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Rational design of drug delivery systems for
potential programmable drug release and
improved therapeutic effect†
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Nanoparticle-based combination therapy has been reported as one important treatment strategy to

improve the therapeutic efficacy in cancer therapy. However, the traditional co-delivery method often

suffers from serious coordination issues that fail to account for the differences in the action sites of

each of the drugs, greatly counteracting the synergistic effects of combination agents. Herein, we report

a pH-reduction dual responsive drug delivery system for the programmable release of combretastatin

A-4 (CA4) and cis-platinum (CDDP). According to their spatial and temporal needs, such nanocarriers

could firstly release CA4 in the perivascular sites by responding to the acidic microenvironment of the

tumor, then further diffuse throughout the tumor and release CDDP upon redox when being taken-up

by the cancer cells. With the help of such spatiotemporal release properties, CA4 and CDDP can target

the endothelial cells of tumor vessels and the cancer cells in succession, giving rise to temporal and

spatial synergisms. On one hand, the first released CA4 provided a complementary effect for improving

tumor accumulation of nanocarriers and the delivery effect of CDDP. On the other hand, CA4 and CDDP

respectively targeted their action sites, overall maximizing the therapeutic effect. More importantly, such

spatiotemporal drug delivery ability is accomplished by the pH-reduction dual responsive design of the

nanocarriers, and thus could also serve as a universal approach for programmable release of other

combination agents to improve their synergistic effect in cancer therapy.

Introduction

Cancer is the leading cause of death and a major public health
problem all around the world.1 Although various treatment
modalities including surgery, chemotherapy, radiotherapy, and
immunotherapy have been developed and widely used in
clinical treatment, the therapeutic effect and the survival rates
of patients have not shown significant improvement over the
decades.2 At this stage, the development of more efficient
therapeutic methods remains the main task in cancer therapy.

Recently, with the rapid development of nanotechnology,
nanoparticle-based combination therapy, referring to simultaneous
delivery of two or multiple antitumor agents, has been reported as

one important strategy to improve the treatment effect for cancer
therapy.3–12 Unlike monotherapy, combination therapy, as one of
the novel strategies, is characteristic of their numerous advantages.
For example, it can modulate different signalling pathways in cancer
cells to produce a synergistic response,13 maximize the therapeutic
effect while reducing the systematic toxicity,14 and offer promising
potential to overcome drug resistance and inhibit tumor
relapse.15,16 However, there are still many concerns about its
implementation due to the different pharmacokinetics and
action sites of different agents.17 For traditional co-delivery
systems, the non-controllable and non-targeted release is likely
to introduce some new problems. For instance, the systemic
toxicity might be enhanced owing to the sum of side effects of
separated drugs.8 Thus, the development of a high-efficiency
multidrug delivery system with controllable properties and
synergistic effects is highly required for combination therapy.18

As a novel concept, programmable combination approaches
have emerged as a potential strategy to enhance the antitumor
activity in combination therapy.6,7,16,17,19–21 By carefully control-
ling the release of each of the drugs, programmable treatments
based on nanotechnology could potentially minimize drug–drug
interactions and enhance the access of drug molecules to

a Key Laboratory of Functional Polymer Materials of Ministry of Education,

State Key Laboratory of Medicinal Chemical Biology and Institute of Polymer Chemistry,

College of Chemistry, Nankai University, Tianjin, 300071, China.

E-mail: yliu@nankai.edu.cn, shilinqi@nankai.edu.cn
b Tianjin Key Laboratory of Radiation Medicine and Molecular Nuclear Medicine,

Institute of Radiation Medicine, Chinese Academy of Medical Science & Peking

Union Medical College, Tianjin, 300192, China.

E-mail: huangfanforever@126.com

† Electronic supplementary information (ESI) available. See DOI: 10.1039/c9qm00178f

Received 25th March 2019,
Accepted 24th April 2019

DOI: 10.1039/c9qm00178f

rsc.li/frontiers-materials

MATERIALS CHEMISTRY
FRONTIERS

RESEARCH ARTICLE

Pu
bl

is
he

d 
on

 2
5 

A
pr

il 
20

19
. D

ow
nl

oa
de

d 
on

 6
/1

2/
20

26
 1

2:
08

:1
7 

PM
. 

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0001-5176-7613
http://orcid.org/0000-0002-2021-3850
http://orcid.org/0000-0002-9534-795X
http://crossmark.crossref.org/dialog/?doi=10.1039/c9qm00178f&domain=pdf&date_stamp=2019-05-06
http://rsc.li/frontiers-materials
https://doi.org/10.1039/c9qm00178f
https://pubs.rsc.org/en/journals/journal/QM
https://pubs.rsc.org/en/journals/journal/QM?issueid=QM003006


1160 | Mater. Chem. Front., 2019, 3, 1159--1167 This journal is©The Royal Society of Chemistry and the Chinese Chemical Society 2019

their targets,17 thus improving their synergistic effect. Unfortunately,
despite the advantages of programmable release methods over
co-delivery strategies, the appropriate nanotechnologies and
nanocarriers have not been fully developed.17 Due to the different
mechanisms and acting sites of anticancer agents, the releases of
those drugs need to be accurately controlled in a spatiotemporal
manner, making the drugs exert their pharmacological activities
only at the target sites.19

In current strategies, one of the typical examples is combined
treatment based on vascular disrupting agents (VDAs) and
cytotoxic agents. As an elegant concept in cancer therapy, the
inhibition of angiogenesis using VDA can produce synergetic
responses with many chemotherapeutics such as doxorubicin
(DOX), cis-platinum (CDDP), and paclitaxel (PTX) etc.4,19,22–27

When simultaneously treated with VDA and chemotherapy
drugs, VDA is able to selectively disrupt the newly formed tumor
vasculature and deprive nutrient supply to tumor cells, while
chemotherapeutics kill the cancer cells, leading to extensive and
comprehensive tumor necrosis.24 However, how to precisely
control the release of each agent in their respective action sites
to maximize their effectiveness in combination therapy remains
a main task and challenge in the design of nanocarriers.

Using combretastatin A4 (CA4) and cis-platinum (CDDP) as
an example, the CA4 can cause a rapid vascular shutdown
inside a tumor by disrupting the cytoskeletal structures of the
endothelial cells,4 implying that CA4 should be released in the
regions nearby the tumor vessels. In contrast, CDDP brings
about apoptosis by interaction with DNA to form crosslinked
DNA adducts only when being transferred into the nucleus of

the cancer cells, and requires extensive diffusion in tumor
tissues to contact with more cancer cells for sufficient uptake.
This opposite requirement may give a great challenge to nano-
medicines in combined therapy. To overcome this challenge, we
reported a pH-reduction dual-responsive drug delivery system
(pH-reduction dual responsive nanocarriers, denoted as DRNs)
to achieve programmable releases of CA4 and CDDP. This dual-
responsive system comprised a reduction-responsive shell cross-
linked by CDDP, a pH-responsive core consisting of poly(b-
amine ester) (PAE), and a PEGylated crown. In the bloodstream,
the protection of PEG and the crosslinking of CDDP would
endow the nanocarriers with outstanding stability. When entering
the tumor tissues via the enhanced permeability and retention
(EPR) effect, the extracellular low pH microenvironment would
trigger the rapid protonation of PAE,28 and give the nanocarriers a
positive charge to achieve adequate accumulation in the tumor.
At the same time, the CA4 could be quickly released from the
pH-responsive PAE core and disrupt tumor vessels, thereby
inhibiting the tumor growth by reducing the nutrition supplement
from blood, and improving the tumor accumulation of the DRNs
resulting from the enhanced retention time in the tumor sites. In
addition, the DRNs with positive charge can deeply penetrate into
the tumor tissues. When being taken-up by the cancer cells, the
intracellular reductive microenvironment, caused by the high level
of glutathione (GSH),29–34 would accelerate the release of CDDP,
resulting in large apoptosis of the cancer cells and extensive tumor
necrosis, which could enhance the therapeutic effect (Scheme 1). In
brief, this work reveals the potential of a single programmable
nanocarrier to deliver CA4 and CDDP for targeting endothelial cells

Scheme 1 (A) Illustration of the preparation and shell crosslinking structure of the DRNs. (B) Illustration of the programmable drug release property of
the DRNs in vivo. (I) The PEGlated and CDDP cross-linked stabilization endow the DRNs with outstanding stability in the bloodstream. (II) The acidic
microenvironment triggers CA4 release to disrupt the tumor vessel, promoting further tumor accumulation of the DRNs. (III), (IV) The positive surface
charge facilitates the tumor penetration of DRNs and uptake. (V) Intracellular reductive conditions, resulting from GSH, trigger the release of CDDP when
the DRNs enter the cancer cells.
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and cancer cells in succession, giving rise to a temporal and spatial
synergism. On one hand, the temporal synergism provides CA4 with
a complementary effect to improve tumor accumulation of
nanocarriers and enhance the delivery effect of CDDP. On the
other hand, spatial synergism would maximize the therapeutic
effect because of the accurate targeting of CA4 and CDDP. In a
word, this system offers a potential strategy to enhance the
treatment effect of combination therapy based on CA4 and
CDDP. More importantly, the programmable release property is
accomplished by the pH-reduction dual responsive structure of
the DRNs, and thus can also provide a universal platform for the
spatiotemporal release of other combination agents in combined
therapy, enabling their in vivo application and giving a better
treatment effect.

Experimental
Materials

All chemicals were purchased from J&K Chemical Ltd, USA
unless otherwise stated. All solvents used in the reaction were
distilled after drying with calcium hydride for 12 hours.
Poly(ethylene glycol) methyl ether (PEG5k-OH) was purchased
from Shanghai YareBio Ltd, China. Cy5.5, Cy3 NHS ester and
Cy5.5 NHS ester were purchased from Lumiprobe Co., USA.
Succinic anhydride was purchased from Lumiprobe Co., USA.
cis-Platinum and combretastatin A4 (CA4) was purchased from
Shanghai YareBio Ltd, China.

Preparation and characterization of nanocarriers

Detailed protocols for the synthesis of all block copolymers are
described in the Supporting Information (Fig. S1–S3, ESI†). The
characterizations of all block copolymers and the products
in each step were performed using the 1H NMR spectra.
The nanocarriers were prepared through a nanoprecipitation
technique referring to previous works.35–37 PAE-b-PEG was
dissolved in THF with the concentration of 17.5 mg mL�1.
PAE-b-PLysSA solution was prepared in DMSO by the ring-
opening reaction of PAE-b-PLys (1 eq.) and SA (25 eq.). After
reaction at 35 1C for 48 h, the solution was diluted to 14 mg mL�1.
PCL-b-PLysSA solution was prepared using a similar method.
According to the predetermined formulation (Table S1, ESI†), a
certain amount of the polymer solutions were mixed together
and added dropwise into alkaline water (pH 10) under vigorous
stirring, followed by stabilization for 2 h. The solution was
transferred into a dialysis bag (MWCO 10 000) and dialyzed
against PB (pH 9.0, 10 mM) for 1 day to remove excess SA. Then
the mixture was allowed to react with CDDP for 24 h and
transferred into a dialysis bag (MWCO 3500) and dialyzed
against PB (pH 7.4, 10 mM) for 2 days, followed by ultrafiltration
to anticipant concentration. Other types of nanocarriers were
prepared in a similar method. The formulations are shown
in Tables S2 and S3 (ESI†). The characterizations of the nano-
carriers were performed using dynamic light scattering (DLS) via
laser light scattering spectrometer (BI-200SM), transmission electron
microscopy (TEM) and zeta potential via a Brookhaven ZetaPALS
(Brookhaven Instrument, USA) at different pH conditions.

Evaluation of the stability and responsiveness of the DRNs via
DLS and TEM

To evaluate the stability of the DRNs, phosphate buffer solution
(PB, 0.01 M, pH 7.4) was used to simulate the physiological pH
value. The stability of the DRNs was determined by measuring
the change in particle size over time. Briefly, 0.1 mL of the DRN
solution (1 mg mL�1) was diluted with 1.5 mL of PB solution
(0.01 M, pH 7.4). The average hydrodynamic diameter distribu-
tions of the DRNs over 12 h were acquired from DLS. The
responsiveness of the DRNs was evaluated by the measure of
DLS and observation of TEM. Briefly, 0.1 mL of the DRN
solution (1 mg mL�1) was added into 1.5 mL of three types
of phosphate buffer solution (PB) (pH 7.4, pH 6.5 and pH 6.5 +
10 mM GSH). The average hydrodynamic diameter as setting
points (0 h, 2 h, 4 h, and 12 h) was acquired from DLS. At the
same time, the DRN solutions at different times were collected,
and then dropped onto a carbon-coated copper grid and dried
slowly at the required temperature, followed by observation
via TEM.

In vitro drug release

DRN solution (1 mL, pH 6.5 and 7.4) with an initial concentration
of 2 mg mL�1 was added into a dialysis bag (MWCO 5000) and
dialyzed against 9 mL of PB solution (10 mM) with the corres-
ponding pH value under vigorous stirring. At set time points,
1 mL of the dialysis fluid was collected and replaced with an
equal volume of fresh PB solution. The release of CA4 was
determined by measuring the intensity using an ultraviolet
spectrometer (at 290 nm). The release of CDDP was evaluated
by inductively coupled plasma mass spectrometry (ICP-MS). The
release of Cy3 and Cy5.5 was determined by measuring the
fluorescence intensity of the emission (570 nm and 690 nm,
respectively). The same experiments were repeated three times
and the average was taken.

In vitro programmable release

The in vitro programmable release ability of the DRNs was
evaluated by cellular uptakes at different pH (pH 7.4 and 6.5)
conditions using confocal laser scanning microscopy (CLSM)
and flow cytometry (FCM). The culture medium with different
pH conditions was prepared in advance. Briefly, 1 mL of PB
solution (pH 7.4, 100 mM) was added to 9 mL of DMEM culture
medium and its pH was adjusted to 7.4 using HCl solution
(1 mM). With a similar method, pH 6.5 medium was prepared.
The Cy3-labeled/Cy5.5-loaded DRN (Cy3-DRNs/Cy5.5) solution
was respectively diluted five times with the aforementioned
culture medium solution. HepG2 cells were cultivated in a
confocal dish for 24 h incubation with an initial density of
5000 cells per dish. Whereafter, the culture medium was
removed and replaced with 1 mL of Cy3-DRNs/Cy5.5 solution
(pH 7.4 and 6.5). After 2 hours, the solution was removed and
the cells were washed with 1 mL of PBS solution three times,
followed by fixing with 1 mL of 4% paraformaldehyde solution
for 15 min and observing with CLSM after staining by 40,6-
diamidino-2-phenylindole (DAPI). Similarly, the 4T1 cells were
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cultivated in 12-well plates with an initial density of 10 000 cells
per well for 24 hours incubation, and then treated with the Cy3-
DRNs/Cy5.5 solution. After 2 hours, the medium was removed
and each well was washed three times. The cells were digested
with 0.5 mL of trypsin solution for 1 min, and then dispersed in
0.5 mL of fresh medium. All the cells were transferred into a
centrifuge tube, followed by 5 min centrifugation. The supernatant
was removed and the cells were washed three times with PBS.
Finally, the cells were fixed and dispersed in 1 mL of 4% parafor-
maldehyde solution for 15 min, and measured by flow cytometry.

In vivo biodistribution and tumor accumulation

The animal studies were performed in accordance with the
Regulations for the Administration of Affairs Concerning Experi-
mental Animals (Tianjin, revised in June 2004) and adhered to the
Guiding Principles in the Care and Use of Animals of the American
Physiological Society. The BALB/c nude mice were inoculated with
4T1 cells in the left abdomen. 3 weeks later, these mice were
randomly divided into three groups and intravenously injected
with Cy5.5-labeled reduced-responsive nanocarriers (Cy5.5-R-RNs),
Cy5.5-labeled pH-reduction dual responsive nanocarriers (Cy5.5-
DRNs) and Cy5.5-labeled CA4-loaded pH-reduction dual respon-
sive nanocarriers (Cy5.5-DRNs/CA4), when the tumors grew to
500 mm3. After three consecutive treatments with the three types
of Cy5.5-labeled nanocarriers at days 1, 3 and 5 respectively, the
mice were anesthetized and imaged under an in vivo imaging
system at 1 h, 6 h, and 24 h post-administration at day 5. At the
end (24 h), all mice were sacrificed for harvesting the major organs
(heart, liver, spleen, lungs, and kidneys) and tumor. Ex vivo
imaging was conducted by a Kodak IS in vivo FX imaging system.

In vivo tumor penetration

The tumors in ‘‘In vivo biodistribution and tumor accumulation’’
were collected, dehydrated by 30% sugar solution for 2 days, fixed
with 4% formaldehyde solution for 2 days, and cut into 8 mm-
thick sections, followed by staining with DAPI and anti-CD31-
FITC, and observation via CLSM.

In vivo antitumor efficacy and combination therapy

The BALB/c nude mice were cultivated with 4T1 cancer cells.
When the tumor grew to 100 mm3, those tumor-bearing mice
were randomly divided into four groups. From day 1, the mice
were treated with saline (control), free CA4 + free CDDP,
pH-reduction dual responsive nanocarriers (DRNs) + CA4-loaded
pH-responsive nanocarriers (pH-RNs/CA4) and CA4-loaded
pH-reduction dual responsive nanocarriers (DRNs/CA4) (at days 1,
3, 5, 7 and 9). The doses of CDDP and CA4 were fixed at 5 mg kg�1

and 2 mg kg�1 body weight. Weight of the mice and tumor volume
(tumor volume (mm3) = length � width2/2) were measured at a
determined time for three weeks.

Hematoxylin/eosin (H&E) and immunohistochemical staining

At the end of the antitumor efficacy experiment, the tumors were
collected and fixed in 4% paraformaldehyde for 48 h, embedded
with paraffin and 8 mm-thick sections were prepared, followed
by hematoxylin/eosin (H&E) and terminal deoxynucleotidyl

transferase-mediated deoxyuridine triphosphate nick end (TUNEL)
staining. The resulting sections were observed respectively via an
optical microscope (Leica DMI6000 B) and CLSM.

Statistical analysis

Data were shown as means� standard deviation (SD). Statistical
analysis was operated by one-way ANOVA for multiple groups
and Student’s t-test for two groups. p o 0.05 was considered
significant.

Results and discussion
Preparation and characterization of nanocarriers

To prepare nanocarriers, all block copolymers, including
PAE-b-PEG, PAE-b-PLys, and PCL-b-PLys, had been synthesized
in advance. The 1H NMR spectra of the products in each step are
presented in Fig. S4–S7 (ESI†). The representative functional
groups could be found in the spectra, suggesting that the
products were synthesized successfully. As shown in Fig. S8
(ESI†), the DLS analysis indicated that the diameter of the DRNs
was around 75 � 10 nm, which was very consistent with the
TEM observation that the obtained DRNs were spherical and the
sizes were around 75 nm (Fig. S9, ESI†).

Evaluation of the stability and responsiveness of the DRNs via
DLS and TEM

Stability is one of the critical aspects in ensuring the safety of
nanomedicines, largely deciding the in vivo fate of nano-
particles.38 For the DRNs, the stabilization of PEG and cross-
linking of CDDP would provide them with wonderful stability.
To prove this hypothesis, we measured the size change of the
DRNs at pH 7.4 over 12 h. As shown in Fig. 1A, the DRNs
exhibited a negligible difference in hydrodynamic diameter and
distribution in this time period, indicating an outstanding
stability of the DRNs under physiological conditions. Once
entering tumor tissues, the DRNs were expected to quickly
respond to the extracellular acidic microenvironment and the
intracellular reductive conditions for achieving programmable
drug release. As depicted in Fig. 1B, the particle size increased
from 75 � 10 nm to 150 � 20 nm with the decrease of pH from
7.4 to 6.5. When glutathione (GSH, 10 mM) was added, the
particle size further increased to 170 � 20 nm at 4 h and 230 �
30 nm at 12 h, indicating a sensitive acidic and reductive
responsiveness of the DRNs. In addition, zeta potential analysis
was also employed to further investigate the DRNs’ pH-responsive
ability. As shown in Fig. 1C, the DRNs were negatively charged
(�6.7 � 1.3 mV) at pH 7.4, and quickly transformed into positive
charge (+5.5 � 0.6 mV) at pH 6.5 and (+10.3 � 1.2 mV) at pH 5.0
within 5 min, revealing a robust charge reversal property. Finally,
TEM was employed to visually observe the change in DRNs’
structure. In the TEM images, the structure of the DRNs
changed from a solid sphere into a hollow vesicle because the
core of the DRNs swelled under acidic conditions resulting from
the pH-sensitive PAE, which can change from the hydrophobic
form into a hydrophilic status at low pH conditions. With the
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addition of GSH, the cross-linked shell was broken up slowly
(4 h) and disassembled in the end (12 h) due to the redox of
CDDP (Fig. 1D). These results further confirmed the outstanding
pH-reduction dual responsiveness of the DRNs. With such property,
the DRNs showed tremendous potential to achieve programmable
releases of CDDP and other hydrophobic anticancer agents
such as CA4.

In vitro drug release

When loaded in the pH-responsive core of the DRNs, CA4 or
other agents would be released quickly at acid environments
while CDDP shows a lower release rate without reductant
(Fig. 2A). To prove this hypothesis, we studied the drug-release
behaviour of the DRNs/CA4 at different pH conditions. As shown
in Fig. S10 (ESI†), very different release kinetics were observed in
CA4, with less than 30% release at pH 7.4 and over 70% release
at pH 6.5 after 24 h incubation. In contrast, similar release
behaviours at pH 7.4 and 6.5, with less than 30% release, were
exhibited in CDDP. Such an acid-promoted drug release is
essential to facilitate an effective intracellular release of CA4
to disrupt the tumor vessels. In addition, the unreleased CDDP

can be subsequently delivered into the cancer cells by the DRNs
to induce cell apoptosis. For a better study and observation of
the programmable release ability in cancer cells, we employed
Cy3-labeled and Cy5.5-loaded DRNs (Cy3-DRNs/Cy5.5) to stand
for DRNs/CA4. In this system, the CDDP and CA4 were respectively
represented with Cy3 and Cy5.5. As depicted in Fig. 2B, the similar
drug release kinetics with that of DRNs/CA4 further confirmed the
wonderful programmable release capability of the DRNs, and also
revealed that Cy3-DRNs/Cy5.5 can be used as a model of DRNs/CA4
for the next cell experiment.

In vitro programmable release

In the following research, we intended to investigate the pro-
grammable release ability of the DRNs on a cellular level. In the
pilot experiments, we found that the Cy5.5 was more easily
taken-up by the cancer cells when loaded in the DRNs compared
with free Cy5.5 (Fig. S11 and S12, ESI†). Thus, the cell uptake of
Cy5.5 may not significantly enhance when the pH changes from
7.4 to 6.5 because of the rapid release from the DRNs at the
extracellular acidic conditions. To prove this hypothesis, we
assessed the cellular uptake of Cy3 and Cy5.5 at different pH
conditions. As shown in Fig. 3A, the Cy3 fluorescence signal was
significantly enhanced with the decrease of pH from 7.4 to 6.5,
while the signal of Cy5.5 showed negligible difference. Further
quantification was confirmed using flow cytometry analysis
(Fig. 2B–D). In agreement with the CLSM observation, the mean
fluorescence of Cy3 for the pH 6.5 group enhanced 3 folds
compared with that of the pH 7.4 group, while there was only
1.2 times increase for the mean fluorescence of Cy5.5. These
results were attributed to the different release of Cy3 and Cy5.5.
In acidic environments, the protonation of PAE provided the
DRNs with a positive charge, improving the cell uptake of the
DRNs as well as the conjugated Cy3. In contrast, because a great
mass of Cy5.5 had been released from the DRNs at the

Fig. 1 The characterization of the DRNs. (A) The stability of the DRNs measured by DLS at pH 7.4. (B) The evaluation of the DRNs’ dual responsiveness via
DLS at different conditions. (C) The evaluation of the DRNs’ acidic responsiveness using zeta potentials measured at pH 7.4, 6.5 and 5.0. (D) The TEM
images of the DRNs under acidic and reductive conditions.

Fig. 2 The evaluation of the DRNs’ programmable drug release ability via
in vitro release kinetics. (A) Illustration of the programmable release
combination agents. (B) The release of Cy3 and Cy5.5, which is used to
simulate the hydrophobic drug loaded in the core (such as CA4) and
crosslinking CDDP, respectively.
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extracellular acidic conditions, the positive DRNs showed less
impact on the cellular uptake of Cy5.5. Altogether, these results
confirmed that the DRNs had huge potential to achieve pro-
grammable release of combination agents (such as CA4 and
CDDP) according to their temporal and spatial needs, providing
them with a strong synergetic effect and a better treatment
effect in cancer therapy.

Evaluation of the complementary effect of CA4 for tumor
accumulation and penetration in vivo

The CA4, as one of the most common vascular disrupting agents,
can shut down the blood vessels and facilitate the accumulation
of nanoparticles in the tumor sites.24,39,40 In our system, the
DRNs possibly show a higher tumor accumulation capability in
comparison with traditional nanoparticles attributed to their
charge reversal property.41,42 Moreover, we anticipated that the
CA4 might further improve the accumulation effect of nanocar-
riers to enhance the drug delivery efficiency of CDDP. Thus, we
constructed three systems, including the Cy5.5-labeled single
reduced-responsive nanocarriers (Cy5.5-R-RNs), Cy5.5-labeled
pH-reduction dual responsive nanocarriers (Cy5.5-DRNs) and
Cy5.5-labeled CA4-loaded pH-reduction dual responsive nano-
carriers (Cy5.5-DRNs/CA4), to certify this hypothesis in 4T1
tumor-bearing nude mice. The zeta potential analysis revealed

an obvious change of surface charge in both Cy5.5-DRNs and
Cy5.5-DRNs/CA4, but insignificant change in the Cy5.5-R-RNs
group while the pH changes from 7.4 to 6.5 and 5.0 due to the
different composition of the core (Fig. 4A). After the injection of
the formulations three times, the in vivo and ex vivo imaging
were monitored via a near-infrared optical imager. As one might
expect, it was clearly seen that the pH-reduction dual responsive
groups (including Cy5.5-DRNs and Cy5.5-DRNs/CA4) showed
stronger red fluorescence signal in tumors compared to that
of the single reduced-responsive group (Cy5.5-R-RNs), indicating
that the pH-sensitive structure is beneficial to the tumor
accumulation for nanocarriers. Furthermore, with the help of
CA4, a higher accumulation efficiency was obtained in the
Cy5.5-DRNs/CA4 group, implying that CA4 exhibited a wonderful
complementary effect for DRNs’ tumor accumulation, because
CA4 was capable of enhancing the retention time of the DRNs in
the tumor sites (Fig. 4B and C). In addition, the quantification of
the biodistributions also revealed more efficient accumulation in
the Cy5.5-DRNs/CA4 group, with 3.6 folds versus Cy5.5-R-RNs
treatment and 1.45 folds versus Cy5.5-DRNs administration
respectively, further confirming the CA4’s additive effect for the
tumor accumulation of nanoparticles (Fig. 4D). In addition, the
protonation of PAE triggered by the acidic tumor microenviron-
ment provided the DRNs with positive charge, and theoretically

Fig. 3 The evaluation of DRNs’ programmable drug release ability via in vitro cellular uptake at different pH conditions. (A) The confocal microscopy
images of HepG2 cells treated with Cy3-DRNs/Cy5.5 solution (0.1 mg mL�1) under different conditions (scale bar = 20 mm). (B and C) Flow cytometry of
4T1 cells cultured with Cy3-DRNs/Cy5.5 solution (0.1 mg mL�1) for 2 hours at pH 7.4 and pH 6.5, respectively. (D) The quantification analysis of Cy3 and
Cy5.5 fluorescence intensity of the cells treated with Cy3-DRNs/Cy5.5 at pH 7.4 and 6.5. Error bars indicate s.d. (n = 3) t-test (NS 4 0.05, P* o 0.05,
P** o 0.01, P*** o 0.001, P**** o 0.0001).
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might endow the DRNs with outstanding tumor penetration
ability.42,43 Here, we also evaluated DRNs’ penetration capability
via CLSM observations. As shown in Fig. 5E and F, a few red
fluorescence emissions could already be observed in the sur-
roundings of the blood vessels and tumor surface in the single
reduced-responsive group (Cy5.5-R-RNs). In contrast, deep
diffusions were shown in the pH-reduction dual responsive
groups (Cy5.5-DRNs and Cy5.5-DRNs/CA4). Moreover, a stronger
signal was found in the tumor treated with Cy5.5-DRNs/CA4
compared with Cy5.5-DRNs, further highlighting the importance
of CA4 for more valid tumor accumulation. Therefore, with the
help of this programmable controlled method, CA4 exhibited a
wonderful complementary effect for the tumor accumulation as
well as penetration of the DRNs, which could enhance the
delivery efficiency of CDDP, achieving the synergistic effect for
tumor therapy.

In vivo antitumor efficacy and combination therapy

The splendid programmable release ability and the additive
effect of CA4 in tumor accumulation provided us with a strong
rationale to evaluate the antitumor activity of the DRNs/CA4
in vivo. In this study, the mice were administrated with saline,
CA4 + CDDP, DRNs + pH-RNs/CA4, and DRNs/CA4, and then
the tumor volumes and body weights were recorded for 21 days.
As depicted in Fig. 5A and D, the tumor volume increased
rapidly for the free drugs group (CDDP + CA4), with only
approximately 27.9% inhibition rate versus that of saline treatment.
In contrast, the DRNs + pH-RNs/CA4 and DRNs/CA4 groups

exhibited significant tumor growth suppression, with 53.8%
and 75.4% tumor suppression rates (TSRs), respectively. More
importantly, the most effective inhibition of the tumor growth
was observed from the mice treated with DRNs/CA4, implying
that a synergetic effect could be acquired when CA4 and CDDP
were simultaneously loaded in a single delivery system with
a programmable release ability. Meanwhile, we measured the
weight of tumor mass in each group (Fig. 5C). The DRNs/CA4
group showed the smallest tumor weight, further confirming
the better therapeutic effect of this co-delivery system with
spatiotemporal release properties. In addition, H&E and TUNEL
staining results suggested that the DRNs/CA4 group considerably
enhanced necrosis and apoptosis of the cancer cells compared
with other groups, further proving the synergetic effect of our
designed system for enhanced antitumor therapy.

Safety assessment of the DRNs/CA4

Safety is one of the most critical requirements for nano-
medicine.44 Thus, we assessed the in vivo safety of the DRNs/
CA4. As shown in Fig. 5B, the treatment of free CA4 + CDDP
resulted in obvious body weight loss, while the mice treated
with DRNs/CA4 had no body weight loss compared to the saline
group, indicating that our designed system possessed good
biocompatibility and little adverse reaction in vivo. In addition,
we also investigated their in vivo toxicity by histological assessment
(Fig. 6). As expected, a clear and compact structure of cells was
observed in all organs, further confirming the negligible toxicity of
the DRNs/CA4.

Fig. 4 The tumor accumulation of DRNs and the complementary effect of CA4 in tumor accumulation. (A) Zeta potentials of Cy5.5-R-RNs, Cy5.5-DRNs,
and Cy5.5-DRNs/CA4 at pH 7.4, 6.5, and 5.0. (B) In vivo fluorescence imaging of 4T1 tumor-bearing nude mice at 1, 6, and 24 h post-injection after
injection of three types of Cy5.5 labeled nanocarriers three times. (C) Ex vivo fluorescence imaging of the tumor and organs (heart, liver, spleen, lung, and
kidney) harvested from the 4T1 tumor-bearing nude mice at 24 h post injection. (D) Quantitative analysis of fluorescent signals from the tissues and the
tumor from the ex vivo fluorescence images. Error bar indicates s.d. (n = 3) t-test (P* o 0.05, P** o 0.01). (E and F) The confocal microscopy images of
Cy5.5-R-RNs, Cy5.5-DRNs, and Cy5.5-DRNs/CA4 on the surface of the tumor and at the perivascular sites after penetrating into the tumor tissue for 24 h
(blue: nucleus stained by DAPI; green: anti-CD31 FITC; red: Cy5.), (scale bar = 200 mm).
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Conclusions

In summary, we have developed a pH-reduction dual responsive
drug delivery system for programmable release of CA4 and
CDDP according to their spatial and temporal needs. By
responding to the acidic tumor microenvironment, such nano-
carriers were capable of selectively releasing CA4 in the perivascular
sites of tumor tissue to disrupt the blood vessels, then accumulate
and further penetrate into the tumor tissues. When taken-up by
cancer cells, the intercellular reductive conditions triggered the

release of CDDP to promote cancer cell apoptosis. With this
programmable release capacity, our designed system was
able to carry out precise delivery of the combination agents
according to their spatiotemporal needs, further improving the
therapeutic effect of combination therapy. In this system, the
CA4 can not only achieve a complementary effect for nano-
carrier tumor accumulation to improve the delivery efficiency of
CDDP but also enhance the synergistic effect of CA4 and
CDDP by accounting for their respective spatial and temporal
needs, giving rise to a better therapeutic effect in cancer
therapy. More importantly, such programmable release strategy
is accomplished by the pH-reduction dual response of nano-
carriers, so that it is also appropriate for the delivery of other
combination agents, providing a universal platform to achieve
high-efficiency combination therapy.
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Fig. 5 The in vivo antitumor efficacy and combination therapy of CA4 and CDDP. (A) The 4T1 tumor growth curves after injection with saline, CA4 +
CDDP, DRNs + pH-RNs/CA4, and DRNs/CA4 at a dose of 5 mg (CDDP) kg�1 and 2 mg (CA4) kg�1 body weight, respectively. Error bars indicate s.d.
(n = 10) t-test (P* o 0.05, P** o0.01, P*** o 0.001). (B) Relative body weight during treatment for 21 days. Error bars indicate s.d. (n = 10). (C) Tumor
weight at day 21. Error bars indicate s.d. (n = 10) t-test (P* o 0.05, P** o0.01, P*** o 0.001). (D) Images of the tumor at day 21. (E) Quantification of the
apoptotic cells in tumor tissue after the treatment, obtained through terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick
end (TUNEL) staining. Error bars indicate s.d. (n = 5) t-test (P* o 0.05, P** o0.01). (F) Histological analysis of tumor sections stained with H&E (scale
bar = 100 mm) and TUNEL (scale bar = 50 mm).

Fig. 6 H&E staining of the sections of major organs treated with the
DRNs/CA4 (heart, lung, liver, spleen, and kidney). Tissue paraffin sections
which were 8 mm thick stained with standard hematoxylin and eosin (H&E)
and examined with an optical microscope (scale bar = 100 mm).
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