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Abstract

To enhance effective drug accumulation in drug-resistant tumors, a site-specific drug-releasing poly-
peptide system (PEG-Phis/Pasp-DOX/CA4) was exploited in response to tumor extracellular and in-
tracellular pH. This system could firstly release the embedded tumor vascular inhibitor (CA4) to
transiently ‘normalize’ vasculature and facilitate drug internalization to tumors efficiently, and then ini-

tiate the secondary pH-response to set the conjugated active anticancer drug (DOX) free in tumor cells.

The encapsulated system (PEG-Phis/DOX/CA4), both CA4 and DOX embedding in the nanoparticles,
was used as a control. Comparing with PEG-Phis/DOX/CA4, PEG-Phis/Pasp-DOX/CA4 exhibited
enhanced cytotoxicity against DOX-sensitive and DOX-resistant cells (MCF-7 and MCF-7/ADR).
Moreover, PEG-Phis/Pasp-DOX/CA4 resulted in enhanced therapeutic efficacy in drug-resistant tu-
mors with reduced toxicity. These results suggested that this site-specific drug-releasing system could
be exploited as a promising treatment for cancers with repeated administration.

Key words: polypeptide nanocarriers, site-specific releasing, combination cancer therapy, dual-pH
response, drug resistance.

Introduction

Therapeutically effective concentration of
chemotherapeutic agent in tumors plays a critical role
in cancer chemotherapy. However, repeated admin-
istration leads to drug resistance of the tumor cells,
which significantly hinders drug accumulation in
tumor cells and finally results in failure in chemo-

therapy [1, 2]. Therefore, how to increase the drug
internalization into drug-resistant tumors will be a
great challenge.

Recently, many efforts have been directed to-
wards developing drug efflux inhibitors, like
P-glycoprotein (P-gp) inhibitors [3-5], to increase drug
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retention in drug-resistant tumor cells. Burt and
coworkers, for example, found that combination de-
livery of paclitaxel (PTX)-loaded nanoparticles with a
low-molecular-weight  copolymer inhibitor  of
P-glycoprotein dramatically enhanced the cytotoxicity
of PTX in multidrug-resistant P-gp-overexpressing
cell lines [6]. However, due to the rapid growth, tu-
mor microenvironment represents some abnormal
phenomena such as high pressure, hypoxia, angio-
genesis and acidic environment. The high pressure in
the tumor interstitium directly results in the difficulty
for delivering anticancer drugs into tumor tissues.
The anoxic environment activates hypoxia-inducible
factor (HIF-1) in making cancer cells resistant to the
drugs. And the angiogenesis encourages thrombosis
and impaired blood supply [7]. The tumor-specific
abnormalities in the microenvironment sets up an-
other hindrance for systems reaching the tumor tis-
sues [8].

Therefore, researchers provide another strategy
to enhance drug internalization into tumor tissues by
combination delivery of tumor vascular inhibitors to
transiently ‘normalize” the tumor blood vessels [9].
This approach could indirectly normalize the tumor
microenvironment by modifying the high-pressured
and hypoxic environment and facilitate a large scale
of drugs delivery to the tumor tissues [10]. Hence,
combination delivery of tumor vascular inhibitor and
chemotherapeutic agent could bring synergistic effect
on drug internalization into cells and antitumor effi-
ciency. For example, Wang and Ho reported a com-
binatorial drug delivery nanocapsule, which encap-
sulated a tumor vasculature inhibitor combretastatin
A4 (CA4) into paclitaxel (PTX)-conjugated am-
phiphilic polyester. The inhibition effect of dual-drug
loaded nanocapsule was 76.6%, which was higher
than single CA4 (63.5%) and PTX (23.2%) against
lewis lung carcinoma tumors [11]. This results indi-
cated that combination of a conventional cytotoxic
agent with an antiangiogenetic drug in optimal dos-
age could enhance the therapeutic efficacy. However,
the ester linkage of the chemotherapeutic agents
could not be selectively cleaved in tumor tissues, and
the drugs could not specifically release in tumor cells.
Moreover, the embedded tumor vascular inhibitor
could not specifically release at the tumor vascular to
regulate the tumor microenvironment and exert their
synergistic effects well. Herein, the present ap-
proaches for combination delivery might result in
insufficient drug accumulation in tumor cells, espe-
cially in drug-resistant tumors.

To address this challenge, it is crucial to fabricate
a rational site-specific drug-releasing delivery system,
which could not only unload the tumor vascular in-
hibitor specifically in the tumor vessels to temporarily

‘normalize’ the tumor vasculature to facilitate drug
delivery, but also trigger in the tumor cells to increase
effective drug concentration in drug-resistant tumor
cells. With this concept, firstly, combretastatin A4
(CA4), one of the most potent antivascular agents [12],
was used in our system. CA4 could rapidly inhibit the
growth of vasculature in tumors by disrupting the
cytoskeletal structures [12]. Doxorubicin (DOX),
commonly used in the treatment of wide ranges of
cancers, was chosen as anticancer drugs [13]. It could
kill the tumor cells by intercalating into DNA. Hence,
combination delivery of these two drugs should elicit
synergistic effect in antitumor activity. Secondly, to
realize the site-specific release, a smart dual-pH sen-
sitive delivery system was designed to release CA4
and DOX in tumor vasculature and tumor cells, re-
spectively. To construct our system, a biocompatible
poly(ethylene glycol)-polyhistidine (PEG-Phis) poly-
peptide was chosen as the drug carrier (Figure 1A)
since the imidazole groups of the polyhistidine block
could be protonated at acidic condition [14]. The
polyhistidine block could transform from hydropho-
bicity to hydrophilicity by protonation in response to
the tumor intracellular pH. Then, DOX was conju-
gated with polyaspartate (Pasp) by a pH-triggered
hydrazone bond to form an inert macromolecular
prodrug (Pasp-DOX) [15]. The special linker could be
broken at pH 5-6 [16], which was sensitive to the en-
vironment in tumor cells. The pH-triggered macro-
molecular prodrug Pasp-DOX and the small molecu-
lar inhibitor CA4 were encapsulated in the
pH-sensitive PEG-Phis to construct the two-stage
site-specific releasing system (Figure 1B).

The suggested drug releasing process in the tu-
mor tissues was hypothesized as follows (Figure 1B
and 1C): (1) at the tumor vasculature, the polyhisti-
dine block of PEG-Phis could protonate and swell in
response to the tumor extracellular pH (pH 6-7) [17],
releasing the encapsulated CA4 in tumor vasculature
to transiently normalize tumor microenvironment; (2)
after internalization into endosomes/lysosomes, the
system further swelled until it disassembled, and the
macromolecular prodrug Pasp-DOX triggered the
secondary pH response (pH 5-6) in endo-
somes/lysosomes to release active anticancer drug
DOX; (3) at the same time, the imidazole rings of the
carriers could help to mediate endosomal escape
through the proton sponge effect [15]; (4) the released
DOX entered into nucleus. The potency of this deliv-
ery system was evaluated in DOX-resistant breast
cancer cells (MCF-7/ADR cells) and MCF-7/ADR
tumor-bearing mice. It was expected that this combi-
nation strategy could promote synergistic effect in
drug-resistant tumors.
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Figure 1. (A) lllustration of the structures of PEG-Phis and Pasp-DOX, and the pH-sensitive hydrazone linker is shown in the black rectangle, which is marked in
Pasp-DOX. (B) The preparation of PEG-Phis/Pasp-DOX/CA4 nanoparticles and the pH-responsive process: (1) self-assembly at pH 7.4; (2) protonation and swelling
in tumor vessels at pH 7.0-6.0; (3) further swelling in tumor cells at pH 6.0-5.0; (4) demicellization. (C) Schematic interpretation of the system
(PEG-Phis/Pasp-DOX/CA4) transporting from tumor vessels into tumor cells and the hypothetic drugs releasing process: (a) swelling in response to tumor extra-
cellular pH and release of CA4; (b) cellular internalization; (c) further swelling in early endosomes; (d) demicellization and triggered the secondary pH response to
release of DOX in late endosomes/lysosomes; (e) endosomal escape and release of DOX to nucleus.

Materials and methods

Materials
N-Carbobenzyloxy-N-(2,4-dinitrophenyl)-2-histi
dine (N-CBZ-N-DNP-2-histidine) and p-benzyl-L-
aspartate were purchased from GL Biochem (Shang-
hai, China) Ltd. Triphosgene was purchased from TCI
(Japan). BisBenzimide H 33342 trihydrochloride
(Hoechst 33342) and propidium iodide (PI) were
purchased from Beyotime Biotechnology Ltd.
(Shanghai, China). Poly(ethylene glycol 2000) methyl
ether amine (CHsO-PEG2000-NHy), Lysotracker™
Green and (3-4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) were gotten
from Sigma-Aldrich Shanghai Trading Co. Ltd.
(Shanghai, China). Other reagents were bought from
Alfa Aesar (China) Chemical Co. Ltd. (Shanghai,
China). Doxorubicin hydrochloride (DOXHCI) and
Combretastatin A4 (CA4) were purchased from Da-
lian Meilun Biotech Co. Ltd. (Dalian, China). Doxo-
rubicin hydrochloride was deprotonated with tri-

ethylamine in dimethylsulphoxide (DMSO) to obtain
the hydrophobic DOX.

Synthesis and characterization of
PEG-polyhistidine (PEG-Phis) conjugates

The PEG-Phis block polymers were prepared
according to the previous report with some modifica-
tions (Supplementary Material: Figure S1) [18]. Brief-
ly, thionyl chloride was added into the solution of
N-Carbobenzyloxy-N-(2, 4-dinitrophenyl)-2-histidine
(N-CBZ-N-DNP-2-histidine) in tetrahydrofuran to
form N-DNP-L-histidine carboxyanhydride hydro-
chloride. Then, a predetermined amount of
CH3O-PEG2000-NH> was used to initiate
N-DNP-L-histidine carboxyanhydride hydrochloride
in N, N-dimethylformamide for ring-opening
polymerization, and different molecular weights of
PEG-poly((2, 4-dinitrophenyl) histidine) (PEG-Phis-
DNP) were obtained. Finally, PEG-Phis copolymers
were synthesized by deprotecting the DNP group of
PEG-Phis-DNP with 2-mercaptoethanol. The struc-
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ture of PEG-Phis was confirmed by using 'H nuclear
magnetic resonance spectroscopy (‘H-NMR, Supple-
mentary Material: Figure 52) (400MHz, DMSO-de). 6
(ppm): 8.10 (imidazole-H?2), 7.12 (imidazole-H5), 3.98
(-CH-(C=0)-), 3.51 (-OCHCH»-), 3.25 (CH3-O-) and
3.15-3.01 (ImCH>-). The degree of polymerization
(DP) of the PEG-Phis depended on the peak ratio
between PEG2000 and histidine monomer was dis-
played in Supplementary Material: Table S1.

Synthesis and characterization of polyaspar-
tate-DOX (Pasp-DOX)

The  pH-sensitive  drug  poly(aspartate-
hydrazone-doxorubicin) (Pasp-DOX) was prepared
according to the previous report with some modifica-
tions (Supplementary Material: Figure S3) [19]. Brief-
ly,  p-benzyl-L-aspartate = N-carboxyl-anhydride
(BLA-NCA) was synthesized by reacting triphosgene
with f-benzyl-L-aspartate in the presence of a-pinene.
Then, isopropylamine was added to initiate the
ring-opening polymerization of f-benzyl-L-aspartate
N-carboxyl-anhydride (BLA-NCA) in tetrahydrofuran
to synthesize poly-f-benzyl-L-aspartate (Poly-BLA).
Hydrazine hydrate (NH>NH, H>O) was added to
Poly-BLA in tetrahydrofuran and refluxed to obtain
poly(aspartate-hydrazine) (Pasp-hyd). Finally, Dox-
orubicin (DOX) was reacted with hydrazine groups of
poly(aspartate-hydrazine) to get the pH-sensitive
drug poly(aspartate-hydrazone-doxorubicin) (Pasp-
DOX). The structure of Pasp-DOX was confirmed by
H NMR (400 MHz, DMSO-des, Supplementary Mate-
rial: Figure 54). 6 (ppm): 7.29 (Ph-H), 5.30 (DOX-Hz),
3.88-4.03 (-PhOCHs;, -(C=0)-CH-), 3.50(-(C=N)-CH>-
OH), 262 (-(C=0O)CHy), 240 (-(C=O)CH>), 2.00
(O-CH>-CH>-CH-NH,, HO-C-CH,-CH-O), 1.30-1.10
((CH3)2CH- and DOX-Hg).

Acid-base titration of PEG-polyhistidine
(PEG-Phis)

The polymers and NaCl (control) were dissolved
in deionized water and the solution was adjusted to
pH 10 with 1 N NaOH [20]. The diluted solution was
titrated by stepwise addition of 0.1 N HCI solution to
obtain the titration profile.

Preparation and characterization of different
formation of polymeric nanoparticles

PEG-Phis/Pasp-DOX/CA4 nanoparticles were
prepared via a single-step nanoprecipitation method
[21]. In brief, PEG-Phis (10 mg/mL DMSO),
Pasp-DOX (10 mg/mL DMSO) and CA4 (10 mg/mL
DMSO) were mixed together at the mass ratio of
5/5/1, and stirred for 1 h. The mixture was slowly
dripped into deionized water under vigorous stirring
conditions for 1 h, and followed by gently stirring for

3 h at room temperature. Then, the resulting mixture
was transferred to an Amicon Ultra-4 centrifugal filter
(MWCO: 3,500 Da, Billerica, MA) and dialyzed
against deionized water for 3 d to remove residual
free drugs. At the final time, the outer phase was re-
placed with fresh physiological saline and filtered
with a Millipore filter (pore size: 0.45 ym).

The PEG-Phis/DOX/CA4 nanoparticles were
prepared through the same method with
PEG-Phis/Pasp-DOX/CA4. The solution was dia-
lyzed against physiological saline and then filtered
with a Millipore filter (pore size: 0.45 ym). The con-
centration of DOX in various formulations was
measured by TU-1810 ultraviolet and visible spec-
trophotometer (Beijing, China). An amount of 0.5 mL
PEG-Phis/DOX/CA4 nanoparticles were
freeze-dried, then resolved with 1 mL DMSO, and
measured. The loaded amount of DOX was obtained
by quantifying the absorbance of DOX at 485 nm. The
concentration of CA4 in various micelles was meas-
ured by reverse phase high performance liquid
chromatography (HPLC) using a C18 column (4.6
mmx250 mm, Thermol, MA) with 65% acetonitrile (A)
and 35% water (B) as eluents by wavelength moni-
toring at 295 nm. The injected volume is 20 uL and the
flow rate is 1.0 mL/min. The encapsulation efficiency
of DOX and CA4 were calculated using the following
equation:

Drug encapsulation efficiency = Amount of loaded
drug (mg)/ Amount of added drug (mg) x 100%.

Characterization of nanoparticles and colloidal
stability in vitro

Size distribution and zeta potential of
PEG-Phis/Pasp-DOX/CA4  nanoparticles  were
measured using a dynamic light scatting (DLS) in-
strument (Malvern Nano ZS, UK). The morphology of
PEG-Phis/Pasp-DOX/CA4 nanoparticles was per-
formed by transmission electron microscopy (H-7650
TEM, Japan) with negative stain method. Before
analysis, these nanoparticles were dripped onto 200
mesh copper grids coated with carbon and dyed with
2% (w/v) phosphotungstic acid for a moment and
then air-dried prior to imaging. The colloidal stability
was evaluated by incubating the PEG-Phis/Pasp-
DOX/CA4 nanoparticles with Roswell Park Memorial
Institute (RPMI) 1640 medium in the presence of 20%
fetal bovine serum (FBS) at 37°C. At each time point,
the mean diameters of PEG-Phis/Pasp-DOX/CA4
nanoparticles were monitored using DLS.

pH-dependent structural change of nanoparti-
cles

The PEG-Phis/Pasp-DOX/CA4 nanoparticles
(200 ug/ml) were exposed to different pH values (pH
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=74, 6.6, 5.8 and 5.0) at 37°C for 0.5 h before meas-
urement of the particle size and particle size distribu-
tion. And then the morphology was performed by
TEM with negative stain method.

In vitro drug release

To determine the kinetics of DOX and CA4,1 mL
drug-loaded nanoparticles PEG-Phis/Pasp-DOX/
CA4 were suspended in 1 mL PBS (pH =74, 6.6, 5.8
and 5.0) and sealed in a dialysis bag (MWCO: 3,500
Da) [22]. The dialysis bags were incubated in 20 mL
different pH buffer solution at 37°C with gentle
shaking. A 200 yL aliquot of sample was taken from
the incubation medium outside of the dialysis bag at
predetermined time intervals and stored frozen for
analysis. The released DOX was examined by a mi-
croplate reader with excitation at 470 nm and emis-
sion at 590 nm. A calibration curve was prepared us-
ing different concentrations of free doxorubicin
ranging from 0.1 to 10 mg/mL. Released CA4 was
then quantified by HPLC. The injected volume is 20
uL and the flow rate is 1.0 mL/min.

Cell culture

The human umbilical vein endothelial cells
(HUVECs), human breast adenocarcinoma cells
(MCF-7) and human breast adenocarcinoma cells re-
sistant to adriamycin (MCF-7/ADR), obtained from
China Academy of Medical Sciences tumor cell bank
(Beijing, China), were cultured in RPMI 1640 medium
supplemented with 10% FBS and 1% penicil-
lin/streptomycin at 37°C and 5% CO». In order to
maintain drug resistance of MCF-7/ADR cells, DOX
(0.8 ug/mL) was added in the medium.

In vitro non-contact co-culture studies

MCEF-7 and MCF-7/ADR cells were seeded in
6-well plates and incubated for 24 h at 37°C in 5%
COs,. At a density of 20,000 cells/insert, HUVECs
were cultured in transwell chambers (pore size: 0.4
pm) for 24 h and then placed in the wells above
MCF-7 and MCF-7/ ADR cells, respectively. After 24 h
of incubation, the co-cultures were exposed to the
drug treatments with DOX, DOX+CA4, Pasp-DOX,
Pasp-DOX+CA4, PEG-Phis/DOX/CA4 and
PEG-Phis/Pasp-DOX/CA4. The medium should be
enough to exchange through the transwell. At the
time point of 12, 24 and 36 h, the two layers were
washed with cold PBS three times and fixed with 4%
paraformaldehyde on ice for about 20 minutes. Then,
the two layers were washed with cold PBS three times
again. Tumor cells (MCF-7 and MCF-7/ADR) and
HUVECs were stained with propidium iodide (PI, red
signal) and Hoechst 33342 (blue signal), respectively.
The cells were analyzed with a confocal lasers scan-
ning microscope (CLSM) (Leica TCS SP5, German).

In vitro cytotoxicity

The cytotoxicity was evaluated by MTT assay
against MCF-7 and MCF-7/ADR cells (6,000
cells/well), which were seeded on 96-well plates in
100 pL of RPMI 1640 medium and incubated at 37°C
in 5% CO; for 24 h. The cells were treated with DOX,
DOX+CA4, Pasp-DOX, Pasp-DOX+CA4, PEG-Phis/
DOX/CA4, PEG-Phis/Pasp-DOX/CA4 and incubat-
ed for another 48 h and continued to incubate with
fresh medium for additional 24 h. Subsequently, 10 L
MTT was added to each well and incubated for 4 h.
Then the medium was removed, 150 yL. DMSO was
added to dissolve the crystals formed by living cells.
The absorbance was measured using a microplate
reader with excitation at 562 nm. The percentage of
cell viability was determined by comparing cells
treated with various drugs with the untreated control
cells.

The subcellular localization

MCEF-7 and MCF-7/ADR cells were seeded in a
35 mm glass bottom culture dish and incubated for 24
h at 37°C in 5% CO, and cultured with
PEG-Phis/DOX/CA4, PEG-Phis/Pasp-DOX/CA4 in
RPMI 1640 medium containing 10% FBS at 37°C (5%
CO»), respectively. After 1.5 h of incubation, the cells
were washed with PBS three times, and fresh medium
containing Hoechst 33342 and Lysotracker™ Green
(Invitrogen, CA) was added for 0.5 h at 37°C in dark.
Then, the cells were washed with PBS for three times
followed by observing with CLSM. In these images,
the blue signals represented the nuclei, and the green
signals represented the lysosomes/endosomes.

The mechanisms underlying the cellular in-
ternalization

The cellular internalizations of PEG-Phis/
DOX/CA4 and PEG-Phis/Pasp-DOX/CA4 were
performed in the presence of various endocytic inhib-
itors (chlorpromazine, genistein, mpCD, dynasore and
wortmannin) [23, 24]. Energy-dependent endocytosis
was completely blocked at 4°C. MCF-7 and
MCEF-7/ADR cells were seeded in 12-well plates and
incubated for 24 h at 37°C in 5% CO,. Cells were cul-
tured with chlorpromazine (10 yg/mL), genistein (100
ug/mL), mpCD (5 mM), dynasore (80 uM) and
wortmannin (10 pg/mL) for 30 min prior to the addi-
tion of PEG-Phis/DOX/CA4 and PEG-Phis/Pasp-
DOX/CA4, which was respectively presented in the
cell culture medium throughout the uptake experi-
ment at 37°C for 2 h uptake. Then the cells were
washed with cold PBS three times to remove the de-
tached nanoparticles. Results were expressed as per-
centage uptake level of the control cells, which were
incubated with PEG-Phis/DOX/CA4 and
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PEG-Phis/Pasp-DOX/CA4 without endocytic inhib-
itors at 37°C for 2 h.

Drug accumulation

MCE-7 and MCF-7/ ADR cells (50,000 cells/well)
were seeded in 24-well plates and incubated for 24 h
at 37°C in 5% CO,. Cells were treated with DOX,
DOX+CA4, Pasp-DOX, Pasp-DOX+CA4,
PEG-Phis/DOX/CA4 and PEG-Phis/Pasp-DOX/CA4
in RPMI 1640 medium containing 10% FBS at pH 6.6
and pH 7.4 for 1, 2 and 4 h. The equivalent concentra-
tions of DOX and CA4 were 2.5 ug/mL and 0.5
ug/mL, respectively. At predetermined time inter-
vals, cells were washed three times with PBS, digested
with trypsin solution, centrifuged and resuspended in
500 uL PBS to analysis the fluorescent intensity on a
BD Calibur (BD Bio. Sciences, USA).

Blood pharmacokinetics

To determine pharmacokinetics, ICR mice were
randomly divided into seven groups, and injected
intravenously through the tail vein with DOX, CA4,
DOX+CA4, Pasp-DOX, Pasp-DOX+CA4, PEG-Phis/
DOX/CA4, and PEG-Phis/Pasp-DOX/CA4, respec-
tively, at the equivalent dose of 2.5 mg DOX/kg and
0.5 mg CA4/kg. Approximately 100 uL of blood
sample was collected in a heparinized tube from the
orbital venous plexus at 5 min, 30 min, 1 h, 3 h, 8 h
and 24 h post injection. To extract DOX and CA4, ac-
etone and methanol was added respectively to the
blood, vortexed, and then the solution was immedi-
ately centrifuged at 1,800 g for 10 min. The content of
DOX and CA4 in supernatant was measured by fluo-
rescence spectrophotometry and HPLC method, re-
spectively.

In vivo antitumor effect

Female BALB/C nude mice, 6-8 weeks old, were
purchased from the Academy of Military Medical
Science of China. All procedures involving experi-
mental animals were performed in accordance with
protocols approved by the Institutional Animal Care
and Use Committee of Peking University, China. To
develop the tumor xenograft, in vitro growing tumor
cells were harvested by exposure to trypsin-EDTA,
washed three times with PBS, and implanted subcu-
taneously into the right flanks of the mice (1X10°¢ cells
in 02 mL PBS). Antitumor effect of
PEG-Phis/Pasp-DOX/CA4 was evaluated by moni-
toring the tumor volume in a double-blinded manner.
After the tumor volume of bearing MCF-7/ ADRmice
reached 40 mm?3, mice were randomly divided into
eight groups (n=5). The mice were administrated in-
travenously with PBS, DOX, CA4, DOX+CA4,

Pasp-DOX, Pasp-DOX+CA4, PEG-Phis/DOX/CA4
and PEG-Phis/Pasp-DOX/CA4 at the equivalent dose
of 2.5 mg DOX/kg and 0.5 mg CA4/kg, respectively,
every 2 days for 6 times. The tumor volume was
measured to monitor the anticancer effect. Tumor
volume was measured as follows: V=(axb?)/2,aand b
represented the major and minor axes of a tumor,
respectively. The lengths of the axes were measured
using a caliper. Tumor volume of each group on day 0
was normalized to 1 for all groups. Tumor volume in
each group was compared by relative tumor volume:
Relative tumor volume = tumor volume/initial tumor
volume before treatment [25]. The tumor inhibition
effect was calculated according to the following for-
mula: Inhibition effect = 100% (mean relative tumor
volume of control group - mean relative tumor vol-
ume of treatment group)/mean relative tumor vol-
ume of control group.

Immunohistology

At the 16th day after the first injection, the mice
were sacrificed. Tumors tissues and normal organs
were excised, weighted, photographed, fixed in 4%
(w/v) paraformaldehyde. To determine the drug dis-
tributions of the formulations, DOX fluorescence in
the tumors and normal organs was imaged by the
Kodak In-Vivo Imaging System (USA) with excitation
at 470 nm and emission at 600 nm. Then, the hearts,
livers, and kidneys were fixed and embedded in par-
affin. Thin sections were stained with haematoxy-
lin-eosin and imaged. A Masson Trichrome kit (St.
Louis, MO) was performed on paraffin sections of
tumors. The slides were then stained according to the
manufacturer's instructions. The tumor sections were
further stained with CD31 primary antibody (Abcam,
Cambridge, MA) followed by incubation with horse-
radish peroxidase-labeled secondary antibody. The
sections were evaluated and digital images were ac-
quired using a light microscope. Five randomly se-
lected microscopic fields were quantitatively analyzed
on Image]. Apoptosis in situ was then detected by
TdT-dependent dUTP-biotin nick end labeling
(TUNEL) assay using apoptosis detection kit (Milli-
pore S7101, MA) according to the manufacturer's in-
structions.

Statistical analysis

Differences between two groups were evaluated
by one-way ANOVA followed by Student’s-test.
P<0.05 was considered statistically significant. All
values were expressed as meantS.D. and each value
was the mean of at least three repetitive experiments
in each group.
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Results and Discussion

Preparation and characterization of polypep-
tide nanoparticles

The PEG-Phis block polymers were prepared by
ring-opening polymerization (Supplementary Mate-
rial: Figure S1 and S2). To precisely tuning the
pH-responsive range of the block polymer, a series of
PEG-Phis (PEG-Phis20, PEG-Phis40, PEG-Phis60 and
PEG-Phis80) was synthesized, and the degree of
polymerization (DP) of the polyhistidine block was
calculated by NMR (Supplementary Material: Table
S1). The protonation of PEG-Phis was determined by
using acid-base titration. Comparing with PEG-Phis20
and PEG-Phis80, PEG-Phis40 and PEG-Phis60 showed
significant buffering capacity, in the pH range of
5.6-7.1 (Figure 2A), and responded to the tumor ex-
tracellular pH (pH 6-7) [26, 27]. The pH-responsive
macromolecular prodrug Pasp-DOX was prepared by
conjugating the ketone group of DOX with the hy-
drazine group of polyaspartate to form a hydrazone
linker (Supplementary Material: Figure S3). The
structure was confirmed by NMR spectra (Supple-
mentary Material: Figure 54), and the DOX concen-
tration was 65.9%, which was calculated by ultraviolet
and visible spectrophotometer (UV) analysis.

The dual-pH responsive system
(PEG-Phis/Pasp-DOX/CA4) was prepared by as-
sembling block polymer PEG-Phis, macromolecular
prodrug Pasp-DOX and small molecular inhibitor
CA4 via a single-step nanoprecipitation method.
Comparing with PEG-Phis40, PEG-Phis60 could form
relatively smaller and uniform nanoparticles (105 nm
vs. 145 nm for PEG-Phis60 and PEG-Phis40, respec-
tively, Supplementary Material: Figure S5 and Figure
2B), and exhibited much better stability when incu-
bated with 20% FBS (Supplementary Material: Figure
S6). Herein, PEG-Phis60/Pasp-DOX/CA4 was chosen
as the optimal system in our following studies. The
loading efficiency of DOX and CA4 in this system
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determined by UV and HPLC analyses was 96.1% and
98.1%, respectively, showing superior drug encapsu-
lation.

In our hypothesis, PEG-Phis60/Pasp-DOX/CA4
nanoparticles should gradually swell until disassem-
ble due to the nature properties of the polyhistidine
block, and sequential release of encapsulated CA4 and
conjugated DOX in the corresponding sites to finally
enhance the drug concentration in tumors. To verify
this, the sizes of the nanoparticles at acidic conditions
were measured. The diameters of the nanoparticles
sharply changed from 126.3 nm at pH 7.4 to 700.1 nm
at pH 6.6 (Supplementary Material: Figure S7A),
suggesting enormous volume swelling in respond to
the acidic environment. The TEM also confirmed the
morphology change as the sphere structures of the
nanoparticles did not exist (Supplementary Material:
Figure S7B).

In vitro drug release in response to pH

The drug release amount of
PEG-Phis60/Pasp-DOX/CA4 nanoparticles at dif-
ferent pH buffers was tested by HPLC. As shown in
Figure 3A, the release of CA4 was very slow at pH 7.4,
whereas exhibited a rapid process when the pH
changed to 6.6, with 8.7% vs. 64.1% for 12 h. This
suggested that the nanoparticles was stable in physi-
ological condition, but could quickly respond to the
tumor extracellular pH to set the CA4 free. This was
consistent with the pH buffering range of PEG-Phis60
and the size change of the nanoparticles, demon-
strating that the system could initiate the primary pH
response in tumor microenvironment. Seen from
Figure 3B, the conjugated DOX had an obviously fast
and continuous release when the pH changed from
7.4 t0 5.8, 8.1% vs. 57.1% for two weeks, respectively.
This demonstrated that the hydrazone bonds facili-
tated to break when the pH less than 5.8, which was in
line with the endosomal pH.

Figure 2. (A) The pH-profile of PEG-Phis20, PEG-Phis40, PEG-Phis6é0, PEG-Phis80 copolymers and NaCl by acid-base titration. (B) TEM image of the
PEG-Phis60/Pasp-DOX/CA4 nanoparticles prepared from the diluted solution (0.1 mg/mL) at pH 7.4. The scale bar represents 100 nm.
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Figure 3. The pH-dependent cumulative CA4 (A) and DOX (B) were released from the PEG-phis60/Pasp-DOX/CA4 nanoparticles at pH 7.4, 6.6, 5.8 and 5.0 with
gentle shaking. The incubation temparature was 37 oC. Data are shown as the mean#S.D. of three independent experiments.

In vitro sequential release

To evaluate if the drug system could sequentially
induce cell apoptosis in tumor endothelial cells and
tumor cells, an in vitro non-contact co-culture system
was adopted (Supplementary Material: Figure S8).
HUVECs was used as a model cell line of tumor en-
dothelial cells [28], and MCF-7 and MCF-7/ ADR cells
as a model of tumor cells. They were applied in the
assay to investigate antitumor efficiency in the
drug-resistant cells. The encapsulated system
PEG-Phis60/DOX/CA4, both DOX and CA4 embed-
ded in the PEG-Phis60 with the same ratio as
PEG-Phis60/Pasp-DOX/CA4, was used as a control.
As given in Figure 4 and S9, DOX induced obvious
apoptosis against MCF-7 after 12 h, whereas exhibited
no significant effect on HUVECs for 12 h incubation
and MCF-7/ADR cells even for 24 h, respectively.
This indicated that DOX had no acute cytotoxity to
HUVECs, and MCF-7/ADR cells showed drug re-
sistant against DOX. However, the MCF-7/ADR cells
showed significant inhibition when DOX was conju-
gated with polyaspartate. This suggested that conju-
gation with macromolecules could help free DOX
bypass the drug efflux mechanism in drug-resistant
cells. Comparing with DOX treated group, DOX+CA4
exhibited distinct inhibition to HUVECs and MCEF-7
cells after 12 h incubation, demonstrating CA4 dis-
played cytotoxity to these two cells. In comparison
with other treatments, the HUVECs with
PEG-Phis60/Pasp-DOX/CA4 induced a significant
apoptosis for 12 h incubation (mean fluorescence in-
tensity (MFI) < 20%), whereas the MFI for MCF-7 and
MCF-7/ADR cells were 63% and 65%, respectively.
However, the HUVECs and tumor cells exhibited
marked inhibition when treated with

PEG-Phis60/DOX/CA4 for 12 h, 36 % for HUVECs, 40%

for MCF-7 and 28% for MCF-7/ADR cells, respec-
tively. These results indicated that

PEG-Phis60/Pasp-DOX/CA4 sequentially released
CA4 and DOX to induce HUVECs and tumor cells
apoptosis, respectively, whereas the encapsulated
nanoparticles PEG-Phis60/ DOX/CA4 simultaneously
set the two drugs free to kill all the cells. The delayed
release of DOX was due to the conjugation with pol-
yaspartate. This phenomenon was consistent with the
in vitro releasing assay.

In vitro antitumor activity

The in wvitro antitumor activities of systems
against MCF-7 and MCEF-7/ADR cells were deter-
mined by MTT assay (Figure 5). The PEG-Phis60
polymer showed negligible cytotoxicity in tumor cells
with the tested concentration. Free DOX and
DOX+CA4 resulted in high cytotoxicity against
MCE-7 cells, probably due to their toxicity and easy
accumulation in cells. Free CA4 could induce apopto-
sis of MCF-7 cells, with 33.6% cell viability at the
concentration of 20 yg/mL, which was in coincidence
with  the  co-culture  assay.  PEG-Phis60/
Pasp-DOX/CA4 and PEG-Phis60/DOX/CA4 dis-
played similar cytotoxicity as free drugs against
MCEF-7 cells. For MCF-7/ADR cells, the cytotoxicity of
DOX and DOX+CA4 was sharply reduced, with 56.6%
and 40.8% cell viability, respectively, even at the con-
centration of 40 ug/mL. Free CA4 induced similar
cytotoxicity as it did against MCF-7 cells. However,
PEG-Phis60/Pasp-DOX/CA4 still demonstrated rela-
tively high cytotoxicity against the drug-resistant cell
lines, with the ICso value (the concentration inhibiting
cell growth to 50% of control) 0.45 ug/mL. The en-
capsulated system PEG-Phis60/DOX/CA4 also ex-
hibited better cytotoxicity than free drugs, but not as
good as PEG-Phis60/Pasp-DOX/ CA4, with ICsy value
2.81 pg/mL, which might be caused by the distinct
cellular uptake of the nanoparticles.
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Figure 4. In vitro non-contact co-culture studies. (A) The co-culture cells were treated with different formulations for 12, 24, and 36 h, respectively. After treatment,
the HUVECs and tumor cells MCF-7/ADR were stained with Hoechst 33342 (blue) and propidium iodide (red), respectively. Quantitative analysis of mean fluo-
rescence intensity of the co-culture cells after treated with different formulations for 12 h (B), 24 h (C) and 36 h (D). Results are mean%S.D. of three independent
experiments. Statistical significance: *P<0.05, **P<0.005 and ***P<0.0005 versus the MFI of HUVEC cells after 12 h incubation. #P<0.05, ##P<0.005 and ##P<0.0005
versus the MFI of MCF-7/ADR cells after 12 h incubation. The scale bar was 100 um.

A 120
100 e—————— -
-—
s 804
z
Z
] 60
H
= iz
© 404 PEG-Phiss0
CA4
[=v— DOX
DOX+CA4
20 4—— Pasp-DOX
Pasp-DOX+CA4
et PEG-Phis60/DOX/CAS
4 J=9— PEG-Phis60/Pasp-DOX/CAL
T

T
0.1 1
Concentration of DOX (ug/mL)

B

120
100
2 804
= 604
3
>
] —s— PEG-Phisé0 1\\ g
o 404
CA4
—v— DOX ]
DOX+CA4
20 4—<+— Pasp-DOX
Pasp-DOX+CA4
et PECG-Phis60/DOX/CAS
0 J=9— PEG-Phis60/Pasp-DOX/CA4
T T

0.1 1 10
Concentration of DOX (ug/mL)

Figure 5. Viability of MCF-7 cells (A) and MCF-7/ADR cells (B) after treatment with DOX, CA4, DOX+CA4, Pasp-DOX, Pasp-DOX+CA4, PEG-Phis6é0/DOX/CA4
and PEG-Phis60/Pasp-DOX/CA4 at different concentrations for 48 h. Data are shown as the mean%S.D. of three independent experiments.
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Cellular uptake and drug accumulation

The cellular uptake of systems was visualized
with confocal laser scanning microscopy (CLSM). As
shown in Supplementary Material: Figure 510 and S11,
the yellow color in the overlapped images showed
that DOX was mainly localized in lysosomes after 2 h
incubation, suggesting that these two nanoparticles
entered into cells by endocytosis. Especially, some of
the internalized DOX entered into nucleus of MCF-7
cells after 2 h incubation, while none was in
MCEF-7/ADR cells. This might due to one of multi-
drug resistant (MDR) mechanisms to prevent the nu-
clear localization of DOX [29]. The internalization
mechanism was further examined at lower tempera-
ture (4°C) or in the presence of various endocytic in-
hibitors to investigate the system-mediated cell pene-
tration (Supplementary Material: Figure S12).
PEG-Phis60/Pasp-DOX/CA4 entered into the MCF-7
cells mainly via energy-dependent endocytosis (4
°C), whereas got into MCF-7/ADR cells by caveo-
lin-mediated  (mPCD) and  clathrin-mediated
(dynasore) endocytosis. PEG-Phis60/DOX/CA4 was
mainly depended on clathrin-mediated (chlorproma-
zine) and energy-dependent endocytosis (4°C) to get
into MCF-7 cells, and entered into MCF-7/ ADR cells
by caveolin-mediated (mfCD) and clathrin-mediated
(dynasore) endocytosis.

The accumulation of DOX in tumor cells was
analyzed by the fluorescent intensity on a BD Calibur
(Figure 6). DOX and DOX+CA4 exhibited higher ac-
cumulation  than  other  formulations  in
DOX-sensitivecells (MCF-7) when the time extended
to 4 h. This suggested that free drugs could quickly
entered the cells by diffusion. However, in
DOX-resistant cells, free DOX and DOX+CA4 were
accumulated extremely low even when incubation for
4 h. This was probably due to the high expression of
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P-gp in MCF-7/ADR cells, which resulted in the ex-
clusion of the DOX [29]. The accumulations signifi-
cantly increased when treated with
PEG-Phis60/Pasp-DOX/CA4 and  PEG-Phis60/
DOX/CA4, confirming that drug delivery by nano-
particles through endocytosis could significantly en-
hance cellular uptake in drug-resistant tumor cells.
The cellular uptake of these formulations was also
evaluated at pH 6.6, which was close to the acidic
microenvironment of tumors (Supplementary Mate-
rial: Figure S13). The trend of the DOX accumulation
in MCF-7 and MCEFE-7/ADR cells was similar with the
condition at pH 7.4, which suggested that the cellular
uptake was not affected by the size change of the na-
noparticles.

In vivo pharmacokinetics

Drug delivery in vivo is far more complicated
since plasma is a concentrated, multi-protein solution
[30]. Herein, the in vivo pharmacokinetics of all the
formulations were investigated and calculated by
non-compartment pharmacokinetic model [31]. As
shown in Figure 7, free drugs, including DOX, CA4
and DOX+CA4, were quickly removed from the cir-
culating system after intravenous administration,
with the plasma half-time (t1/2) 5.1 h for free DOX and
6.2 h for free CA4, respectively. The plasma half-time
of DOX and CA4 for PEG-Phis60/DOX/CA4 was 11.3
h and 14.7 h, which were 2-fold higher than that of
free DOX and CA4. Among all the formulations,
PEG-Phis60/Pasp-DOX/CA4 exhibited the longest
circulation time, the plasma half-time of DOX and
CA4 for PEG-Phis60/Pasp-DOX/CA4 was 19.4 h and
21.4 h, respectively, which was needed for passive
delivery via enhanced permeability and retention ef-
fect (EPR) and better accumulation in tumors.
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Figure 6. The accumulation of DOX in MCF-7 cells (A) and MCF-7/ADR cells (B) after incubation with PEG-Phis60/Pasp-DOX/CA4 at pH 7.4 for 1, 2 and 4 h. Data
are shown as the mean+S.D. of three independent experiments. Statistical significance: *P<0.05, **P<0.005 and ***P<0.0005.
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Figure 7. Plasma concentrationtime profiles of DOX (A) and CA4 (B) in mice after intravenous administration of various drug formulations at the equivalent dose
of 2.5 mg DOX/kg and 0.5 mg CA4/kg. Data are shown as the mean+S.D. of three independent experiments.

In vivo antitumor studies against drug-resistant
tumor

To evaluate the in vivo antitumor efficacy against
drug-resistant tumor, MCF-7/ADR tumor xenograft
model was used. The tumor inhibition effect was
compared with the PBS control. As shown in Figure
8A and S14, except free DOX (with 8.3% inhibition
effect), all the other formulations showed significant
inhibition of tumor growth compared with PBS group
after 16 days, probably due to the resistance of
MCEF-7/ADR tumor to DOX. Free CA4 also exhibited
60.8% inhibition of the tumor growth, in line with the
previous report that CA4 could show cytotoxity
against a variety of human cancer cells, including
multi-drug resistant cell lines [32, 33]. The inhibition
effects of  PEG-Phis60/Pasp-DOX/CA4  and
PEG-Phis60/DOX/CA4 were 91.8% and 54.8%, re-
spectively. The statistical analysis showed that
PEG-Phis60/Pasp-DOX/CA4 induced better inhibi-
tion of tumor growth than  that of
PEG-Phis60/DOX/CA4. Moreover, except free DOX
and DOX+CA4, the body weight of the administrated
groups did not show obvious loss weight (Figure 8B),
demonstrating no severe side effects.

Due to the DOX self-fluorescene, the DOX dis-
tribution in tumor tissues of the treated mice was
evaluated. As shown in Figure 8C and 8D, the
strongest DOX fluorescence was observed in the tu-
mor treated with PEG-Phis60/Pasp-DOX/CA4, indi-
cating that more accumulation of PEG-Phis60/
Pasp-DOX/CA4 than PEG-Phis60/DOX/CA4. Also,
the biodistribution of normal organs was examined.
As shown in Supplementary Material: Figure S15, free
DOX and DOX+CA4 mainly perfused into kidney and
liver. However, the DOX accumulation in these or-
gans was significantly lower in the group treated with
PEG-Phis60/Pasp-DOX/CA4. All these results might
be ascribed to the smart dual-pH sensitive system,
which could sequentially unload drugs in their cor-

responding sites and exhibit enhanced synergistic
effects. The primary pH-response initiated CA4 re-
lease in tumor vasculature, which regulated the tumor
microenvironment to facilitate drug delivery. The
secondary pH-trigger guaranteed active drug DOX
releasing in tumor cells and inducing cell apoptosis.
These strategies ensured the high effective drug ac-
cumulation in tumor cells, and enhanced the chemo-
therapy in drug-resistant tumors.

To further reveal the toxicity of the different
formulations, the white blood cell (WBC) counts were
also observed, which was sensitive to the cytotoxic
agents (Supplementary Material: Figure S16) [22, 34].
The results revealed that free DOX and DOX+CA4
exhibited the most serious decrease in WBC counts,
whereas PEG-Phis60/Pasp-DOX/CA4 displayed no
obvious toxicity. This was consistent with the
above-mentioned results. Moreover, the histological
examination suggested that PEG-Phis60/Pasp-
DOX/CA4 showed less cytotoxicity to normal tissues,
including heart, kidney and liver, suggesting the bet-
ter biocompatibility of our system (Supplementary
Material: Figure S17). However, treatments with other
formulations induced different levels of damages to
liver, such as degeneration, edema and inflammatory
infiltration. This results were also in accordance with
the biodistribution of these formulations in normal
organs.

By temporarily normalizing the tumor
microenvironment, our system exhibited enhanced
drug accumulation in the tumor tissues. Herein, the
relevant assays were exploited to examine the
modification of the tumor microenvironment.
Collagen, a major extracellular matrix component,
was secreted by TAFs (tumor-associated fibroblasts)
[35]. The collagen was stained using Masson
Trichrome assay. As shown in Figure 9,
PEG-Phis60/Pasp-DOX/CA4 significantly reduced
the amount of collagen (blue color) compared to PBS
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control, suggesting the regulation of tumor
microenvironment [35]. To further confirm the effect
of the tumor vascular inhibitor to normalize the tumor
microenvironment, blood vessels were stained by
using an anti-CD31 antibody (Figure 10). Comparing
with the control, PEG-Phis60/Pasp-DOX/CA4
significantly reduced the tumor angiogenesis,
revealing that this system could regulate the balance
between the pro-angiogenic and anti-angiogenic fac-
tors. It was in accordance with the Masson Trichrome
assay results. These results revealed that
PEG-Phis60/Pasp-DOX/CA4 could produce a supe-
rior anticancer efficacy against drug-resistant tumors,
since they could release CA4 in tumor vessels to
modify tumor microenvironment and induce more
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therapeutic drug accumulation in tumors.

The cell apoptosis in the tumor tissues after
treatments was also analyzed using TUNEL assay
(Figure 11) and hematoxylin-eosin (H&E) staining
(Supplementary Material: Figure S17). Compared
with other formulations, PEG-Phis60/Pasp-DOX/
CA4 markedly increased the number of
TUNEL-positive tumor cells (brown color). H&E
staining of the tumors also showed the same tendency.
The tumor tissues treated with
PEG-Phis60/Pasp-DOX/CA4 lost their normal
structures, and the tumor cellularity significantly de-
creased. These results were consistent with the higher
inhibition of the tumor growth induced by
PEG-Phis60/Pasp-DOX/CAA4.
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Figure 8. In vivo antitumor activity on MCF-7/ADR tumor-bearing BALB/C nude mice. (A) Relative tumor volume after intravenous injection with PBS, DOX, CA4,
DOX+CA4, Pasp-DOX, Pasp-DOX+CA4, PEG-Phis60/DOX/CA4 and PEG-Phis60/Pasp-DOX/CA4 at the equivalent dose of 2.5 mg DOX/kg and 0.5 mg CA4/kg,
respectively. The administration strategy was every 2 days for 6 times. (B) Body weight changes of MCF-7/ADR tumor-bearing mice after treatment with different
formulations. Results are shown as mean+S.D. (n=5). Statistical significance: *P<0.05, **P<0.005 and ***P<0.0005. (C) DOX accumulation in tumor tissues after in vivo
antitumor activity with different formulations at day 16. (D) Quantification of mean fluorescence intensity (MFI) of DOX was calculated. Results are expressed as
meanzS.D. (n=5). Statistical significance: *P<0.05 and **P<0.005 versus the DOX treated group, #P<0.05.
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Figure 9. (A) Tumor sections were stained with Masson Trichrome after treatment with different formulations. The blue color represented collagen content, and
the cytoplasm was stained red. (B) The collagen content of five randomly selected microscopicfields after treatments was quantified using Image]. Results are shown

as meanS.D. (n=5). Statistical significance: *P<0.05, **P<0.005 and ***P<0.0005 versus control.
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Figure 10. (A) Immunostaining with anti-CD31 tumor tissues was used to detect tumor vasculature (arrows represented) after treatment with different formula-
tions. (B) Quantification of tumor vessel density after treatments. Five randomly selected microscopic fields after treatments were counted. Results are shown as

meantS.D. (n=5). Statistical significance: *P<0.05, **P<0.005 and ***P<0.0005 versus control.

http://lwww.thno.org



Theranostics 2015, Vol. 5, Issue 8

903

Pasp-DOX PaspDOXCAL

+.CA4

N e o

(Te e ¢
PEG-Phis60/Pasp-DOX/CA4

PEG-Phis60/DOX/CA4 .
.

Figure 11. Tumor sections were immunostained with TUNEL staining for tumor cell apoptosis after treatment with different formulations. Brown stains indicated

apoptotic cells in TUNEL analysis.

Conclusion

In summary, a smart site-specific drug-releasing
polypeptide system PEG-Phis60/Pasp-DOX/CA4
was contructed, which could sequentially release
tumor vascular inhibitor CA4 and anticancer drug
DOX in their corresponding sites by a two-stage pH
response. This system firstly unloaded the CA4
specifically in the tumor vessels to temporarily
‘normalize’ the tumor vessels. This process indirectly
regulated the tumor microenvironment and facilitated
DOX delivery into drug-resistant tumor cells
efficiently. Then the nanoparticles internalized into
endosomes/lysosomes of the tumor cells by
endocytosis, and initiated the secondary pH response
to release DOX. This synergistic delivery exhibited
enhanced  effective  drug  concentration in
drug-resistant tumor cells and superior antitumor
effect in the drug-resistant breast tumor model with
low systemic toxicity. Therefore, this programmed
codelivery system hold great promise for chemo-
therapy to treat the drug-resistant tumors.

Supplementary Material

Supplementary Figures S1-517, Table S1.
http:/ /www.thno.org/v05p0890s1.pdf
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