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[13_TD$DIFF]A B S T R A C T

Cancer therapy with nanoscale drug formulations has made significant progress in the past few decades.
However, the selective accumulation and release of therapeutic agents in the lesion sites are still great
challenges. To this end, we developed a cRGD-decorated pH-responsive polyion complex [14_TD$DIFF](PIC)micelle for
intracellular targeted delivery of doxorubicin (DOX) to upregulate tumor inhibition and reduce toxicity.
The PIC micelle was self-assembled via the electrostatic interaction between the positively charged
cRGD-modified poly(ethylene glycol)-block-poly([15_TD$DIFF]L-lysine) and the anionic acid-sensitive 2,3-dimethyl-
maleic anhydride-modified doxorubicin (DAD). The decoration of cRGD enhanced the cell internalization
of PICmicelle through the specific recognition of αvβ3 integrin on themembrane of tumor cells. The active
DOX was released under intracellular acidic microenvironment after endocytosis following the
decomposition of DAD. Moreover, the targeted PIC micelle exhibited enhanced inhibition efficacies
toward hepatoma in vitro and in vivo compared with the insensitive controls. The smart multifunctional
micelle provides a promising platform for target intracellular delivery of therapeutic agent in cancer
therapy.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
[17_TD$DIFF]Presently, nanomedicine with unique advantages, including
excellent water dispersity, selective intratumoral accumulation,
controllable release, improved efficacy, reduced side effects, and so
forth, attracts increasing attention in the therapy of malignancies
[1–6]. However, the unexpected biodistribution and drug release of
nanomedicine in the undesired sites always result in severe side
effects toward healthy tissue and cells [7]. Therefore, the high-
specific drug delivery into the lesion sites is still a significant
challenge in cancer therapy.

Several studies reported that the introduction of tumor-specific
ligands, e.g., small molecules, peptides, nuclear acid aptamers, and
polysaccharides, to the external surface of nanomedicine realizes
the efficient targetability [7–9]. The targetability of nanomedicine
upregulates drug accumulation at the tumor site and largely avoids
non-specific uptake by healthy cells. However, off-target is still a
common issue for smart drug delivery.
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[18_TD$DIFF]The introduction of responsiveness to the endogenous and
exogenous stimuli into the nanomedicine further improves the
selectivity of drug delivery into the tumor cells [10–13]. Among all
these stimuli, pH is one of the most [19_TD$DIFF]promising ones because of the
dramatic potentials of pH in different tissues and cellular
compartments [14,15]. For instance, the pH of physiological
environments is about 7.4, while in tumor tissue, the value
reduces to 6.8. More importantly, the pH in the endosome and
lysosome dramatically decreased to 5.0–6.5 [16]. Based on the
gradient pH changes, various pH-[20_TD$DIFF]responsive linkages, such as
amide,[21_TD$DIFF] orthoester, hydrazone, imine, and acetal [22_TD$DIFF]bonds [16], with
different pH- [23_TD$DIFF]sensitivities, have been applied for the extracellular
or intracellular drug [24_TD$DIFF]delivery [17,18].

To specifically recognize the tumor cells and selectively deliver
the antineoplastic agent into the tumor cells, we developed the
targeted pH-responsive polyion complex (PIC) micelle from the
positively charged cRGDfC-modified poly(ethylene glycol)-block-
poly([15_TD$DIFF]L-lysine) (cRGD-PEG-b-PLL) and anionic acidity-activatable
doxorubicin (DOX) prodrug (DAD) with the modification of
2,3-dimethylmaleic anhydride (DMMA [25_TD$DIFF]), as shown in Scheme 1.
The non-pH-responsive PIC micelles with and without cRGDfC
from polypeptide and the succinic anhydride (SA)-decorated DOX
prodrug (SAD) were prepared as controls to demonstrate the
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. Schematic illustration of targeted intracellular drug delivery by pH-
responsive PIC micelle.
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superiority of pH-responsive platform. Compared with PICM/DAD,
cRGD-PICM/SAD, and PICM/SAD, cRGD-PICM/DAD acted through a
sequential dual-targeting approach. First, cRGD-PICM/DAD
selectively accumulated at [26_TD$DIFF]the tumor site mediated by the
ligand-receptor interaction between the cRGDfC on the surface
of PIC micelle and the αvβ3 integrin on the membrane of tumor
cells. Subsequently, DOX was activated under the intracellular
acidic conditions, which resulted in enhanced antitumor efficacy
and reduced side effects. Hence, we believe that the targeted PIC
micelle is a promising candidate for acidity-mediated intracellular
drug release in cancer therapy.

The targeted PIC micelle was prepared by the electrostatic
interaction of positively charged cRGD-PEG-b-PLL and negatively
charged pH-responsive DAD or non-pH-responsive SAD. cRGD-
PEG-b-PLL was synthesized through the sequential ring-opening
polymerization, deprotection, and thiol-ene reaction according to
the protocol reported in our previous studies (Scheme S1 in
Supporting information) [18,19]. The successful synthesis of cRGD-
PEG-b-PLL and its parent polypeptides were demonstrated by the
proton nuclear magnetic resonance (1H NMR), as shown in Fig. 1.
The characteristic resonances at 4.91 and 3.66 ppmbelonged to the
protons in the side benzyl group of PZLL (�CH2OC(O)�) and
the methylene unit of aPEG (�CH2CH2O�), respectively,
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Fig. 1. 1H NMR spectra of aPEG-b-PZLL, aPEG-b-PLL, and cRGD-PEG-b-PLL.
demonstrating the successful synthesis of aPEG-b-PZLL. What is
more, the degree of polymerization of PLL was calculated to be 35
by 1H NMR spectra. The disappearance of the chemical shifts of
protons in C6H[27_TD$DIFF]5CH2� at 7.04 ppm and [28_TD$DIFF]–CH2OC(O)� at 4.91 ppm
proved the successful deprotection and confirmed the synthesis of
aPEG-b-PLL. The signal appearance of protons in the phenyl group
of cRGD at 7.11 ppm and the disappearance of proton signals in
CH2=CH� at 5.70 and 5.49 ppm, [29_TD$DIFF] indicated the successful synthesis
of cRGD-PEG-b-PLL (Fig. 1).

The acidity sensitive and insensitive DOX prodrugs DAD and
SAD were synthesized by the ring- [30_TD$DIFF]opening reaction between the
amino group in DOX and the corresponding anhydrides DMMA
and SA (Scheme S2 in Supporting information). We also
confirmed the successful synthesis of DAD and SAD by 1H NMR
and matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS). As shown in Fig. S1
(Supporting information), the peaks appeared at 2.09 and
1.95 ppm were assigned to methyl protons in [31_TD$DIFF]–C(CH3)=C(CH3)�
of DAD. Similarly, the characteristic resonance signals of protons in [31_TD

$DIFF]–C(O)CH2CH2C(O)� at 2.50 and 2.34 ppm indicated the successful
synthesis of SAD. The data of MALDI-TOFMS further confirmed the
successful synthesis of DAD and SAD. The molecular weights of
SAD matched the theoretical values, but the molecular weight of
DAD was higher than the theoretical value, which was because the
DAD bond to Na+ and some DAD-Na+ lost a molecule of H2O. All
these results indicated that both the polymers and prodrugs were
successfully synthesized.[32_TD$DIFF]

All the PIC micelles, cRGD-PICM/DAD, PICM/DAD, cRGD-PICM/
SAD, and PICM/SAD, were prepared by the electrostatic interaction-
incorporatedcomplexof cationicpolypeptidesandanionicprodrugs
[19]. The encapsulation efficiencies of all the micelles were about
95.0wt%, and the drug loading content was about 10.0wt%.
Transmission electron microscopy (TEM) and dynamic laser
scattering (DLS) assays were performed to detect the morphologies
and sizes of these PICmicelles (Fig. 2). As shown in Fig. 2A, all these
PIC micelles self-assembled into spherical nanoparticles with
various unified sizes. Typically, the diameters of cRGD-PICM/DAD
and PICM/DAD were detected to be 75.4� 3.5 and 81.9� 5.5 nm
by TEM, respectively, which was slightly larger than those of
cRGD-PICM/SAD (58.2� 4.0 nm) and PICM/SAD (61.6� 4.5 nm).
What is more, the presence of cRGD on the surface of PIC micelles
never affected their morphologies and sizes. In contrast, the sizes
from DLS were 97.2� 3.5, 109.6� 3.8, 80.6� 2.3, and 85.8� 2.9 nm
for the above PIC micelles (Fig. 2B), which were slightly larger than
those measured by TEM because the dehydration induced the
shrinkage of micelle in the process of sample preparation for TEM
detection. The PIC micelles with diameters at around 100 nm are
appropriate for the potential selective intratumoral accumulation
through the enhanced permeability and retention effect.

As shown in [33_TD$DIFF]Figs. 2C–E, the in vitro DOX release behaviors of
these PIC micelles were detected in phosphate-buffered saline
(PBS) at pH 5.5, 6.8, and 7.4. For the DAD-loaded PIC micelles, the
cumulative release [34_TD$DIFF]of DOX could be accelerated by the decrease of
pH from 7.4 to 6.8 and 5.5. Typically, the release percentages of
loaded DOX in cRGD-PICM/DAD at pH 7.4, 6.8, and 5.5 were [35_TD$DIFF]51.21%,
71.30%, and 95.69%, respectively. The faster release rate of DOX in
acidic conditions should be attributed to the more rapid
decomposition of DAD than DOX. For the unresponsive systems
with payload SAD, the decrease of pH almost unaffected
the behaviors of drug release. All these data demonstrated that
the DAD-loaded PIC micelle cRGD-PICM/DAD realized effective
intracellular drug release.

The [36_TD$DIFF]uptake behaviors of PIC micelles [37_TD$DIFF]by HepG2 cells was
investigated by confocal laser scanning microscope (CLSM) and
flow cytometry (FCM). As shown in Fig. 3A, strong signal [38_TD$DIFF]of
intracellular DOX fluorescence in HepG2 cells after incubationwith
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Fig. 2. Characterizations of PIC micelles. (A) TEM images and (B) Rhs of cRGD-PICM/DAD, PICM/DAD, cRGD-PICM/SAD, and PICM/SAD. (C–E) In vitro DOX release from cRGD-
PICM/DAD, PICM/DAD, cRGD-PICM/SAD, or PICM/SAD at pH 5.5 (C), 6.8 (D), [8_TD$DIFF]or 7.4 (E). Scale bar: 500 nm.
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cRGD-PICM/DAD, PICM/DAD, and free DOX [39_TD$DIFF]was revealed. In
contrast, only slight DOX fluorescence signal was observed in
HepG2 cells incubatedwith cRGD-PICM/SAD or PICM/SAD.What is
more, the internalization of DOX by HepG2 cells after incubation
with cRGD-PICM/DAD was higher than that of PICM/DAD,
which was only slightly lower than that of free DOX, suggesting
the targeting PIC micelles could be recognized and internalized by
HepG2 cells more effectively. As depicted in Fig. 3B, the
quantitative analysis by FCM further proved much higher DOX
concentration in the pH-responsive PIC micelles than those in
the groups of corresponding non-pH-responsive PIC micelles,
especially after coincubation with cRGD-PICM/DAD, owing
to the enhanced cell uptake mediated by the ligand-
receptor internalization and the faster DOX release from
pH-responsive DAD formulations. All results confirmed the
enhanced uptake and selective intracellular DOX release of
cRGD-PICM/DAD.

A methylthiazol tetrazolium assay detected the in vitro
cytotoxicity of PIC micelles toward HepG2 cells. In accordance
with the results of cell uptake, the pH-responsive PIC micelles
showed greater antitumor efficacy than that of corresponding non-
pH-responsive ones at the same DOX concentration, as shown in
Fig. 3C. In addition, the introduction of targeting ligand cRGD
upregulated the cytotoxicity of PIC micelles. Typically, the cell
viability after incubation with cRGD-PICM/DAD [7_TD$DIFF]or PICM/DAD
at the DOX concentration of 2.5mg/mL was [40_TD$DIFF]23.07% and 56.51%,
respectively. The increased cytotoxicity of cRGD-PICM/DAD
resulted from the effective cell uptake and rapid intracellular
DOX release behaviors.

Moreover, the superior antitumor efficacy of cRGD-PICM/DAD
in vivowas demonstrated on the xenograft human HepG2 hepato-
ma-bearing nude mouse. As expected, cRGD-PICM/DAD at a DOX
equivalent dose of 5.0mg [41_TD$DIFF]per kg body weight exhibited the best
therapeutic effect, showing the smallest tumor volume in
comparison with cRGD-PICM/SAD and PBS (Fig. 4). Because of
the limited release of DOX and lowactivity of SAD, cRGD-PICM/SAD
exhibited comparable antitumor efficacy as negative control PBS.
Such an excellent therapeutic effect of cRGD-PICM/DAD over
cRGD-PICM/SAD is consistent with the antitumor results in vitro,
owing to the effective recognition by HepG2 cells and the acidity-
triggered DOX release. In addition, it should be noted that the mice
injected with cRGD-PICM/DAD showed no noticeable decrease in
body weight (Fig. S2 in Supporting information) and no toxicity to
other organs, such as the heart, liver, spleen, lung, and kidney
(Fig. S3 in Supporting information). Hence, the targeted acidity-
sensitive PIC micelle has the potential to provide a promising
platform for intracellular drug delivery in enhanced cancer
treatment.

In summary, the targeted and acidity-sensitive cRGD-PICM/
DAD was prepared by the electrostatic interaction between
cRGD-PEG-b-PLL and DAD. The spherical cRGD-PICM/DAD with a
diameter of about [42_TD$DIFF]100 nm exhibited the increased cell uptake
and acidity-responsive intracellular drug release compared
with the non-targeted and/or non-acidity-activatable controls.
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Fig. 3. Cell uptake and cytotoxicity of PIC micelles in vitro. (A) Typical CLSM image [9_TD$DIFF]and (B) FCM profile of HepG2 cells treated with cRGD-PICM/DAD, PICM/DAD, cRGD-PICM/
SAD, PICM/SAD, [10_TD$DIFF]or DOX for 2 h. (C) In vitro cytotoxicity of cRGD-PICM/DAD, PICM/DAD, cRGD-PICM/SAD, PICM/SAD, and DOX after coincubation for 48 h. Data are represented
as mean� SD (n = 3; *P< 0.5, **P< 0.01, ***P< 0.001). Scale bar: 40 mm.
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Fig. 4. Antitumor efficacies in vivo. (A) Tumor volume changes of xenograft human
HepG2 hepatomamodel during treatment with cRGD-PICM/DAD, cRGD-PICM/SAD,
or PBS. (B) Photographs of tumors after different treatments. Data are represented
as mean� SD (n = 6; *P< 0.5, **P< 0.01, ***P< 0.001).
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Furthermore, cRGD-PICM/DAD showed the best inhibition efficacy
toward hepatoma in vitro and in vivo. Therefore, the smart, targeted
PIC micelles with enhanced antitumor efficacy and decreased side
effects show great potential in cancer therapy.
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