a nanocarrier-based combination of vascular disrupting agents (VDAs) 
and cytotoxic drugs for solid tumor therapy. Specifically, combretastatin A-4 (CA4) serves as a 
“cannon” by eradicating tumor cells at a distance from blood vessels; concomitantly, doxorubicin 
(DOX) serves as a “pawn” by killing tumor cells in close proximity to blood vessels. This “cannon 
and pawn” combination strategy acts without a need to penetrate every tumor cell and is expected 
to eliminate all tumor cells in a solid tumor. In a murine C26 colon tumor model, this strategy 
proved effective in eradicating greater than 94% of tumor cells and efficiently inhibited tumor 
growth with a weekly injection. In large solid tumor models (C26 and 4T1 tumors with volumes of 
approximately 250 mm3), this strategy also proved effective for inhibiting tumor growth. These 
results showing remarkable inhibition of tumor growth provide a valuable therapeutic choice for 
solid tumor therapy. 
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Introduction 
Cytotoxic drugs are the bedrock of 

chemotherapy. However, dose-related side effects 
limit their use. Nanocarriers have repeatedly been 
used to successfully improve the body’s tolerance to 
cytotoxic drugs-allowing for the use of increased 
dosages [1-4] and retention of the drug within tumor 
sites by virtue of the “enhanced permeability and 
retention” (EPR) effect [5-7]. However, 
nanocarrier-delivered chemotherapeutics are still 
limited by less than 100% kill efficiency within 
tumors.  

One key point behind the poor performance of 
nanocarrier delivery systems lies in that the delivered 
cytotoxic drugs require “contact” with tumor cells in 
order to be effective chemotherapeutics. After 

delivery to the tumor site, cytotoxic drugs must also 
be internalized by tumor cells, interact with DNA or 
other cellular organelles, and induce apoptosis [8-10]. 
Therefore, delivery of drugs to tumor cells is the 
initial step in effective tumor therapies. However, 
hindered by intra-tumor diffusion, 
nanocarrier-loaded drugs are not delivered to all 
tumor cells even when a sufficient concentration has 
been maintained in the tumor site [11-14]. It’s 
commonly observed that nanocarrier-loaded drugs 
are primarily distributed around tumor vessels, 
leaving large untreated areas at a distance from the 
vessels [15-17]. As a result, untreated tumor cells 
continue to grow, resulting in control rather than 
eradication of the tumor.  
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Vascular disrupting agents (VDAs) are tumor 
vascular targeting drugs that kill tumor cells without 
the need for “contact”. Studies have shown that VDAs 
selectively act on endothelial cells in immature or 
abnormal vessels that lack a full complement of 
smooth muscle cells or pericyte support and are 
abundant in tumor tissues [18-20]. The action of VDAs 
on endothelial cells induces endothelial cell 
dysfunction, partial vessel occlusion, and diminished 
blood flow. These effects result in oxygen and nutrient 
deprivation of tumor cells at a distance from the 
vessels and widespread tumor cell necrosis far from 
the endothelium [21-24]. For tumor cells in proximity 
to vessels or at the tumor rim, the decrease in blood 
flow may not be fatal because oxygen and nutrients 
can be supplied by diffusion from the surrounding 
normal tissues; therefore, these cells typically survive 
and continue to grow [25, 26]. As a consequence, 
VDAs serve as efficient non-contacting agents for 
solid tumor therapy that commonly induce strong 
necrosis, particularly in regions far from vessels.  

It has become recognized that the combination of 
VDAs and nanocarrier-loaded cytotoxic drugs shows 
promise for solid tumor therapy. Previously, we 
reported eradication of tumor cells in both the 
peripheral and central regions of a solid tumor by 
coadministration of combretastatin A4 phosphate 
(CA4P) and cisplatin-loaded nanoparticles [27]. 
However, the endothelial cell dysfunction induced by 
CA4P is reversible upon drug removal and a single 

administration of CA4P lasts for only a very short 
period of time due to its rapid clearance from the 
plasma and tissues; therefore, repeated injections are 
necessary for substantial inhibition of tumor growth 
[28-30].  

Here, we propose a nanocarrier-based 
combination of VDAs and cytotoxic drugs. The 
benefits of using nanocarriers as a delivery system for 
this drug combination are due to selective drug 
delivery to tumor tissues and reduced side effects to 
normal organs. Furthermore, the drugs remain within 
the tumor environment at a high concentration and 
for a long period of time due to the retention effect 
and constant release. Previously, S. Sengupta and Y. 
Wang used a nanocell and micelle system to deliver a 
CA4 and DOX drug combination, improving tumor 
therapeutic outcomes by targeting both tumor 
vasculature and tumor cells [31, 32]. In this paper, we 
emphasize the synergism of the VDA and DOX 
cytotoxic drug combination strategy for solid tumor 
therapy. We suggest that this strategy can be 
described as a combination of “cannon” and “pawn”, 
with the VDA acting as a “cannon” by killing tumor 
cells at a distance from blood vessels, while the 
cytotoxic drug acts as a “pawn” by killing the residual 
tumor cells in close proximity to the blood vessels. 
This combination has the potential to completely 
eradicate tumors.  

We prepared the nanocarrier-based drug 
combination (PLG-CA4/DOX) by grafting CA4 onto 

the methoxy poly(ethylene 
glycol)-block-poly(L-glutamic 

acid) (mPEG-PLG) copolymer 
and then loading DOX inside 
using a nanoprecipitation 
method. The PLG-CA4/DOX 
was administered through tail 
vein injections and the two 
loaded drugs were delivered to 
tumor tissues and distributed 
around the blood vessels. 
Release of CA4 from 
PLG-CA4/DOX results in 
diminished blood flow and large 
areas of tumor cell necrosis far 
from the vasculature; release of 
DOX directly kills the residual 
tumor cells near the vessels 
(Scheme 1). We determined the 
therapeutic efficacy of injected 
PLG-CA4/DOX for the 
treatment of solid tumors in in 
vivo solid tumor models.  

 
Scheme 1. Mechanism of the “cannon” and “pawn” combination strategy for solid tumor therapy. After tail vein 
injection, nanocarriers loaded with CA4 and DOX (PLG-CA4/DOX) arrive around the tumor vessels. DOX is released 
and acts directly on tumor cells in proximity to the vessels, whereas CA4 causes endothelial cell dysfunction, diminished 
blood flow, oxygen and nutrient deprivation and widespread tumor cell necrosis at a distance from the vessels. 
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Figure 1. Preparation of PLG-CA4/DOX: (A) mPEG-PLG-g-CA4 was synthesized by conjugation of CA4 onto mPEG-PLG. (B) DOX was loaded into mPEG-PLG-g-CA4 by 
nanoprecipitation. 

 

Results 
Preparation of PLG-CA4/DOX 

Poly(L-glutamic acid) (PLG)-based polymeric- 
drug conjugates have consistently been used during 
drug development. PLG is biocompatible, 
biodegradable, and easily modified [33-35]. As such, 
PLG is grafted to various small molecule drugs such 
as paclitaxel (PTX) and camptothecin (CPT) to 
improve their longevity and bioavailability [36-38]. 
Herein, CA4 was conjugated to mPEG-PLG using a 
one-step esterification reaction catalyzed by 
dicyclohexylcarbodiimide (DIC) and 4-dimethyla-
minopyridine (DMAP) (Fig. 1A). We used 1H NMR 
and FT-IR to confirm the chemical structure of the 
resulting mPEG-PLG-g-CA4 (Fig. S1). Resonance 
peaks at 6.57 (k), 6.44 (j), 6.29 (i), 3.62 (h), 4.02 (g), and 
2.29 (e) ppm were attributed to the presence of CA4. 
An average of 10 CA4 molecules was grafted to the 
mPEG-PLG copolymer based on calculations of i, j, k, 
and b intensity ratios (3.57 ppm). Stretching vibration 
peaks in FT-IR spectra at 1500 and 1600 cm-1 were 
attributed to the benzene ring of CA4. Gel permeation 
chromatography (GPC) results using 
dimethylformamide as a solvent confirmed that both 
polymers are unimodal (Fig. S2). The number average 
molecular weight (Mn) of mPEG-PLG was 7.4 × 103 
Da, with a polydispersity index (PDI) of 1.2; Mn of 
mPEG-PLG-g-CA4 was 9.5 × 103 Da, with a PDI of 1.4.  

Due to the presence of hydrophobic CA4, 
mPEG-PLG-g-CA4 formed nano-sized micelles in pH 
7.4 phosphate buffered saline, with a hydrodynamic 
radius (Rh) of 26.5 ± 6.3 nm and zeta potential of -13.3 
± 1.3 mV. DOX was enwrapped inside micelles that 
formed through self-assembly in water (Fig. 1B). The 
formed PLG-CA4/DOX had a slightly larger Rh (32.4 

± 5.1 nm) and higher zeta potential (-10.3 ± 1.9 mV). 
The uniform spherical structures were confirmed by 
transmission electron microscopy (TEM) as shown in 
Fig. S3. The static micelle size under dried conditions 
was 28.8 ± 5.1 nm for mPEG-PLG-g-CA4 and 32.5 ± 4.3 
nm for PLG-CA4/DOX. The critical micelle 
concentration (CMC) was 0.016 mg/mL for 
mPEG-PLG-g-CA4 micelles and 0.012 mg/mL for 
PLG-CA4/DOX micelles, as determined by the 
pyrene probe method (Fig. S4). The CMC values 
reported here are comparable to related poly(amino 
acid) polymeric micelle CMC values reported in the 
literature [39, 40]. The loaded DOX was stabilized 
inside the micelles by hydrophobic accumulation and 
electronic interactions between the amine in DOX and 
the carboxylate in PLG. These dual interactions have 
been shown to ensure both high drug loading efficacy 
and high drug loading stability [41]. The final 
PLG-CA4/DOX micelles had a drug loading content 
(DLC%) of 25.1% for CA4 and 2.5% for DOX, as 
confirmed by UV-Vis spectrometry (Fig. S5). 

In vitro release and cytotoxicity tests 
In vitro release of DOX and CA4 from 

PLG-CA4/DOX was tested at a pH of 7.4 and 5.5 in 
phosphate buffered saline (Fig. S6). DOX release was 
obviously pH-dependent, with a much faster release 
rate at pH 5.5 than pH 7.4. CA4 was gradually 
released from the conjugates, while the ester 
hydrolysis rate was slightly faster at neutral 
compared to acidic conditions. Unlike many other 
drug conjugates linked via ester bonds, the phenolic 
ester breaks relatively efficiently. This understanding 
of the release rate is essential for polymer-drug 
conjugates to act in vivo [42, 43]. We also measured the 
time-dependent size changes of the PLG-CA4/DOX 
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micelles in pH 7.4 and 5.5 phosphate buffered saline 
(Fig. S7). Consistent with the release results, the 
average Rh increased over time, suggesting that the 
structure loosened as the hydrophobic components 
were released.  

An in vitro tumor cell inhibition test was 
conducted in murine colon carcinoma C26 cells by 
MTT assay. As show in Fig. 2, DOX strongly inhibited 
C26 cell growth, with an IC50 value of 0.44 μg/mL at 
48 h. However, CA4 did not dramatically inhibit C26 
cell growth, with an IC50 value of 11.8 μg/mL. For 
mPEG-PLG-g-CA4, the IC50 value was over 50.0 
μg/mL. The MTT results reflect the different 
mechanisms of these two drugs. In particular, DOX is 
a representative anthracycline, inhibiting DNA or 
RNA synthesis by intercalating between base pairs of 
the DNA/RNA strand, thus preventing the 
replication of rapidly growing cancer cells. In 
contrast, CA4 is a tubulin-binding agent that induces 
reversible cell shape changes with a weak growth 
inhibitory effect. Obviously, the in vitro cytotoxicity of 
PLG-CA4/DOX in C26 cells is primarily attributable 
to the presence of DOX. 

Intra-tumor distribution of PLG-CA4/DOX 
It has frequently been noted that nanoparticles 

entering tumor tissues are mainly confined to the 
areas surrounding blood vessels, with only moderate 
diffusion. Herein, we tested the intra-tumor 
distribution of prepared micelles. PLG-CA4/DOX or 
mPEG-PLG-g-CA4 labeled with RhoB was injected 
into mice via tail vein, and 4 h later tumors were 
collected and frozen until further analysis. The blood 
vessels and nuclei within the frozen tissue slices were 
stained with CD31 and DAPI, respectively. As shown 
in Fig. 3, DOX was mainly located around the blood 
vessels. For RhoB labeled mPEG-PLG-g-CA4, the 

RhoB signal was also mainly detected around the 
blood vessels (Fig. S8). These results confirmed that 
penetration of the prepared nano-micelles was 
restricted inside tumor tissues, and the delivered 
DOX and CA4 would be released around these blood 
vessels.  

 

 
Figure 2. In vitro survival rates of C26 tumor cells after incubation with DOX, CA4, 
mPEG-PLG-g-CA4, and PLG-CA4/DOX for 48 h (n = 4). 

 

Pathological analysis of PLG-CA4/DOX 
therapy 

Therapeutic effects of PLG-CA4/DOX on C26 
tumors were tested after a single injection (CA4 at 50.0 
mg/kg and DOX at 5.0 mg/kg). For comparison 
purposes, mPEG-PLG-g-CA4 and DOX loaded in 
mPEG-PLG (mPEG-PLG/DOX) were also 
administered at the same doses. There were 
significant differences in the pathology of tumors 
treated with the various formulations after 24 h, as 
determined by hematoxylin and eosin (H & E) 
staining (Fig. 4).  

 

 
Figure 3. Histopathochemical analysis of tumor tissues 4 h after injection of PLG-CA4/DOX (dose: CA4 50.0 mg/kg and DOX 5.0 mg/kg). Scale bar = 50 μm. 
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Figure 4. H & E results of tumor tissues 24 h after injection of (A) mPEG-PLG/DOX, (B) mPEG-PLG-g-CA4, and (C) PLG-CA4/DOX at a dose of DOX 5.0 mg/kg and CA4 50.0 
mg/kg. L and N indicates the live regions and necrotic regions, white arrows in (B) indicate the blood vessels. (D) Summarized percentage of live areas, n = 5, *** p<0.001. 

 
In mice administered mPEG-PLG/DOX, only 

regional necrosis was observed; while in large tumor 
regions, no necrosis was observed. For 
mPEG-PLG-g-CA4, large areas of tumor degeneration 
occurred, while some tumor cell “islands” were left 
around the blood vessels. These results support the 
fact that diminished blood flow caused by CA4 
treatment results in necrotic tumor cells located at a 
distance from the blood vessels, while the cells in 
proximity to the vessels can still get sufficient 
amounts of nutrition to survive. These tumor cell 
“islands” will continue to grow and result in later 
tumor relapses. For PLG-CA4/DOX, tumor 
degeneration occurred in the entire tumor, suggesting 
that the combination of these two drugs works to 
eradicate cells in the entire tumor. Fig. 4D shows 
percentage of areas in tumor still containing viable 
cells. For the PLG-CA4/DOX treatment group, there 
was only 5.6 ± 1.0% of the total area still containing 
live cells after treatment. In comparison, the 
percentage of tumor areas containing live cells after 
treatment with mPEG-PLG/DOX and mPEG-PLG- 
g-CA4 were 85.0 ± 5.0% and 30.2 ± 4.1%, respectively. 

In the PLG-CA4/DOX treatment group, benefits 
continued to be noted in later observations. After 72 h, 
regional necrosis was observed in the 
mPEG-PLG/DOX group, whereas large areas of 
relapse occurred in the mPEG-PLG-g-CA4 group. 
However, in the PLG-CA4/DOX group, there were no 
relapses and some completely fibrotic regions 

appeared (Fig. S9). We also tested the intra-tumor 
drug concentrations of DOX and CA4 in tumors 
treated with PLG-CA4/DOX and compared them 
with those treated with free DOX or free CA4. As 
shown in Fig. S10, administration of free DOX and 
CA4 resulted in rapid clearance from the tumors. In 
contrast, DOX and CA4 in PLG-CA4/DOX treated 
tumors peaked at 24 h and high amounts were 
maintained throughout the 72 h period. This 
phenomenon also contributed to the persistent 
inhibitory effect of the PLG-CA4/DOX delivery 
system.  

In vivo tumor therapy test 
We initially conducted the tumor therapy tests in 

a C26 xenograft tumor model. Once the tumor 
volumes reached approximately 100 mm3, saline, 
DOX, mPEG-PLG/DOX, CA4, mPEG-PLG-g-CA4, 
DOX+CA4, and PLG-CA4/DOX were administered 
at a relative dose of DOX 5.0 mg/kg and CA4 50.0 
mg/kg, which was designated as day 1. A second 
injection was given on day 8, with additional 
injections of DOX and mPEG-PLG/DOX given on 
days 3 and 10. As shown in Fig. 5A, DOX and 
mPEG-PLG/DOX at 5.0 mg/kg were ineffective 
treatments in these fast growing murine tumors and a 
second injection resulted in an obvious loss of 
bodyweight (Fig. 5B). Treatment with free CA4 was 
also an ineffective treatment for controlling tumor 
volume, which can be explained by the short-lived 
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and reversible activity of free CA4. Treatment with 
mPEG-PLG-g-CA4 resulted in improved inhibition of 
tumor growth compared to free CA4-confirming that 
a high and constant CA4 concentration in tumors is 
necessary for controlling tumor growth. The 
combination of free DOX and CA4 was also effective 
in inhibiting tumor growth; however, there was rapid 
re-growth of the tumor 2 days after drug 
administration, confirming the short action time of the 
free drugs. PLG-CA4/DOX obviously inhibited C26 
tumor growth in a once per week injection, with a 
tumor suppression rate (TSR%) of 83.8% on day 15. 
Differences in C26 tumor inhibition were also 
observed in photos of the tumors taken on day 15 
(Fig. 5C). 

In order to determine the efficacy of 
PLG-CA4/DOX treatment in large tumors, 
PLG-CA4/DOX was administered to C26 tumor 
bearing mice with tumor volumes of approximately 
250 mm3. The injections were carried out on days 1 

and 5, at a relative dose of DOX 5.0 mg/kg and CA4 
50.0 mg/kg. As shown in Fig. 5D, PLG-CA4/DOX 
was also effective for inhibiting growth in these large 
tumors, and the tumor inhibition effect lasted for over 
two weeks.  

The in vivo tumor therapy tests were further 
studied in an orthotopic murine breast 4T1 tumor 
model. We began treatment when tumor volume 
reached approximately 250 mm3. Saline, 
mPEG-PLG/DOX, mPEG-PLG-g-CA4, and 
PLG-CA4/DOX were administered at a dose of DOX 
5.0 mg/kg and CA4 50.0 mg/kg. Injections were 
given on days 1 and 14. As shown in Fig. 5E, 
PLG-CA4/DOX was the most effective formulation 
for inhibiting the growth of large 4T1 tumors. After 
the first injection, the inhibition continued for over a 
week. The injection on day 14 resulted in tumor 
shrinkage that lasted for another week. Photos of the 
tumors taken on day 21 clearly show the tremendous 
therapeutic effect of the combination system (Fig. 5F).  

 
Figure 5. In vivo tumor therapy results. (A) C26 tumor volumes after injection with saline, CA4, mPEG-PLG-g-CA4, DOX+CA4, and PLG-CA4/DOX on days 1 and 8, and DOX 
and mPEG-PLG/DOX on days 1, 3, 8, and 10. (B) Bodyweight changes. (C) Photos of C26 tumors on day 15. (D) C26 tumor volumes after injection with saline or PLG-CA4/DOX 
on days 1 and 5. Treatment started when tumor volume reached approximately 250 mm3. (E) 4T1 tumor volumes after injection with saline, mPEG-PLG/DOX, 
mPEG-PLG-g-CA4, and PLG-CA4/DOX on days 1 and 14. (F) Photos of 4T1 tumors on day 21. Dose: DOX 5.0 mg/kg and CA4 50.0 mg/kg. **p < 0.01, ***p < 0.001. 
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Discussion 
Nanocarriers hold great promise for solid tumor 

therapy by reducing the side effects and improving 
drug accumulation in the tumor tissue. However, due 
to heterogeneity and diffusion hindrances within 
tumors, nanocarriers are commonly arrested around 
tumor vessels, preventing penetration to cells at a 
distance from the vasculature. As a result, large areas 
of tumor cells can be left unaffected and continue to 
grow.  

Significant efforts have been made to improve 
nanoparticle penetration into tumor 
microenvironments. For example, in many systems 
small nanoparticles (< 30 nm) have been shown to 
penetrate much deeper than large nanoparticles (> 
100 nm) [44-46]. Nanocarrier systems have also been 
designed to break into smaller nanoparticles in 
response to the tumor microenvironment [47]. 
Positively charged nanoparticles have been shown to 
penetrate tumors better than neutral or negatively 
charged nanoparticles, resulting in the design of 
charge-reversal nanocarriers showing good tumor 
inhibition properties [48, 49].  

Herein, we propose a strategy for overcoming 
penetration issues by combining VDAs and cytotoxic 
drugs within one nanocarrier. Although insufficient 
penetration still exists, this combination is expected to 
eradicate all the tumor cells inside a solid tumor, both 
at a distance from and in proximity to the tumor 
vasculature. Mechanistically, VDAs induce 
endothelial cell dysfunction, which diminishes blood 
flow and results in tumor cell necrosis at a distance 
from the tumor vasculature; the cytotoxic drugs 
directly kill tumor cells in proximity to the blood 
vessels. We have termed this approach a “cannon” 
and “pawn” combination for eradicating tumor cells 
both at a distance from and in proximity to the tumor 
vasculature.  

We prepared PLG-CA4/DOX by synthesizing 
mPEG-PLG-g-CA4 and then loading DOX by 
hydrophobic accumulation and electronic 
interactions. Using immunofluorescent analysis, we 
observed that the PLG-CA4/DOX micelles delivered 
to tumor tissues were arrested near the blood vessels. 
However, release of the two drugs induced tumor 
necrosis in greater than 94% of the tumor area as 
shown in the pathological analysis. The results from 
this combination approach at drug delivery were 
much better compared to treatment with either drug 
alone. In addition, the inhibitory effects lasted over 72 
h due to the retention properties of nanocarriers.  

Fast growing murine colon C26 tumors were 
effectively inhibited by a single injection of 
PLG-CA4/DOX per week, in vivo. Noticeably, large 

solid tumors (C26 and 4T1 tumor volumes 
approximately 250 mm3 in size) were also effectively 
inhibited by PLG-CA4/DOX treatment. Commonly, 
large tumors are hard to treat by chemotherapy 
because of limited distribution and vascular 
degeneration [50-52]. Here, effective inhibition of 
large solid tumor growth suggests that a combination 
treatment with CA4 and DOX through the 
administration of PLG-CA4/DOX is a viable option, 
despite poor penetration.  

Conclusion 
Here, we propose a nanocarrier-based 

combination of VDAs and cytotoxic drugs for solid 
tumor therapy, in which eradication of tumor cells 
was expected both at a distance from and in proximity 
to blood vessels. In practice, the prepared 
PLG-CA4/DOX resulted in necrosis of greater than 
94% of the tumor area, and the effect lasted for over 72 
h. In in vivo tumor inhibition tests, PLG-CA4/DOX 
showed constant inhibition of C26 tumor growth in a 
once per week injection and effectively inhibited large 
C26 and 4T1 solid tumor growth. These results 
provide an effective strategy for solid tumor therapy. 

Supplementary Material  
Supplementary materials and methods, 
supplementary figures.  
http://www.thno.org/v06p1023s1.pdf 
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