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ABSTRACT: PLGA, a copolymer of lactide and glycolide, is one of the most used biodegradable polymers that find a wide
range of biomedical applications including drug delivery and tissue engineering. However, in spite of remarkable advancement,
nanotherapeutics based on PLGA might have drawbacks of inadequate stability, drug leakage, and slow drug release at the tumor
site, which reduces its targeting ability and therapeutic efficacy. Here, we report that direct modification of star PLGA ends with
lipoic acid, a natural antioxidant present in our human body, affords a smart material (sPLGA-LA) that forms reversibly
crosslinked and bioresponsive multifunctional nanoparticles (sPLGA XNPs). Interestingly, sPLGA XNPs obtained in the
presence of 23.0 wt % PEG−PDLLA displayed a small hydrodynamic size of 73 ± 1.2 nm, high stability against dilution and 10%
serum, while fast destabilization under a reductive environment. Moreover, sPLGA XNPs achieved efficient loading of lipophilic
anticancer drug model, doxorubicin (DOX), at a theoretical drug loading content of 13.3 wt %, giving DOX-loaded sPLGA XNPs
with reduced drug leakage under physiological conditions as well as significantly accelerated drug release under 10 mM
glutathione condition compared with both linear and star PLGA controls (denoted as lPLGA NPs and sPLGA NPs,
respectively). Confocal microscopy and flow cytometry displayed obviously stronger DOX fluorescence in B16F10 melanoma
cells treated with DOX-loaded sPLGA XNPs than with lPLGA and sPLGA counterparts. MTT assays revealed that DOX-sPLGA
XNPs caused 2.4- and 4.2-fold higher antitumor activity toward B16F10 cells than DOX-sPLGA NPs and DOX-lPLGA NPs,
respectively. Notably, in vivo pharmacokinetics studies showed prolonged circulation time and significantly improved AUC for
DOX-sPLGA XNPs over lPLGA NPs control. Hence, lipoyl ester terminated star PLGA emerges as a simple and smart material
for better-controlled anticancer drug delivery.

1. INTRODUCTION

PLGA, a copolymer of lactide and glycolide, is one of the most
used biodegradable polymers that find a wide range of
biomedical applications including drug delivery and tissue
engineering.1−4 Several clinical drug formulations like Lupron
Depot, Decapeptyl, and Nutropin Depot used to treat prostate
cancer, lung cancer, and growth hormone deficiency are based
on PLGA microparticles.5,6 Notably, BIND-014, a first active
targeting docetaxel nanomedicine tested in human patients, is
also fabricated from PLGA.7,8 The wide use of PLGA is because
of its superior biocompatibility, in vivo biodegradability, and
approval by the U.S. FDA for use in medical devices.9−12 It
should be noted, however, that nanotherapeutics based on
PLGA expose several drawbacks such as inadequate stability,
drug leakage, and slow and fractional drug release at the tumor
site, which significantly reduce its targeting ability and
therapeutic efficacy.13−15 To this end, different strategies were
employed to produce functional PLGA nanoparticles. For
example, to increase their stability in vivo, PLGA nanoparticles
were coated with natural substances such as blood cell
membrane16,17 and hyaluronic acid.18−20 To enhance cytoplas-
mic drug release, stimuli-responsive PLGA nanoparticles were
designed by incorporating pH-sensitive polymers like poly(L-
histidine), poly(β-amino ester), and 2-aminoethyl methacryla-
mide containing brush-like copolymers or using reduction-
sensitive polymers like PEG-SS-hexadecyl or vitamin E-SS-

oligo(methyl diglycol L-glutamate) as a surfactant.21−27 The use
of sophisticated chemistry or exotic materials, however, makes
these functional PLGA nanoparticles less interesting for clinical
translation.
We report here that direct modification of star PLGA ends

with lipoic acid, a natural antioxidant present in our human
body,28,29 affords a novel and smart material (sPLGA-LA) that
forms reversibly crosslinked and bioresponsive multifunctional
nanoparticles (sPLGA XNPs; Figure 1). The synthesis of
sPLGA-LA and sPLGA XNPs, stability and reduction-triggered
doxorubicin (DOX) release, as well as in vitro antitumor
performance and in vivo pharmacokinetics of DOX-loaded
sPLGA XNPs were investigated and compared with both linear
and star PLGA controls (denoted as lPLGA NPs and sPLGA
NPs, respectively).

2. RESULTS AND DISCUSSION
2.1. Preparation of Lipoyl Ester Terminated Star PLGA

(sPLGA-LA) and sPLGA XNPs. sPLGA-LA was easily
synthesized through esterification of five-armed sPLGA (Mn
= 15 kg/mol) with lipoic acid anhydride (LAA; SI, Figure 1).
1H NMR analysis showed, besides signals attributed to sPLGA
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at δ 5.22 and 4.83, resonances of lipoyl ester groups at δ 3.57,
3.17, 2.45, 1.92, 1.70, and 1.29 (Figure 2). The comparison of

the signals at δ 2.45 (methylene protons neighboring to the
carbonyl group in LA) to 5.22 (methine proton of sPLGA)
indicated a LA functionality of 90%. UV measurement at 338
nm followed by calculation with standard calibration curve of
LA showed a degree of substitution of 98%, confirming
successful synthesis of sPLGA-LA. We prepared PEG−PDLLA
copolymer (Mn (

1H NMR) = 5.0−3.9 kg/mol, Mw/Mn (GPC)
= 1.3) as a surfactant. sPLGA XNPs were obtained with low
polydispersities (PDI) of 0.09−0.11 and hydrodynamic sizes

ranging from 68 ± 1.1 to 73 ± 1.2 to 98 ± 3.5 nm with
increasing PEG−PDLLA contents from 9.1 to 23.0 to 37.5 wt
% (SI, Table 1). This is in contrast to previous reports that size
of PLGA nanoparticles decrease with increasing surfactant
contents.18,25 The exact reason why our system has a different
trend is not known. Figure 3A displays a typical size

distribution of sPLGA XNPs prepared with 23.0 wt %
surfactant, which was used in the following studies. UV showed
disappearance of absorbance of lipoyl rings at 338 nm (SI,
Figure 2), supporting that nanoparticles are crosslinked by
forming linear polydisulfides as previously reported for LA-
functionalized micelles, polymersomes and nanoparticles.30−32

DLS measurement and TEM image corroborated that sPLGA
XNPs had a small size and spherical morphology (Figure 3A,B).
In a similar way, we prepared noncrosslinked NPs from lPLGA
(Mw = 30−60 kg/mol) and sPLGA (no modification with
LAA), respectively, to be used as controls. The size of sPLGA
NPs and lPLGA NPs determined by DLS was 85 ± 1.6 nm and
105 ± 2.5 nm, respectively (SI, Figure 3).

2.2. Stability and GSH Triggered In Vitro DOX Release.
Interestingly, sPLGA XNPs exhibited excellent colloidal
stability under both extensive dilution and 10% FBS (Figure
3C), which was in contrast to sPLGA NPs and lPLGA NPs (SI,
Figure 3). As a matter of fact, no critical aggregation
concentration (CAC) was detected for sPLGA XNPs at
concentrations ranging from 1.22 × 10−2 to 100 mg/L,
confirming chemical crosslinking of the nanoparticles by adding
DTT. In comparison, sPLGA NPs and lPLGA NPs showed
CAC of 0.91 and 7.7 mg/L, respectively. In the presence of 10
mM glutathione (GSH), sPLGA XNPs underwent rapid and
remarkable swelling with the average size increasing from 73 ±
1.2 to 500 ± 25.5 nm in 24 h (Figure 3D), which was most
likely due to increased hydrophilicity of nanoparticle core after
converting lipoic groups into dihydrolipoic groups.33,34

Notably, Table 1 reveals efficient loading of DOX for sPLGA
XNPs, and sPLGA NPs, achieving a high loading content of
about 13.0 ± 0.15 wt % at a theoretical drug loading content

Figure 1. Schematic illustration of lipoyl ester terminated star PLGA
(sPLGA-LA) and its formation of reversibly crosslinked and
bioresponsive nanoparticles (sPLGA XNPs).

Figure 2. 1H NMR spectrum (CDCl3, 600 MHz) of sPLGA-LA.

Figure 3. (A) Size distribution and (B)TEM image of blank sPLGA
XNPs. (C) Colloidal stability of sPLGA XNPs against dilution or 10%
FBS. Initial sPLGA XNPs concentration was 1 mg/mL. (D) GSH-
induced size change of sPLGA XNPs in PB (pH 7.4, 10 mM).
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(DLC) of 13.3 wt %. DOX-loaded sPLGA XNPs (DOX-
sPLGA XNPs) kept a small size of about 85 ± 2.9 nm. In
comparison, lPLGA NPs exhibited a somewhat lower DOX
loading efficiency. The in vitro drug release results showed less
than 20% of DOX release in 24 h from DOX-sPLGA XNPs in
10% FBS at pH 7.4 and 37 °C (Figure 4A). In sharp contrast,

45% and 60% DOX was released from sPLGA NPs and lPLGA
NPs, respectively, under otherwise the same conditions due to
destabilization by FBS. We further conducted DOX release
experiments in PB (pH 7.4, 10 mM) at 37 °C with 10 mM
GSH. Interestingly, significantly accelerated and nearly
complete drug release was achieved in 24 h from DOX-
sPLGA XNPs under 10 mM GSH condition (Figure 4B). In
sharp contrast, DOX release from sPLGA NPs and lPLGA NPs
was not enhanced under otherwise the same conditions, with
less than 25% drug release in 24 h. This slow and partial drug
release behavior is typically observed for lPLGA NPs.35−37 The
fast redox-responsive drug release of DOX-sPLGA XNPs is

likely due to their increased hydrophilicity and drug diffusion as
a result of transforming disulfide crosslinks into thiol groups, as
also reported for different reduction-sensitive crosslinked
nanosystems.30,32,38,39 It is evident, therefore, that sPLGA
XNPs possess not only enhanced stability and reduced drug
leakage, but also fast reduction-triggered drug release, which are
both important for targeted chemotherapy.40−43

2.3. In Vitro Antitumor Performance of DOX-Loaded
Nanoparticles. We further studied the cellular uptake and
intracellular drug release behaviors of DOX-sPLGA XNPs in
B16F10 cells. Confocal laser scanning microscope (CLSM)
showed strong DOX fluorescence in the cytoplasm and
perinuclear regions of B16F10 cells following 6 h incubation
with DOX-sPLGA XNPs (Figure 5A), corroborating fast

intracellular DOX release from DOX-sPLGA XNPs. At a
prolonged time (e.g., 12 h), DOX would be mainly released to
the nuclei of cancer cells, as also reported for different DOX-
loaded disulfide-crosslinked nanoparticles.30,44 In contrast,
B16F10 cells treated with DOX-loaded sPLGA NPs and
lPLGA NPs exhibited comparably weaker DOX fluorescence
(Figure 5A). Flow cytometry studies showed that DOX
fluorescence in B16F10 cells after 4 h incubation with DOX-

Table 1. Characterization of DOX-Loaded sPLGA XNPs, sPLGA NPs, and lPLGA NPs (Theoretical DLC is 13.3 wt %)

DOX-loaded NPs sizea (nm) PDIa DLCb (wt %) DLEb (%) CACc (mg/L)

sPLGA XNPs 85 ± 2.9 0.12 ± 0.01 13.0 ± 0.15 97.7 ± 2.1 -
sPLGA NPs 111 ± 0.8 0.11 ± 0.01 13.1 ± 0.10 98.4 ± 0.75 0.91
lPLGA NPs 129 ± 0.6 0.08 ± 0.04 11.6 ± 0.62 87.2 ± 4.6 7.7

aDetermined by DLS at 25 °C in PB (10 mM, pH 7.4). bDetermined by fluorescence measurement. cDetermined by fluorescence measurement
using pyrene as a fluorescence probe.

Figure 4. In vitro drug release profiles of DOX-loaded sPLGA XNPs,
sPLGA NPs, and lPLGA NPs in PB (pH 7.4, 10 mM) under 10% FBS
(A) or under 10 mM GSH (B). Data are presented as mean ± SD (n =
3).

Figure 5. In vitro studies of DOX-loaded sPLGA XNPs, sPLGA NPs,
and lPLGA NPs. (A) CLSM images of B16F10 cells after 6 h
incubation with different formulations (20 μg DOX equiv/mL). The
nuclei were stained with DAPI and the cytoskeleton were stained with
FITC-labeled phalloidin. Bar: 20 μm. (B) Flow cytometry of B16F10
cells after 4 h incubation with different formulations (10 μg DOX
equiv/mL). (C) MTT assays in B16F10 cancer cells. The cells were
incubated with different formulations for 4 h and cultured for another
44 h in fresh medium (n = 4). (D) Cytotoxicity of blank sPLGA
XNPs, sPLGA NPs, and lPLGA NPs against B16F10 tumor cells (n =
4).
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sPLGA XNPs is 2-fold higher than that with DOX-sPLGA NPs
and DOX-lPLGA NPs (Figure 5B). 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assays in B16F10
melanoma cells revealed that DOX-sPLGA XNPs caused a high
antiproliferative effect with a low half-maximal inhibitory
concentration (IC50) of 1.8 μg/mL, which was 2.4- and 4.2-
fold lower than that of DOX-sPLGA NPs and DOX-lPLGA
NPs, respectively (Figure 5C). The enhanced antitumor activity
of DOX-sPLGA XNPs is mostly due to their redox-triggered
fast intracellular drug release.32,34,45,46 As anticipated, blank
sPLGA XNPs, as for sPLGA XNPs and lPLGA XNPs, were
practically nontoxic to B16F10 cells at tested concentrations
ranging from 0.05 to 0.5 mg/mL (Figure 5D). These results
support that sPLGA XNPs significantly boost intracellular drug
release and anticancer efficacy of chemotherapeutics. It should
be noted that in healthy cells presents also a reductive
environment, though their reducing potential was reported to
be several times lower than that in cancer cells.47,48 It is
important, therefore, to further modify sPLGA XNPs with a
targeting ligand that specifically homes to cancer cells, in order
to avoid off-target side effects.
2.4. In Vivo Pharmacokinetics. The in vivo pharmacoki-

netics studies showed that sPLGA XNPs had an elimination
half-time (t1/2,β) of 4.94 h, which was notably longer than that
for sPLGA NPs and lPLGA NPs (Figure 6). DOX-sPLGA

XNPs revealed an AUC of 351.3 μg·h/mL, which was 1.53- and
1.92-fold higher than that for DOX-sPLGA NPs and DOX-
lPLGA NPs, respectively. These results corroborate that DOX-
sPLGA XNPs have enhanced in vivo stability and prolonged
circulation time as compared to DOX-lPLGA NPs, which
would not only greatly reduce systemic side effects but also
improve tumor accumulation, resulting in significantly
enhanced cancer chemotherapy.

3. CONCLUSION
We have developed lipoyl ester terminated star PLGA (sPLGA-
LA) as a novel and smart material that form reversibly
crosslinked and bioresponsive PLGA nanoparticles (sPLGA
XNPs). DOX-loaded sPLGA XNPs have several extraordinary
features over traditional linear PLGA counterparts, including
high DOX loading, superior colloidal stability, and fast
intracellular release, as well as long circulation time. The

robustness of DOX-loaded sPLGA XNPs allows facile
conjugation of specific targeting ligands, leading to enhanced
tumor accumulation and tumor cell selectivity. Lipoyl ester
terminated star PLGA with great safety and simplicity provides
an advanced and potentially viable platform for emerging
cancer chemotherapy.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.bio-
mac.8b00130.

Materials, characterization, experiments on synthesis of
sPLGA-LA and sPLGA XNPs, stability, and GSH-
triggered destabilization of nanoparticles, DOX encapsu-
lation and in vitro DOX release, cellular uptake and
intracellular release of DOX studies, MTT assays, and in
vivo pharmacokinetics, results on characterization of
sPLGA XNPs, UV spectra of sPLGA-LA nanoparticles
before and after crosslinking, and colloidal stability of
sPLGA NPs and lPLGA NPs (PDF).

■ AUTHOR INFORMATION
Corresponding Authors
*Tel.: +86-512-65880098. E-mail: rcheng@suda.edu.cn.
*E-mail: zyzhong@suda.edu.cn.
ORCID
Zhiyuan Zhong: 0000-0003-4175-4741
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the National Natural Science
Foundation of China (NSFC 51373113 and 51633005) and a
Project Funded by the Priority Academic Program Develop-
ment of Jiangsu Higher Education Institution.

■ REFERENCES
(1) Tang, Z.; He, C.; Tian, H.; Ding, J.; Hsiao, B. S.; Chu, B.; Chen,
X. Polymeric Nanostructured Materials for Biomedical Applications.
Prog. Polym. Sci. 2016, 60, 86−128.
(2) Kamaly, N.; Yameen, B.; Wu, J.; Farokhzad, O. C. Degradable
Controlled-Release Polymers and Polymeric Nanoparticles: Mecha-
nisms of Controlling Drug Release. Chem. Rev. 2016, 116, 2602−2663.
(3) Zhang, Y.; Chan, H. F.; Leong, K. W. Advanced Materials and
Processing for Drug Delivery: The Past and The Future. Adv. Drug
Delivery Rev. 2013, 65, 104−120.
(4) Okamoto, M.; John, B. Synthetic Biopolymer Nanocomposites
for Tissue Engineering Scaffolds. Prog. Polym. Sci. 2013, 38, 1487−
1503.
(5) Pagels, R. F.; Prud’homme, R. K. Polymeric Nanoparticles and
Microparticles for The Delivery of Peptides, Biologics, and Soluble
Therapeutics. J. Controlled Release 2015, 219, 519−535.
(6) Wan, F.; Yang, M. Design of PLGA-Based Depot Delivery
Systems for Biopharmaceuticals Prepared by Spray Drying. Int. J.
Pharm. 2016, 498, 82−95.
(7) Hrkach, J.; Von Hoff, D.; Ali, M. M.; Andrianova, E.; Auer, J.;
Campbell, T.; De Witt, D.; Figa, M.; Figueiredo, M.; Horhota, A.;
Low, S.; McDonnell, K.; Peeke, E.; Retnarajan, B.; Sabnis, A.;
Schnipper, E.; Song, J. J.; Song, Y. H.; Summa, J.; Tompsett, D.;
Troiano, G.; Hoven, T. V. G.; Wright, J.; LoRusso, P.; Kantoff, P. W.;
Bander, N. H.; Sweeney, C.; Farokhzad, O. C.; Langer, R.; Zale, S.
Preclinical Development and Clinical Translation of a PSMA-Targeted

Figure 6. In vivo pharmacokinetics of DOX-loaded sPLGA XNPs,
sPLGA NPs, and lPLGA NPs in Kunming mice (dosage: 10 mg DOX
equiv/kg).

Biomacromolecules Note

DOI: 10.1021/acs.biomac.8b00130
Biomacromolecules 2018, 19, 1368−1373

1371

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.biomac.8b00130
http://pubs.acs.org/doi/abs/10.1021/acs.biomac.8b00130
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.8b00130/suppl_file/bm8b00130_si_001.pdf
mailto:rcheng@suda.edu.cn
mailto:zyzhong@suda.edu.cn
http://orcid.org/0000-0003-4175-4741
http://dx.doi.org/10.1021/acs.biomac.8b00130


Docetaxel Nanoparticle with a Differentiated Pharmacological Profile.
Sci. Transl. Med. 2012, 4, 128−139.
(8) Von Hoff, D. D.; Mita, M. M.; Ramanathan, R. K.; Weiss, G. J.;
Mita, A. C.; LoRusso, P. M.; Burris, H. A., III; Hart, L. L.; Low, S. C.;
Parsons, D. M.; Zale, S. E.; Summa, J. M.; Youssoufian, H.; Sachdev, J.
C. Phase I Study of PSMA-Targeted Docetaxel-Containing Nano-
particle BIND-014 in Patients with Advanced Solid Tumors. Clin.
Cancer Res. 2016, 22, 3157−3163.
(9) Anderson, J. M.; Shive, M. S. Biodegradation and Biocompat-
ibility of PLA and PLGA Microspheres. Adv. Drug Delivery Rev. 2012,
64, 72−82.
(10) Danhier, F.; Ansorena, E.; Silva, J. M.; Coco, R.; Le Breton, A.;
Preat, V. PLGA-Based Nanoparticles: An Overview of Biomedical
Applications. J. Controlled Release 2012, 161, 505−522.
(11) Park, K. Isolated Lung Model for Assessing Drug Absorption
from PLGA Microparticles. J. Controlled Release 2016, 226, 268−268.
(12) Doppalapudi, S.; Jain, A.; Domb, A. J.; Khan, W. Biodegradable
Polymers for Targeted Delivery of Anti-Cancer Drugs. Expert Opin.
Drug Delivery 2016, 13, 891−909.
(13) Liu, J.; Li, M.; Luo, Z.; Dai, L.; Guo, X.; Cai, K. Design of
Nanocarriers Based on Complex Biological Barriers In Vivo for Tumor
Therapy. Nano Today 2017, 15, 56−90.
(14) Danhier, F.; Lecouturier, N.; Vroman, B.; Jerome, C.;
Marchand-Brynaert, J.; Feron, O.; Preat, V. Paclitaxel-Loaded
PEGylated PLGA-Based Nanoparticles: In Vitro and In Vivo
Evaluation. J. Controlled Release 2009, 133, 11−17.
(15) Li, K.; Liu, B. Polymer-Encapsulated Organic Nanoparticles for
Fluorescence and Photoacoustic Imaging. Chem. Soc. Rev. 2014, 43,
6570−6597.
(16) Gao, W.; Zhang, L. Engineering Red-Blood-Cell-Membrane-
Coated Nanoparticles for Broad Biomedical Applications. AIChE J.
2015, 61, 738−746.
(17) Fang, R. H.; Hu, C.-M. J.; Luk, B. T.; Gao, W.; Copp, J. A.; Tai,
Y.; O’Connor, D. E.; Zhang, L. Cancer Cell Membrane-Coated
Nanoparticles for Anticancer Vaccination and Drug Delivery. Nano
Lett. 2014, 14, 2181−2188.
(18) Wu, J.; Zhang, J.; Deng, C.; Meng, F.; Zhong, Z. Vitamin E-
Oligo(methyl diglycol L-glutamate) as a Biocompatible and Functional
Surfactant for Facile Preparation of Active Tumor-Targeting PLGA
Nanoparticles. Biomacromolecules 2016, 17, 2367−2374.
(19) Liu, L.; Cao, F.; Liu, X.; Wang, H.; Zhang, C.; Sun, H.; Wang,
C.; Leng, X.; Song, C.; Kong, D.; Ma, G. Hyaluronic Acid-Modified
Cationic Lipid-PLGA Hybrid Nanoparticles as a Nanovaccine Induce
Robust Humoral and Cellular Immune Responses. ACS Appl. Mater.
Interfaces 2016, 8, 11969−11979.
(20) Wang, H.; Agarvval, P.; Zhao, S.; Xu, R. X.; Yu, J.; Lu, X.; He, X.
Hyaluronic Acid-Decorated Dual Responsive Nanoparticles of
Pluronic F127, PLGA, and Chitosan for Targeted Co-delivery of
Doxorubicin and Irinotecan to Eliminate Cancer Stem-like Cells.
Biomaterials 2015, 72, 74−89.
(21) Li, Z.; Qiu, L.; Chen, Q.; Hao, T.; Qiao, M.; Zhao, H.; Zhang, J.;
Hu, H.; Zhao, X.; Chen, D.; Mei, L. pH-sensitive Nanoparticles of
Poly(L-histidine)-Poly(lactide-co-glycolide)-Tocopheryl Polyethylene
Glycol Succinate for Anti-tumor Drug Delivery. Acta Biomater. 2015,
11, 137−150.
(22) Zhang, C.; An, T.; Wang, D.; Wan, G.; Zhang, M.; Wang, H.;
Zhang, S.; Li, R.; Yang, X.; Wang, Y. Stepwise pH-Responsive
Nanoparticles Containing Charge-Reversible Pullulan-Based Shells
and Poly(β-amino ester)/Poly(lactic-co-glycolic acid) Cores as
Carriers of Anticancer Drugs for Combination Therapy on
Hepatocellular Carcinoma. J. Controlled Release 2016, 226, 193−204.
(23) Khoee, S.; Rahmatolahzadeh, R. Synthesis and Characterization
of pH-responsive and Folated Nanoparticles Based on Self-assembled
Brush-like PLGA/PEG/AEMA Copolymer with Targeted Cancer
Therapy Properties: A Comprehensive Kinetic Study. Eur. J. Med.
Chem. 2012, 50, 416−427.
(24) Wu, B.; Yu, P.; Cui, C.; Wu, M.; Zhang, Y.; Liu, L.; Wang, C. X.;
Zhuo, R. X.; Huang, S. W. Folate-Containing Reduction-Sensitive

Lipid-Polymer Hybrid Nanoparticles for Targeted Delivery of
Doxorubicin. Biomater. Sci. 2015, 3, 655−664.
(25) Wu, J.; Zhang, J.; Deng, C.; Meng, F.; Cheng, R.; Zhong, Z.
Robust, Responsive, and Targeted PLGA Anticancer Nanomedicines
by Combination of Reductively Cleavable Surfactant and Covalent
Hyaluronic Acid Coating. ACS Appl. Mater. Interfaces 2017, 9, 3985−
3994.
(26) Quesada, M.; Muniesa, C.; Botella, P. Hybrid PLGA-
Organosilica Nanoparticles With Redox-Sensitive Molecular Gates.
Chem. Mater. 2013, 25, 2597−2602.
(27) Chen, L.; Chen, T.; Fang, W.; Wen, Y.; Lin, S.; Lin, J.; Cai, C.
Synthesis and pH-Responsive ″Schizophrenic″ Aggregation of a
Linear-Dendron-Like Polyampholyte Based on Oppositely Charged
Polypeptides. Biomacromolecules 2013, 14, 4320−4330.
(28) Li, Y.-L.; Zhu, L.; Liu, Z.; Cheng, R.; Meng, F.; Cui, J.-H.; Ji, S.-
J.; Zhong, Z. Reversibly Stabilized Multifunctional Dextran Nano-
particles Efficiently Deliver Doxorubicin into the Nuclei of Cancer
Cells. Angew. Chem., Int. Ed. 2009, 48, 9914−9918.
(29) Zhang, R.; Yang, J.; Chu, T.-W.; Hartley, J. M.; Kopecek, J.
Multimodality Imaging of Coiled-Coil Mediated Self-Assembly in a
″Drug-Free″ Therapeutic System. Adv. Healthcare Mater. 2015, 4,
1054−1065.
(30) Wu, L.; Zou, Y.; Deng, C.; Cheng, R.; Meng, F.; Zhong, Z.
Intracellular Release of Doxorubicin from Core-Crosslinked Polypep-
tide Micelles Triggered by Both pH and Reduction Conditions.
Biomaterials 2013, 34, 5262−5272.
(31) Yang, W.; Xia, Y.; Zou, Y.; Meng, F.; Zhang, J.; Zhong, Z.
Bioresponsive Chimaeric Nanopolymersomes Enable Targeted and
Efficacious Protein Therapy for Human Lung Cancers in Vivo. Chem.
Mater. 2017, 29, 8757−8765.
(32) Zhong, Y.; Zhang, J.; Cheng, R.; Deng, C.; Meng, F.; Xie, F.;
Zhong, Z. Reversibly Crosslinked Hyaluronic Acid Nanoparticles for
Active Targeting and Intelligent Delivery of Doxorubicin to Drug
Resistant CD44+ Human Breast Tumor Xenografts. J. Controlled
Release 2015, 205, 144−154.
(33) Yang, W.; Zou, Y.; Meng, F.; Zhang, J.; Cheng, R.; Deng, C.;
Zhong, Z. Efficient and Targeted Suppression of Human Lung Tumor
Xenografts in Mice with Methotrexate Sodium Encapsulated in All-
Function-in-One Chimeric Polymersomes. Adv. Mater. 2016, 28,
8234−8239.
(34) Sun, B.; Deng, C.; Meng, F.; Zhang, J.; Zhong, Z. Robust, Active
Tumor Targeting and Fast Bioresponsive Anticancer Nanotherapeu-
tics Based On Natural Endogenous Materials. Acta Biomater. 2016, 45,
223−233.
(35) Fornaguera, C.; Dols-Perez, A.; Caldero, G.; Garcia-Celma, M.
J.; Camarasa, J.; Solans, C. PLGA Nanoparticles Prepared by Nano-
emulsion Templating Using Low-energy Methods as Efficient
Nanocarriers for Drug Delivery Across the Blood-Brain Barrier. J.
Controlled Release 2015, 211, 134−143.
(36) Zhu, H.; Chen, H.; Zeng, X.; Wang, Z.; Zhang, X.; Wu, Y.; Gao,
Y.; Zhang, J.; Liu, K.; Liu, R.; Cai, L.; Mei, L.; Feng, S.-S. Co-delivery
of Chemotherapeutic Drugs with Vitamin E TPGS by Porous PLGA
Nanoparticles for Enhanced Chemotherapy Against Multi-drug
Resistance. Biomaterials 2014, 35, 2391−2400.
(37) Chereddy, K. K.; Her, C.-H.; Comune, M.; Moia, C.; Lopes, A.;
Porporato, P. E.; Vanacker, J.; Lam, M. C.; Steinstraesser, L.;
Sonveaux, P.; Zhu, H.; Ferreira, L. S.; Vandermeulen, G.; Preat, V.
PLGA Nanoparticles Loaded with Host Defense Peptide LL37
Promote Wound Healing. J. Controlled Release 2014, 194, 138−147.
(38) Zou, Y.; Meng, F.; Deng, C.; Zhong, Z. Robust,Tumor-Homing
and Redox-Sensitive Polymersomal Doxorubicin: A Superior Alter-
native to Doxil and Caelyx? J. Controlled Release 2016, 239, 149−158.
(39) Zhang, Y.; Wu, K.; Sun, H.; Zhang, J.; Yuan, J.; Zhong, Z.
Hyaluronic Acid-Shelled Disulfide-Cross-Linked Nanopolymersomes
for Ultrahigh-Efficiency Reactive Encapsulation and CD44-Targeted
Delivery of Mertansine Toxin. ACS Appl. Mater. Interfaces 2018, 10,
1597−1604.

Biomacromolecules Note

DOI: 10.1021/acs.biomac.8b00130
Biomacromolecules 2018, 19, 1368−1373

1372

http://dx.doi.org/10.1021/acs.biomac.8b00130


(40) Chen, Q.; Ke, H.; Dai, Z.; Liu, Z. Nanoscale Theranostics for
Physical Stimulus-Responsive Cancer Therapies. Biomaterials 2015,
73, 214−230.
(41) Dai, W.; Wang, X.; Song, G.; Liu, T.; He, B.; Zhang, H.; Wang,
X.; Zhang, Q. Combination Antitumor Therapy with Targeted Dual-
Nanomedicines. Adv. Drug Delivery Rev. 2017, 115, 23−45.
(42) Wang, S.; Huang, P.; Chen, X. Stimuli-Responsive Programmed
Specific Targeting in Nanomedicine. ACS Nano 2016, 10, 2991−2994.
(43) Cui, W.; Li, J.; Decher, G. Self-Assembled Smart Nanocarriers
for Targeted Drug Delivery. Adv. Mater. 2016, 28, 1302−1311.
(44) Fang, Y.; Yang, W.; Cheng, L.; Meng, F.; Zhang, J.; Zhong, Z.
EGFR-Targeted Multifunctional Polymersomal Doxorubicin Induces
Selective and Potent Suppression of Orthotopic Human Liver Cancer
In Vivo. Acta Biomater. 2017, 64, 323−333.
(45) Xia, J.; Du, Y.; Huang, L.; Chaurasiya, B.; Tu, J.; Webster, T. J.;
Sun, C. Redox-responsive Micelles from Disulfide Bond-bridged
Hyaluronic Acid-tocopherol Succinate for The Treatment of
Melanoma. Nanomedicine 2018, 14, 713−723.
(46) Zhang, P.; Zhang, H.; He, W.; Zhao, D.; Song, A.; Luan, Y.
Disulfide-Linked Amphiphilic Polymer-Docetaxel Conjugates As-
sembled Redox-Sensitive Micelles for Efficient Antitumor Drug
Delivery. Biomacromolecules 2016, 17, 1621−1632.
(47) Fleige, E.; Quadir, M. A.; Haag, R. Stimuli-Responsive
Polymeric Nanocarriers for The Controlled Transport of Active
Compounds: Concepts and Applications. Adv. Drug Delivery Rev.
2012, 64, 866−884.
(48) Mura, S.; Nicolas, J.; Couvreur, P. Stimuli-Responsive
Nanocarriers for Drug Delivery. Nat. Mater. 2013, 12, 991−1003.

Biomacromolecules Note

DOI: 10.1021/acs.biomac.8b00130
Biomacromolecules 2018, 19, 1368−1373

1373

http://dx.doi.org/10.1021/acs.biomac.8b00130

