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Combretastatin A4 (CA4) is a leading agent in vascular disrupting strategies for tumor therapy. Although
many small-molecule prodrugs of CA4 have been developed to improve its solubility, the overall thera-
peutic efficiency is moderate. A key reason for this is the reversible effect that CA4 has on tubulin as well
as its rapid clearance from plasma and tissues. In this study, we proposed a poly(L-glutamic acid)-CA4
conjugate (PLG-CA4) nanomedicine to fulfill the requirements for fully liberating the potential of CA4
on tumor therapy. Enhanced accumulation and retention of CA4 in tumor tissue, especially, high distri-
bution and gradual release around tumor blood vessels resulted in prolonged vascular disruption and
markedly enhanced therapeutic efficiency. We examined and compared the therapeutic effect of PLG-
CA4 and commercial combretastatin-A4 phosphate (CA4P) in a murine colon C26 tumor. PLG-CA4
showed significantly prolonged retention in plasma and tumor tissue. Most importantly, the PLG-CA4
was mainly distributed around the tumor vessels because of its low tissue penetration in solid tumor.
Pathology tests showed that PLG-CA4 treatment resulted in persistent vascular disruption and tumor
damage 72 h after a single injection, this in contrast to CA4P treatment, which showed quick relapse
at an equal dose. Tumor suppression tests showed that PLG-CA4 treatment resulted in a tumor suppres-
sion rate of 74%, which indicates a significant advantage when compared to tumor suppression rate of the
CA4P group, which was 24%. This is the first time that an advantage of the polymeric CA4 nanomedicine
with low tissue penetration for solid tumor therapy has been shown. Thus, the results presented in this
study provide a new idea for enhancing the tumor therapeutic effect of vascular disrupting agents.

Statement of Significance

Nanomedicine usually has low tissue penetration in solid tumors, which limits the efficacy of nanomedi-
cine in most cases. But herein, we demonstrate a nanosized vascular disruptive agent (VDA) PLG-CA4 has
supper advantages over small molecular combretastatin-A4 phosphate (CA4P) because the PLG-CA4 was
mainly distributed around the tumor vessels due to its low tissue penetration in solid tumor.

� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The tumor vasculature is an attractive target for tumor therapy
[1–3]. It has been reported that when tumors grow to a size larger
than 2–3 mm3, their continued proliferation strongly depends on
angiogenesis [4–6]. As a result, various drugs targeting tumor-
initiated angiogenic processes or destroying the established tumor
vessel network (angiogenesis inhibitors (AIs) and vascular disrupt-
ing agents (VDAs) respectively), have been developed and are cur-
rently under clinical evaluation [7,8].

VDAs cause a rapid and selective vascular shutdown in tumors
to produce extensive secondary neoplastic cell death due to ische-
mia [9–11]. CA4 is a lead agent in VDAs. As a microtubule depoly-
merizing agent, CA4 binds at or near the colchicine binding site of
b-tubulin, which leads to cytoskeletal and morphological changes

http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2017.02.001&domain=pdf
http://dx.doi.org/10.1016/j.actbio.2017.02.001
mailto:ztang@ciac.ac.cn
mailto:titong2012@163.com
http://dx.doi.org/10.1016/j.actbio.2017.02.001
http://www.sciencedirect.com/science/journal/17427061
http://www.elsevier.com/locate/actabiomat


180 T. Liu et al. / Acta Biomaterialia 53 (2017) 179–189
in endothelial cells [12,13]. These changes increase vascular per-
meability, disrupt tumor blood flow, and rapidly lead to wide-
spread ischemic necrosis [2,14,15]. Studies have shown that CA4
has dramatic effects on the three-dimensional shape of newly
formed endothelial cells, with little or no effect on quiescent
endothelial cells [16]. In addition, CA4 has been demonstrated to
disrupt cell-cell contacts between endothelial cells mediated by
vascular endothelial (VE)-cadherin/b-catenin complexes and this
effect could be inhibited in the presence of smooth muscle cells
[17]. Since tumor blood vessels are characterized by recently
formed endothelial cells and abnormal vessels that lack a full com-
plement of smooth muscle or pericyte support, CA4 shows selec-
tive vascular damage in tumor tissues.

Because of its insolubility in water, CA4 cannot directly be intra-
venously administrated. In recent years, various small-molecule
prodrug derivatives of CA4 have been developed [18,19]. Of these,
CA4 phosphate (CA4P) is the leading agent [20]. Phosphate greatly
improved the solubility of CA4, and is able to release CA4 in the
presence of phosphoesterase [21]. Clinical studies of CA4P consist
of 18 completed and ongoing clinical trials in oncology and oph-
thalmology [22]. Overall, CA4P monotherapy was well tolerated,
with most adverse events being of mild to moderate intensity
[23–25]. In a phase II clinical trial in which CA4P was used to treat
anaplastic thyroid cancer (ATC), the median survival was
4.7 months of which 34% of patients were alive at 6 months and
23% of patients was alive at 12 months. Median duration of stable
disease in seven patients was 12.3 months (4.4–37.9 months).
However, there were no objective responses observed after
single-agent CA4P administration in this trial and the primary end-
point of survival doubling was not observed [26]. As a result, phase
III clinical trials of CA4P on ATC were conducted as a combination
therapy using CA4P with carboplatin/paclitaxel.

The limited therapeutic efficacy of small-molecule prodrug
derivatives of CA4 lies in the reversible effects CA4 has on tubulin
as well as its rapid clearance from plasma and tissues. Unlike
changes induced by colchicines and vinblastine the changes in
endothelial cell shape induced by CA4 can be reversed after drug
removal [16]. CA4 rapidly binds to tubulin and dissociates from
tubulin over 100 times faster than colchicines. At 37 �C, CA4 half-
life is 3.6 min compared to 405 min for colchines [27]. Moreover,
these small-molecule drugs have a relatively short half-life
in vivo. In phase I clinical trials, the distribution half-life time
(t1/2a) of CA4P is 0.103 h and the elimination half-life time (t1/2b)
is 0.489 h [25]. As a result, the tentatively closed tumor vascular
can recover and continuously provide oxygen and nutrients and
nutrients for tumor growth. Therefore, single administration of
small-molecule prodrug derivatives of CA4 may not significantly
affect primary tumor growth [28,29].

A key point in improving the therapeutic efficacy of CA4 is to
keep a constant concentration around the endothelial cells and
enhance the action time on tubulin. Nanocarrier-based drug deliv-
ery systems provide an ideal medium to realize this. Nanocarrier-
enwrapped or -conjugated drugs have been extensively examined
for prolonging the retention time of small-molecule drugs in vivo,
and increasing drug accumulation in the tumor tissue by virtue
of the ‘‘enhanced permeability and retention” (EPR) effect
[30–35]. This system allows for gradual or temporary release of
free active drugs from the nanocarriers in a controlled fashion,
and allows for a constant drug concentration in the tumor tissue
[36–38]. More importantly, because of the high interstitial
pressure and low diffusion efficiency inside solid tumors,
nanocarrier-loaded drugs are frequently observed around blood
vessels in solid tumors because of the low tissue penetration
[39–43]. We consider these characteristics are especially
important to improve the efficiency of CA4 treatment in tumor
therapy, since the action target of CA4 are endothelial cells of
tumor blood vessels. Therefore, a nanocarrier-loaded CA4 prodrug
is expected to enhance CA4 accumulation and retention in the
tumor tissue, high distribution and gradual release CA4 around
tumor blood vessels, resulting in prolonged vascular disruption
and markedly enhanced tumor therapeutic efficacy.

In this study, we proposed to derive a poly(L-glutamic acid)-CA4
(PLG-CA4) conjugate nanomedicine to examine the effect of poly-
meric design on CA4 efficacy. The following studies were con-
ducted: 1) Preparation and characterization of PLG-CA4, 2)
pharmacokinetics of PLG-CA4, 3) multispectral optoacoustic
tomography (MSOT) and immunofluorescence analysis of PLG-
CA4 distribution inside tumors, 4) pathological response of murine
C26 tumors to PLG-CA4 and CA4P treatment, 5) tumor therapy
tests. In summary, we found that nanosized polymeric CA4 pro-
drugs have advantages over small-molecule CA4 prodrugs.
2. Experimental

2.1. Materials

c-Benzyl-L-glutamate-N-carboxyanhydride (BLG-NCA) was
purchased from Chengdu Enlai Biological Technology CO., Ltd.,
China. mPEG5k and 40,6-diamidino-2-phenylindole dihydrochlo-
ride (DAPI) was purchased from Sigma-Aldrich, USA. Combretas-
tatin A4 (CA4) and combretastatin-A4 phosphate (CA4P) were
purchased from Hangzhou Great Forest Biomedical Ltd., China.
2,4,6-trichlorobenzoyl chloride, 4-dimethylaminopyridine (DMAP),
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride
(EDC�HCl) and N-hydroxysuccinimide (NHS) were supplied by
Aladdin Reagent Co. Ltd, China. Rhodamine B-NH2 (RhoB-NH2)
was a kind gift from Dr. Chunsheng Xiao, Changchun Institute of
Applied Chemistry, Chinese Academy of Sciences. Anti-mouse,
human and pig CD31 antibody (ab28364) was purchased from
Abcam, USA. All other reagents and solvents were purchased from
Sinopharm Chemical Reagent Co., Ltd, China.
2.2. Preparation and characterization of PLG-CA4

Poly(L-glutamic acid)-graft-methoxy poly(ethylene glycol)
copolymer (PLG-g-mPEG) was prepared as described previously
[43–45]. PLG-g-mPEG has an average of 160 L-glutamic acid
repeating units and an average of 8.3 mPEG5k chains. The
number-average molecular weight (Mn) and molecular weight dis-
tribution (PDI) of the PLG-g-mPEG (Determined by GPC using PEG
as standards and phosphate buffer pH 7.4 as eluent) were
37.3 � 103 g mol�1 and 1.91, respectively [44]. CA4 was grafted
to PLG-g-mPEG by the Yamaguchi reaction. Briefly, PLG-g-mPEG
(585 mg) was dissolved in 10 mL anhydrous N,N-
dimethylformamide (DMF) in a glass reactor, then CA4 (1.0 mmol,
316 mg), 2,4,6-trichlorobenzoyl chloride (1.1 mmol, 268 mg),
DMAP (1.1 mmol, 135 mg) and triethylamine (1.1 mmol, 111 mg)
were dissolved in 5 mL anhydrous DMF and added to the above
mixture. The reaction was allowed to proceed at room temperature
for 2 h. After that, the reaction mixture was precipitated into
excess diethyl ether, re-dissolved in DMF, and dialyzed against dis-
tilled water (MWCO 3500). The final product poly(L-glutamic acid)-
graft-methoxy poly(ethylene glycol)/combretastatin A4 (PLG-CA4)
was obtained after lyophilization.

Chemical structure of the synthesized PLG-CA4 was confirmed
by 1H NMR (D2O, Bruker AV 400 NMR spectrometer). Mn

(57.3 � 103 g mol�1) and PDI (1.69) of the PLG-CA4 were deter-
mined by gel permeation chromatography (GPC, Waters 515
pump, 2414 detector, DMF containing 0.01 M LiBr as the eluent
and using polystyrene as standard samples). Free CA4 contents
were measured using a high-performance liquid chromatography
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(HPLC) system, containing a reverse-phase C18 column, UV–Vis
detector at 305 nm, with a mobile phase of acetonitrile and water
(80/20, v/v) pumped at a flow rate of 1.0 mL/min. The hydrody-
namic diameter (Dh) of PLG-CA4 dispersed in PBS (pH 7.4) was
determined by dynamic laser scattering (DLS), on a Brookheaven
ZetaPlus Analyzer (Brookheaven Instrument, USA) with a 90� scat-
ter angle. Transmission electron microscopy (TEM) images were
taken on a JEOL FEM-1011 transmission electron microscope at
an accelerating voltage of 100 kV. CA4 loading content was calcu-
lated by measuring the UV–Vis absorbance at 290 nm in DMF/
H2O (v/v = 1/1). The drug loading content (DLC%) was calculated
using the following formulation:

DLC% ¼ ðweight of loaded drug=weight of micellesÞ � 100%

IR830-labeled PLG-CA4 and RhoB-labeled PLG-CA4 were pre-
pared in a similar fashion as described previously [39,46]. The
maximum absorbance of IR830-labeled PLG-CA4 in water is
815 nm, and the maximum absorbance of RhoB-labeled PLG-CA4
in water is 563 nm.
2.3. In vitro release profiles

In vitro release of CA4 from PLG-CA4 was conducted using a
dialysis method. Briefly, 3.0 mg PLG-CA4 was dissolved in 5 mL
distilled water, PBS solution at pH 7.4 or 5.5, respectively. Samples
were sealed in a dialysis bag (MWCO 3500 Da) and incubated in
45 mL of PBS at 37 �C with a shaking rate of 100 rpm. At predeter-
mined time points (1, 2, 4, 8, 24, 36, 48 h), 3 mL of the incubated
solution was taken out and replaced with fresh media. The concen-
tration of CA4 in the released media was determined by HPLC at
305 nm with a mobile phase of acetonitrile and water (80/20, v/
v), as described above.
2.4. Cell culture and animal use

C26 murine colon carcinoma cells were purchased from Shang-
hai Bogoo Biotechnology Co. Ltd., China. Cells were cultured in
complete Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum, supplemented with 50 U/mL penicillin and
50 U/mL streptomycin, and incubated at 37 �C in a 5% CO2 atmo-
sphere. Balb/C mice were obtained from the Laboratory Animal
Center of Jilin University. Balb/C nude mice and Wistar rats were
obtained from Beijing Huafukang Biological Technology Co. Ltd.
(HFK Bioscience, Beijing). The C26 xenograft tumor model was pre-
pared by injecting 2.0 � 106 C26 cells into the right flank of male
Balb/C or Balb/C nude mice. All animal experiments were con-
ducted in accordance with the guidelines of the Laboratory Proto-
col of Animal Care and Use Committee, Jilin University.
2.5. In vitro tumor cell inhibition test

2.5.1. Cell viability assay
C26 cells were seeded in 96-well plates at a density of 7000

cells per well in 200 lL DMEM. After 24 h, the culture medium
was removed and replaced with medium containing CA4P or
PLG-CA4 at different concentrations. After incubating for 24 or
48 h, the cells were subjected to MTT assay, and absorbance was
measured using a Bio-Rad 680 microplate reader at 492 nm. Cell
viability was calculated according to the following equation:

viability ð%Þ ¼ ðAsample=AcontrolÞ � 100%

where Asample and Acontrol are absorbances of the sample and control
wells, respectively.
2.5.2. Cell growth assay
C26 cells were seeded in 96-well plates at a density of 4000

cells per well in 200 lL DMEM. The cells were incubated overnight.
The culture medium was removed and replaced with 100 lL med-
ium containing CA4P or PLG-CA4 (50 lg/mL on the basis of CA4).
After 3, 6, 24 or 48 h incubation, CCK-8 (Dojindo Laboratories,
Kumamoto, Japan) solution (10 lL) was added to each well, and
the cells were incubated for an additional 2 h. The number of cell
was counted by measuring the absorbance at 450 nm using a
microplate reader.

2.6. Phamacokinetics

For PLG-CA4, Wistar rats (n = 3, male, average body weight
250 g) were administered with PLG-CA4 via tail vein at a dose of
50.0 mg/kg on the basis of CA4. At defined time points (5 min,
20 min, 40 min, 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h), blood samples
were collected from the orbital cavity, heparinized, and centrifuged
to obtain plasma. For each of the samples, 50 lL plasma was added
to 100 lL 1 N NaOH, then hydrolyzed at 60 �C for 4 h. H3PO4

(1.4 mol/L 50 lL) was added. After 30 min of reaction, 400 lL
MeOH was added and the mixture was vortexed and centrifuged.
The extracts were passed through a 0.22 lm filter and the total
CA4 concentrations were determined using a HPLC system, in a
similar fashion as described above.

For CA4P, Wistar rats (n = 3, male, average body weight 250 g)
were administered with CA4P via tail vein at a dose of 50.0 mg/kg
on the basis of CA4. At defined time points (0.05, 0.5, 1, 2, 4, 5,
6, 7 and 8 h), blood samples were collected from the orbital cavity,
heparinized, and centrifuged to obtain plasma. For each of the
samples, 50 lL plasma was added to 500 lL MeOH, then the mix-
ture was vortexed and centrifuged. The extracts were passed
through a 0.22 lm filter and free CA4 concentrations were deter-
mined using a HPLC system, in a similar fashion as described
above. CA4P concentrations were measured using a high-
performance liquid chromatography (HPLC) system, containing a
reverse-phase C18 column, UV–Vis detector at 295 nm, with elu-
ents: A: 5 mM KH2PO4, 5 mM H3PO4; B: 75 % acetonitrile, 25%
water; gradient 40–85% B in 5 min. The total CA4 concentration
was calculated from released CA4 concentration plus CA4P concen-
tration (on the basis of CA4).

2.7. Free CA4 in tumor after the administration of CA4P or PLG-CA4

Balb/C mice bearing C26 tumors of a volume of approximately
200 mm3 were prepared similarly as described in the methods sec-
tion above. Mice were divided into 6 groups (4 mice per group),
injected with CA4P or PLG-CA4 via tail vein at a CA4 dose of
50.0 mg/kg. At predetermined time points (1, 4 and 24 h), mice
were sacrificed but not exsanguinated. The tumors were collected
and homogenized in H2O/MeOH and centrifuged. The extracts
were passed through a 0.22 lm filter and free CA4 concentrations
were determined using a HPLC system, as described above.

2.8. Multispectral optoacoustic tomography imaging

The MSOT equipment (inVision 128) was from iThera Medical
(Munich, Germany). Balb/C nude mice bearing C26 tumors at a vol-
ume of approximately 200 mm3 were injected via tail vein with
IR830-labeled PLG-CA4 at a dose of 136 mg/kg (50.0 mg/kg on
the basis of CA4). The mice were imaged at different time points
(0, 4, 24, 48 and 72 h). At each time point, the mice were anaes-
thetized with 2% isoflurane and placed into the MSOT system. Mul-
tispectral process (MSP) scanning was performed at 680 nm,
715 nm, 730 nm, 760 nm, 815 nm, 850 nm and 900 nm. The results
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were reconstructed in a linear model and analyzed via linear
regression.

2.9. Ex vivo RhoB-labled PLG-CA4 fluorescence imaging

The RhoB-labled PLG-CA4 (50 mg/kg on CA4 basis) and saline
were injected into mice bearing C26 tumor via lateral tail vein.
The mice were sacrificed 4 and 24 h post-injection. The tumor
and major organs (heart, liver, spleen, lung, and kidney) were
excised, followed by washing the surface with physiological saline
three times for ex vivo imaging of Rhodamine B fluorescence using
the Maestro in vivo Imaging System (Cambridge Research & Instru-
mentation, Inc., USA). The resulting data can be used to identify,
separate, and remove the contribution of autofluorescence in ana-
lyzed images by the commercial software (Maestro 2.4). The aver-
age signals were also quantitatively analyzed using Maestro 2.4
software.

2.10. Immunohistochemical staining of tumor tissue

Balb/C mice bearing C26 tumors at volume of about 200 mm3

were injected with RhoB-labeled PLG-CA4 via tail vein at a CA4
dose of 50.0 mg/kg. After 24 h, the mice were sacrificed and tumors
were collected, frozen and sectioned (5 lm in thickness) using a
microtome (Leica CM 1900).

Immunohistochemical staining was carried out following the
immunocytochemistry (ICC) protocol provided by Abcam. Briefly,
sections were fixed in 4% paraformaldehyde at room temperature
for 15 min, washed three times with PBS, and incubated with 1%
BSA in phosphate buffered saline Tween-20 (PBST) for 30 min to
block unspecific binding of antibodies. Next, sections were incu-
bated with an anti-CD31 antibody (1:50 diluted in 1% BSA in PBST)
in a humidified chamber for 1 h at 37 �C, followed by incubation
with a secondary antibody (FITC-labeled goat anti-rabbit IgG) in
PBST for 1 h at 37 �C in the dark. After extensive washing with
PBS, sections were counterstained with DAPI for 1 min, and images
were taken under a confocal laser scanning microscope (CLSM, Carl
Zeiss LSM 780).

2.11. Hematoxylin and eosin staining

For comparison purposes, Balb/C mice bearing C26 tumors at
volume of about 200 mm3 were divided into two groups (4 mice
per group) and injected with CA4P or PLG-CA4 at a CA4 dose of
50.0 mg/kg. The mice were sacrificed at different time points (4,
24, 48 and 72 h). Tumors were fixed in 10% formalin (Sigma, St.
Louis, MO), embedded in paraffin, sectioned at 4 lm thickness
and stained by haematoxylin and eosin (H&E). Histological images
were taken under a microscope (Nikon TI-S/L100) and images were
analyzed using ImageJ software (NIH, Bethesda, MD, USA).

2.12. Vessel density

An immunohistochemical assay for CD31 was performed to
analyze whole tumor vessel density [47–49]. Balb/C mice bearing
C26 tumors at volume of about 200 mm3 were divided into three
groups (n = 4 per group) and injected with saline, CA4P or PLG-
CA4 at a CA4 dose of 50.0 mg/kg. Mice were sacrificed at different
time points (1, 4, 24, 48 and 72 h) and tumors were collected, sec-
tioned and fixed in a 1:1 solution of acetone and methanol. Sec-
tions were blocked in 5% horse and 1% goat serum in PBS with
0.1% Tween-20, and incubated with an anti-CD31 antibody conju-
gated with R-Phycoerythrin (R-PE) overnight at 4 �C (Southern Bio-
tech, Birmingham, AL). The CD31 staining sections were first
scanned at a low magnification, and the areas with the greatest
density of positively stained vessels (‘‘hot spots”) were selected
for further evaluation. The microvessel count was then determined
by counting all immunostained vessels in 3 representative hot
spots at 100� magnification, with each section being counted
twice. The tumor vessel density in the 3 selected vessel hot spots
was then calculated.

2.13. In vivo tumor therapy

The therapeutic efficacy of CA4P and PLG-CA4 treatment was
evaluated utilizing Balb/C mice bearing C26 tumors. After tumors
reached approximately 100 mm3, the mice were weighed, ran-
domly divided into three groups (6 mice per group) and treated
with saline, CA4P and PLG-CA4 at a CA4 dose of 50.0 mg/kg. Injec-
tions were carried out on days 1, 5 and 9 via tail vein. Treatment
efficacy and safety profiles were evaluated by measuring the tumor
volumes and body weight changes. Photographs of mice bearing
tumors were taken on day 11. Tumor volume (Vt) and tumor sup-
pression rate (TSR%) were calculated as follows:

Vt = a � b2/2, where a is the major axis and b is the minor axis of
the tumor.
TSR% = [(Vc�Vx)/Vc] � 100%, where Vc represents the average
tumor volume of the control group and Vx represents the aver-
age tumor volume of the treatment group.

2.14. Statistical analysis

Values represent mean ± SD and were determined by Student’s t
test. P values of <0.05 were considered significant.

3. Results and discussion

3.1. Preparation and characterization of PLG-CA4

Poly(L-glutamic acid) (PLG)-based polymeric-drug conjugates
have consistently been used for drug development. PLG is biocom-
patible, biodegradable, and can be easily modified [50–54]. As a
drug conjugate, PLG is linked to various small molecular drugs such
as cisplatin (CDDP), paclitaxel (PTX) and camptothecin (CPT) to
improve its longevity and bioavailability [55–58]. In this study,
CA4 was conjugated to PLG-g-mPEG using a one-step Yamaguchi
reaction catalyzed by 2,4,6-trichlorobenzoyl chloride and DMAP
(Fig. 1A). The chemical structure of the formed PLG-CA4 (Fig. 1B)
was confirmed by 1H NMR. Resonance peaks at d 6.57 (k), 6.44
(j), 6.29 (i), 3.62 (h) and 4.02 (g) ppm were attributed to the pres-
ence of CA4. HPLC was applied to test the free CA4 content in the
PLG-CA4 conjugates. As shown in Fig. 1C, no detectable free CA4
was found in the conjugates, suggesting that the purity of the
obtained conjugates is high. No free CA4 exists in the obtained
PLG-CA4 conjugates. The final PLG-CA4 conjugates had a CA4 drug
loading content (DLC%) of 33.7 wt% as confirmed by UV–Vis spec-
trometry (Fig. 1D), indicating that the average number of CA4 moi-
eties per polymer chain is 96.8.

The prepared PLG-CA4 conjugates formed spheres in mimic
physiological conditions (PBS pH 7.4), with a diameter of 28.0 nm
(TEM, Fig. S1) and Dh of 36.4 nm (DLS, Polydispersity: 0.249,
Fig. 1E). We tested the in vitro release of CA4 from the conjugates
in distilled water, PBS pH 7.4 and pH 5.5 (Fig. S2). The conjugates
were found to be stable in distilled water, in which less than 10%
was released in 48 h, whereas in PBS pH 7.4 and pH 5.5, the release
of CA4 exhibited a pH-dependent release profile. The release rate of
CA4 at pH 7.4 is faster than those at pH 5.5 and in distilled water.
This phenomenon should be attributed to the nucleophilic attack
of the hydroxyl or carboxylate ions on the carbonyl groups that
are adjacent to CA4 moieties in the PBS pH 7.4 [59]. Only 15% of
CA4 is released from PLG-CA4 in 10% BSA solution (Fig. S3) in



Fig. 1. Preparation and characterization of PLG-CA4: (A) Synthesis of PLG-CA4; (B) 1H NMR spectra of PLG-CA4 (a) and PLG-g-mPEG (b); (C) HPLC curves of PLG-CA4 and free
CA4; (D) UV–Vis spectrum of 0.25 mg/mL PLG-CA4 in DMF/H2O (v/v = 1/1). The absorbance peak of CA4 is at 290 nm. Insert is the calibration curve of CA4 absorbance vs.
concentration. (E) Size distribution plots of PLG-CA4 obtained using DLS.
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72 h, indicating that the PLG-CA4 is stable in the presence of
plasma.

3.2. In vitro cytotoxicity tests

The in vitro tumor cell inhibition tests were conducted in C26
cells by MTT and CCK-8 assays. The C26 cell viability was measured
by MTT assay. PLG-CA4 displayed a lower cytotoxicity towards C26
cells than CA4P at 24 h (Fig. S4A). However, at 48 h, PLG-CA4
exhibited similar cytotoxicity to the CA4P with IC50 of 30.1 lg/
mL for CA4P and 34.4 lg/mL for PLG-CA4 (Fig. S4B). The C26 cell
growth was measured using CCK-8 assay. As shown in Fig. S5,
CA4P and PLG-CA4 inhibited the growth of C26 cells in a similar
manner at a concentration of 50 lg/mL on the basis of CA4. These
indicated that the CA4P and PLG-CA4 had some inhibitory effect for
the proliferation of cancer cells [60].

3.3. Pharmacokinetics

Wistar rats were administered PLG-CA4 or CA4P. Fig. 2A shows
the total CA4 concentration in the plasma at different time inter-
vals. The distribution half-life time (t1/2a) of PLG-CA4 was 2.49 h,
and elimination half-life time (t1/2b) was 5.95 h. The AUC was cal-
culated to be 2477.0 h � lg/mL. These are in contrast to CA4P that
has a much shorter plasma life with t1/2a of 0.26 h, t1/2b of 4.53 h
and AUC of 45.6 h � lg/mL. This demonstrates that the period of
time that PLG-CA4 is in the blood circulation can enhance accumu-
lation and retention of CA4 in both the plasma and the tumor and
result in prolonged vascular disruption.

3.4. Ex vivo RhoB-labled PLG-CA4 fluorescence imaging

For biodistribution studies of PLG-CA4, imaging of the isolated
visceral organs (heart, liver, spleen, lung, and kidney) and tumors
at 4 and 24 h post-injection of RhoB-labled PLG-CA4 were carried
out in mice bearing C26 tumors. At 4 h post-injection, liver and
lung showed strong Rhodamine B fluorescence. At 24 h post-
injection, a stronger fluorescence signal was observed in tumor
as compared with that of 4 h, and meanwhile liver, spleen and lung
showed weaker fluorescence (Fig. 3). This suggested that the long
blood circulation of PLG-CA4 had contributed to increase drug
tumor accumulation by EPR effect.



Fig. 2. Pharmacokinetics and tumor accumulation of PLG-CA4 and CA4P. (A) Time profiles of total CA4 concentration in the plasma after intravenous administration of PLG-
CA4 or CA4P. Drugs were administered to healthy rats at a dose of 50 mg/kg based on CA4. Each group is expressed as mean ± SD (n = 3). (B) Free CA4 concentration in C26
tumors at 1 h, 4 h and 24 h following administration of CA4P and PLG-CA4, at CA4 dose of 50.0 mg/kg (n = 4, ***: p < 0.001).

Fig. 3. Ex vivo Rhodamine B fluorescence images showing the biodistribution of RhoB-labled PLG-CA4 in mice bearing C26 tumor at 4 and 24 h post-injection.

Fig. 4. Intra-tumor distribution of PLG-CA4. (A) Orthogonal views of MSOT images of C26 tumor-bearing mice at 4 h, 24 h, 48 h and 72 h after injection of IR830-labeled PLG-
CA4 (with a CA4 dose of 50.0 mg/kg). The regions encircled with dashed white lines are tumor regions. Scale bar = 3 mm. (B) Immunofluorescence analysis of the C26 tumor at
24 h following injection with RhoB-labeled PLG-CA4. RhoB-labeled PLG-CA4 (red) are primarily located around the tumor blood vascular regions (green), which suggests that
PLG-CA4 directs the conjugates to the vasculature within tumors. Scale bar = 100 lm. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 5. Hematoxylin and eosin analysis of tumor tissues after treatment with CA4P
(A–D) and PLG-CA4 (E–H) at a CA4 dose of 50.0 mg/kg. Per image: left, sections of
whole tumor taken at �20 magnification, right: magnification (�100) of areas
outlined at the left. L and N indicate the live and necrotic regions at various times
after treatment: (A, E) 4 h, (B, F) 24 h, (C, G) 48 h and (D, H) 72 h. The yellow dashed
circle indicates tumor necrotic tissue. I: Summarized percentage of necrotic areas
across time (n = 4, ***p < 0.001). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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3.5. Free CA4 in tumor after the adminstration of CA4P or PLG-CA4

We compared the free CA4 concentrations from 1 to 24 h in
tumors of the C26 mice after injection of CA4P and PLG-CA4
(Fig. 2B). Significant differences could be detected between the
CA4P and PLG-CA4 groups. At 1 h, the free CA4 concentration of
PLG-CA4 was 10-fold higher compared to that of the CA4P group.
As time prolonged, free CA4 concentration in the CA4P group fur-
ther decreased, to almost undetectable levels, whereas the free
CA4 concentration in the PLG-CA4 group was constantly high. This
reflected that PLG-CA4 accumulated in the tumor tissue and grad-
ually released active CA4 through the hydrolysis of ester bonds cat-
alyzed by acid or enzymes. The constantly high CA4 concentration
inside tumors is expected to prolong the action time and
strengthen the tumor therapeutic efficiency.

3.6. Intra-tumor distribution of PLG-CA4

Nanomedicine usually has low tissue penetration in solid
tumors, which limits the efficacy of nanomedicine in most cases
[40,61–64]. In order to study the tissue penetration of PLG-CA4
nanomedicine in solid tumor, the MSOT was applied to investigate
the in vivo PLG-CA4 distribution and especially the location in rela-
tion to the tumor blood vessels. Oxy- and deoxyhemoglobin (HbO2

and Hb) serve as endogenic probes for the MSOT test, and would
direct the position of the blood vessels [64,65]. PLG-CA4 copoly-
mers were labeled with IR830, a near-infrared probe with a maxi-
mum absorbance at 815 nm in water. As shown in Fig. 4A (The
magnified area of interest was shown in Fig. S6), at 0 h, Hb/HbO2

signals could be found in the tumor with neglectable IR830 signals.
At 4 h after injection, IR830 signals could clearly be detected in the
tumor, and were mainly distributed around the blood vessels, indi-
cating the vascular-dependent distribution of the injected PLG-CA4
nanomedicine because of the low tissue penetration in solid tumor.
Over time, fewer Hb/HbO2 signals were detected inside the tumor,
which indicated that many vessels inside the tumor were dimin-
ished and closed (Fig. S7).

We further confirmed the intra-tumor distribution of the PLG-
CA4 by immunofluorescence staining. PLG-CA4 was labeled with
RhoB, and the tumor tissues were analyzed at 24 h after injection.
As shown in Fig. 4B, RhoB fluorescence for the RhoB-labeled PLG-
CA4-treated group was primarily co-localized with the FITC fluo-
rescence that detects vessels at 24 h, indicating that RhoB-
labeled PLG-CA4 was localized in the vicinity or the endothelial
cells of blood vessels. Consistent with the results obtained by
MSOT, these results suggest that PLG-CA4 predominantly releases
around tumor blood vessels, which is the target of active CA4. Con-
sidering the long retention time of PLG-CA4 inside the tumor tis-
sue, the nanocarrier-loaded CA4 prodrug is expected to result in
prolonged vascular disruption and significantly enhance tumor
therapeutic efficiency.

Unfortunately, CA4P can not be detected by MSOT and
immunofluorescence analysis, therefore it is impossible to observe
the intra-tumor distribution of CA4P using these methods.

3.7. Pathological analysis after single administration of CA4P and
PLG-CA4

H&E staining was used to evaluate the therapeutic effects of
CA4P and PLG-CA4 treatment on tumor necrosis after single intra-
venous administration. As shown in Fig. S8, un-treated C26 tumor
did not have necrosis. The H&E images from 4 to 72 h are summa-
rized in Fig. 5(A–H). The necrotic area of the tumor showed
increased neutrophil infiltration and fragmented nuclei of tumor
cells (Fig. S9). Significant differences in the pathology could be
detected between the CA4P (A-D) and PLG-CA4 (E–H) treatment
groups. At 4 h, both treatment with CA4P and treatment with
PLG-CA4 resulted in large areas of necrosis (Fig. 5I). The necrotic
rate of for the CA4P group was 41.4 ± 18.3%, whereas for the
PLG-CA4 group it was 50.7 ± 13.8%. However, rapid tumor relapse
occurred in the CA4P group over time, and after 24 h the necrotic
areas represented only 10% because the C26 tumor continued to
grow vigorously and laid down new live tumor tissues after CA4P
treatment. The PLG-CA4 group showed continued tumor regression
during the observation period, and the necrotic areas were still
over 60 ± 5.1% and even 78.9 ± 14.9% at 72 h. These results showed
a major advantage of PLG-CA4 over CA4P, and support the hypoth-
esis that long-term and a constant high CA4 concentration around
tumor vessels would result in sustained tumor blood deprivation
and greater tumor regression.
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Treatment with PLG-CA4 resulted in more profound tumor
necrosis as compared to treatment with CA4P. As to our under-
standing, the tumor cells take advantage of being in proximity of
normal tissue vessels from which they can get sufficient nutrients
to survive. This may result in tumor relapse even when CA4P is
used to block the tumor blood vessels. Therefore, we analyzed
the necrosis status of cells nearby and surrounding normal tissues.
As shown in Fig. S10, tumor cells near the muscle tissue were still
alive in the CA4P treatment group, whereas those in the PLG-CA4
treatment group were almost necrotic. This result further con-
firmed the advantage of the use of PLG-CA4 over CA4P, and may
in part explain the continuous inhibitory effect of PLG-CA4 treat-
ment on tumor growth.
Fig. 6. Tumor vessel density: immunofluoresence assay for CD31 was performed to
analyze whole tumor vessel density (n = 4, *p < 0.05, **p < 0.01, ***p < 0.001).

Fig. 7. In vivo tumor therapy results. (A) C26 tumor volumes after injection with saline,
the left were treated with CA4P and mice on the right were treated with PLG-CA4. Th
injection with PLG-CA4 or CA4P on days 1, 5 and 9. (D) Body weight changes (n = 6, ***p
Next, we analyzed the vessel density of the tumor after treat-
ment with CA4P and PLG-CA4 (Fig. 6). The vessel numbers in the
CA4P treatment group quickly decreased within 1 h after start of
the treatment to about 21% as compared to the control group,
which was 100%. They subsequently recovered to 25% in 24 h,
whereas the PLG-CA4 group showed continued vessel inhibition
along the 72 h observation, with 21% of vessel numbers at 4 h
and 13% at 72 h. These results confirmed that the small molecular
prodrug CA4P disrupts tumor blood vessels for a relatively short
period of time, whereas the polymeric prodrug PLG-CA4 destroys
tumor blood vessels over a longer time period. These results also
explained why the tumor relapsed at 24 h after single CA4P admin-
istration, whereas no relapse occurred in 72 h after PLG-CA4
treatment.

In order to investigate whether normal organ blood vessels
were damaged after the administration of PLG-CA4, we studied
the normal organs using H&E stain. As shown in Fig. S11, the nor-
mal organ blood vessels from heart, liver, spleen, lung or kidney
were not damaged with the treatment of PLG-CA4 at a dose of
50 mg/kg (on the basis of CA4). This indicates that PLG-CA4 has
not damaged normal organ blood vessels.

3.8. In vivo tumor therapy

Lastly, we compared the therapeutic efficacy of the two groups
on Balb/C mice bearing C26 tumors. Once the tumor volumes
reached approximately 100 mm3, saline, CA4P or PLG-CA4 were
administered on the 1st, 5th and 9th day. We found that PLG-
CA4 was significantly more effective at inhibiting tumor growth
compared to CA4P treatment groups at equal dose (Fig. 7A). On
day 11, most of the tumor tissue appeared to be nearly completely
diminished in the PLG-CA4 group (Fig. 7B). On the 17th day, PLG-
CA4 and CA4P treatment resulted in tumor suppression rates of
74% and 24%, respectively (Fig. 7C). Three injections of CA4P
(50 mg/kg based on CA4) turned out to be an ineffective treatment
for controlling the tumor growth of C26 tumors. This may be
PLG-CA4 and CA4P on days 1, 5 and 9. (B) Images of C26 tumors on day 11; mice on
e red dashed circle shows the tumor region. (C) C26 tumor suppression rate after
< 0.001).



Fig. 8. Mechanism of PLG-CA4 and CA4P for solid tumor treatment. After tail vein injection, PLG-CA4 nanomedicine arrive and arrest around tumor vessels, CA4 is gradually
released and acts constantly on endothelial cells, resulting in endothelial cells deformation, diminished blood flow, oxygen and nutrient deprivation and widespread tumor
cell necrosis. CA4P arrives and arrests around tumor vessels for a short period of time resulting in tumor cells that are alive and less necrotic than when treated with PLG-CA4.
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explained by the short-lived and reversible activity of free CA4.
Treatment with PLG-CA4 (50 mg/kg based on CA4) resulted in
much better inhibition of tumor growth compared to CA4P, con-
firming that a high and constant CA4 concentration around tumor
vessels are necessary for controlling tumor growth. In addition, no
obvious body weight loss was observed in both groups (Fig. 7D),
suggesting the low side effects of the treatments.

The above results showed the superiority of the PLG-CA4 conju-
gates nanomedicine over CA4P on solid tumor therapy. As shown
in Fig. 8, in our opinion the advantages can be summarized as fol-
lows: 1) PLG-CA4 has a long in vivo plasma retention time, and
accumulates in the tumor tissue due to the befitting size and EPR
effect, 2) active CA4 is gradually released inside the tumor and
maintains high and constant active drug concentration over a long
period of time, 3) these nano-sized drugs are primarily located
around tumor vessels due to the high interstitial pressure and inef-
ficient diffusion, making the active drugs arrested adjuvant action
target and 4) PLG-CA4 treatment results in markedly enhanced
tumor therapy efficiency as compared to CA4P treatment.

4. Conclusions

In summary, we developed a novel nanosized polymeric CA4
prodrug, PLG-CA4, and determined its therapeutic efficiency and
benefits on solid tumor therapy. PLG-CA4 showed longer plasma
retention than CA4P. In solid tumor tissue, the accumulated PLG-
CA4 gradually released free CA4, and maintained constant high
CA4 concentration inside the tumor. The distribution of PLG-CA4
in tumors was highly vascular-dependent, and mainly arrested
around tumor vessels. After single administration, PLG-CA4 treat-
ment resulted in 78.9 ± 14.9% necrotic areas in tumor tissue, and
this effect lasted for over 72 h. C26 tumors treated with PLG-CA4
resulted in significantly higher anticancer effects as compared to
treatment with CA4P. The results in this study suggested the
prominant advantages of VDA-nanomedicine over small molecular
VDA.
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