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a b s t r a c t

In the past decades, polymeric nanoparticles have emerged as a most promising and viable technology
platform for targeted and controlled drug delivery. As vehicles, ideal nanoparticles are obliged to possess
high drug loading levels, deliver drug to the specific pathological site and/or target cells without drug
leakage on the way, while rapidly unload drug at the site of action. To this end, various “intelligent”
polymeric nanoparticles that release drugs in response to an internal or external stimulus such as pH,
redox, temperature, magnetic and light have been actively pursued. These stimuli-responsive
nanoparticles have demonstrated, though to varying degrees, improved in vitro and/or in vivo drug
release profiles. In an effort to further improve drug release performances, novel dual and multi-stimuli
responsive polymeric nanoparticles that respond to a combination of two or more signals such as
pH/temperature, pH/redox, pH/magnetic field, temperature/reduction, double pH, pH and diols, tem-
perature/magnetic field, temperature/enzyme, temperature/pH/redox, temperature/pH/magnetic,
pH/redox/magnetic, temperature/redox/guest molecules, and temperature/pH/guest molecules have
recently been developed. Notably, these combined responses take place either simultaneously at the
pathological site or in a sequential manner from nanoparticle preparation, nanoparticle transporting
pathways, to cellular compartments. These dual and multi-stimuli responsive polymeric nanoparticles
have shown unprecedented control over drug delivery and release leading to superior in vitro and/or
in vivo anti-cancer efficacy. With programmed site-specific drug delivery feature, dual and multi-stimuli
responsive nanoparticulate drug formulations have tremendous potential for targeted cancer therapy. In
this review paper, we highlight the recent exciting developments in dual and multi-stimuli responsive
polymeric nanoparticles for precision drug delivery applications, with a particular focus on their design,
drug release performance, and therapeutic benefits.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

In the past decades, polymeric nanoparticles have emerged as
a most promising and viable technology platform for targeted and
controlled drug delivery [1e3]. These particles like viruses have
typically submicron sizes of about 20e250 nm and a stealth surface
made of water soluble non-fouling polymers such as poly(ethylene
glycol) (PEG), poly(ethylene oxide) (PEO), dextran, and poly(acrylic
acid) (PAA). The preclinical and clinical studies have demonstrated
that drug-loaded polymeric nanoparticles confer prolonged circu-
lation time, enhanced accumulation in the tumor sites via the
enhanced permeability and retention (EPR) effect, reduced drug
8.
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side effects, improved drug tolerance, and/or better drug bioavail-
ability [4e6]. It should be noted, nevertheless, that current poly-
meric nanoparticles based on biodegradable aliphatic polyesters
such as poly(ε-caprolactone) (PCL), polylactide (PLA), and poly(-
lactide-co-glycolide) (PLGA) are far from optimal with respect to
drug release profile, in which a considerable amount of drug is
released upon injection as a result of inadequate stability while
drug cannot readily be released from nanoparticles following their
arrival at the pathological sites and/or in the target cancer cells due
to their slow biodegradation [7,8]. This conflicting drug release
behavior is a critical account for decreased in vitro and in vivo anti-
tumor efficacy of drug-loaded nanoparticles.

Various environment-sensitive polymeric nanoparticles that
dissolve, swell or collapse in response to an internal stimulus (e.g.
pH, glucose, redox potential, and lysosomal enzymes) or external
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stimulus (e.g. temperature, magnetic field, ultrasound, and light)
have been actively developed to accomplish enhanced drug release
at the target site (spatial control) and/or at the right time (temporal
control) [9e11]. For example, taking advantages of slightly acidic
environments in cancerous tissues (pH 6.5e7.2), endosomes (pH
5.0e6.5) and lysosomes (pH 4.5e5.0) as compared to physiological
pH of 7.4 in the blood and normal tissues, pH-sensitive nano-
particles have been designed and developed to release drugs in the
tumor site and/or endo/lysosomal compartments [12,13]. The high
redox potential in the cytosol and cell nuclei that contain 100e1000
times higher concentration of reducing glutathione (GSH) tripep-
tide than body fluids including blood and extracellular milieu (0.5e
10 mM versus 2e20 mM GSH) have recently been exploited for active
intracellular release of various drugs [14e16]. It should further be
noted that tumor tissues are highly hypoxic with at least 4-fold
higher GSH levels relative to normal tissues [17]. These internal
stimuli-responsive nanoparticles have the advantages of self-
controlled drug release and facile application in the clinical set-
tings. The external stimuli-responsive nanoparticles, on the other
hand, offer obvious merits of precision spatial, temporal as well as
dose control over drug release through a remote apparatus, in
which drug release might be switched on and off at will [18]. For
instance, various light in particular near infrared (NIR)-sensitive
polymeric nanoparticles have been designed for triggered anti-
cancer drug release in vitro and in vivo [19]. A number of
temperature-responsive nanoparticles have been developed based
on thermal-sensitive polymers such as poly(N-iso-
propylacrylamide) (PNIPAAm) and its copolymers [20,21].
Magnetic-sensitive polymeric nanoparticles have been explored for
remotely controlled drug release as well as a combination of cancer
therapy and diagnosis (theranosis) [22,23].

These stimuli-responsive polymeric nanoparticles have dem-
onstrated improved drug release behavior and anti-tumor activity
to varying degrees, depending on type of stimulus, rate of response,
and exact spot of triggering drug release. In an effort to further fine-
tune drug release and augment therapeutic efficacy of nano-
particulate drugs, sophisticated polymeric nanoparticles that
respond to dual and multi-stimuli such as pH/temperature, pH/
redox, pH/magnetic field, temperature/reduction, double pH, pH
and diols, temperature/magnetic field, temperature/enzyme, tem-
perature/pH/redox, temperature/pH/magnetic, pH/redox/mag-
netic, temperature/redox/guest molecules, and temperature/pH/
guest molecules have been aggressively pursued. It should be noted
that the responses take place either simultaneously at the same
location or in a sequential manner in different settings and/or
compartments. These dual and multi-stimuli responsive polymeric
nanoparticles might on one hand offer unprecedented control over
drug delivery and release leading to superior in vitro and/or in vivo
anti-cancer potency, and on the other hand also facilitate nano-
particle preparation and loading of drugs under mild conditions.
For example, redox-sensitive drug release polymersomes have
been developed based on temperature and reduction dual-
responsive PEG-PAA-PNIPAAm triblock copolymers by simply
increasing solution temperature to above their lower critical solu-
tion temperature (LCST) followed by crosslinking with cystamine
via carbodiimide chemistry [24,25]. These crosslinked polymer-
somes while robust against physiological conditions were rapidly
dissociated to release exogenous proteins in cancer cells due to
redox-triggered de-crosslinking and disruption of polymersomes.
pH and redox dual-sensitive disulfide-crosslinked micelles were
developed to reduce premature drug release in blood circulation,
enhance drug accumulation in the tumor site, and actively release
drug in the target tumor cells in response to endo/lysosomal pH
and intracellular reducing environment [26]. In this paper, we
highlight up-to-date design and preparation of dual and multi-
stimuli responsive polymeric nanoparticles and their emerging
applications in controlled drug delivery in particular for cancer
treatments (Fig. 1). These two and more stimuli are combined in
order to: (i) facilitate preparation of nanoparticles under mild
conditions through application of an external stimulus such as
temperature and pH; (ii) trigger drug release via application of an
external stimulus such as magnetic field, ultrasonic, light, and
temperature; (iii) trigger drug release or reverse deshielding of
nanoparticles thereby enhancing tumor cell uptake of nano-
particulate drugs in a mildly acidic tumor microenvironment; and/
or (iv) boost intracellular drug release in tumor cells under endo/
lysosomal pH and/or cytosolic reductive conditions. An overview of
dual-responsive polymeric nanoparticles for drug release is pre-
sented in Table 1.

2. pH and temperature dual-responsive nanoparticles

pH and temperature-responsive nanoparticles are among the
most studied dual-sensitive nanosystems. Many pH and
temperature-responsive polymers are designed and prepared by
incorporating pH-sensitive components such as weak acids into
thermo-sensitive PNIPAAm, which affords copolymers with pH-
dependent LCST. This fine-tuning of phase transition by subtle pH
change has enabled development of tumor pH-sensitive drug
release systems. Yang et al. reported that pH and temperature-
sensitive coreeshell nanoparticles self-assembled from poly(-
NIPAAm-co-N,N- dimethylarylamide-co-10-undecenoic acid)
(P(NIPAAm-co-DMAAm-co-UA)) terpolymer were stable in a nor-
mal physiological condition (pH 7.4, 37 �C) while deformed and
precipitated in an acidic environment [27]. The in vitro release
studies showed that doxorubicin (DOX) was releasedmuch faster at
mildly acidic pH of 6.6 (simulating tumor microenvironment) than
at pH 7.4. The conjugation of cholesterol to the hydrophobic seg-
ment of P(NIPAAm-co-DMAAm-co-UA) and folic acid to the free
amine group yielded stable and tumor-targeting nanoparticles that
efficiently delivered and released DOX into folate-receptor over-
expressing cancer cells including 4T1 and KB cells, resulting in
further improved anti-tumor activity [28]. Jiang et al. constructed
thermo and pH dual-responsive nanoparticles based on poly(-
NIPAAm-co-acrylic acid)-b-PCL (P(NIPAAm-co-AA)-b-PCL) diblock
copolymer [29]. Interestingly, these nanoparticles could encapsu-
late up to 30 wt.% of paclitaxel (PTX) and aggregated at pH 6.9 and
37 �C. Faster drug release was observed at higher temperature and
lower pH. Hsiue et al. reported that temperature and pH dual-
responsive micelles based on a mixture of methoxy-PEG-b-P(N-
(2-hydroxypropyl) methacrylamide dilactate)-co-(N-(2-hydroxy
propyl) methacrylamide-co-histidine) (mPEG-b-P(HPMA-Lac-co-
His)), mPEG-b-PLA and cy5.5-PEG-PLA copolymers displayed
a specific targeting efficiency and an improved in vivo anti-tumor
activity as compared to free DOX in Balb-c/nude mice bearing hu-
man cervical tumors [30]. The high anti-tumor activity of DOX-
loaded dual-responsive nanoparticles was attributed to their
tumor-specific accumulation, enhanced permeation through the
tumor site, and tumor pH-triggered drug release.

pH and temperature dual-sensitive nanoparticles have also been
developed for efficient drug release under endosomal or lysosomal
pH conditions. Hsiue et al. reported that pH and thermo-responsive
nanoparticles based on biodegradable poly(D,L-lactide)-g-poly(-
NIPAAm-co-methacrylic acid) (PLA-g-P(NIPAAm-co-MAA)) graft
copolymers had an LCST above 37 �C and a high loading of 5-
fluorouracil (5-FU) [31]. The release of 5-FU was significantly
enhanced at pH 5.0 than at pH 7.4 as a result of pH-triggered col-
lapse of P(NIPAAm-co-MAA) shells. Li et al. reported that pH and
temperature-responsive micelles based on biodegradable
P(NIPAAm-co-DMAAm)-b-PLA and P(NIPAAm-co-DMAAm)-b-PCL



Fig. 1. Dual and multi-stimuli responsive polymeric nanoparticles as emerging controlled drug release systems. The two and more stimuli are applied as following: (i) application of
an external stimulus such as temperature and pH to facilitate formation of nanoparticles; (ii) application of an external stimulus such as magnetic field, ultrasonic, light, and
temperature to trigger drug release, which allows precision spatial, temporal as well as dose control over drug release at will through a remote apparatus; (iii) acidic tumor pH (6.5e
7.2) is utilized to trigger drug release and/or reverse shielding of nanoparticles at tumor site thereby enhancing tumor cell uptake of nanoparticulate drugs; and (iv) intracellular
environments such as low pH in endo/lysosomal compartments and high redox potential in cytoplasm are utilized to improve intracellular drug release inside tumor cells.
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block copolymers exhibited a phase transition temperature of 39 �C
and 40.5 �C, respectively [32]. The release of adriamycin (ADR)
while slow at normal physiological conditions (pH 7.3 and 37 �C)
was greatly enhanced at pH 5.3 and 40 �C (simulating tumor cell
conditions). pH and temperature dual-responsive hollow nanogels
were obtained from an interpenetrating polymer network (IPN) of
PAA network and PNIPAAm network by a two-step sequential
colloidal template polymerization and subsequent removal of
templates [33]. Isoniazid (INH, an antitubercular drug) could easily
be loaded into hollow nanogels, mainly in the cavities, at a tem-
perature lower than their LCST. The in vitro release studies showed
that INH was released much faster at pH 1.2 than at physiological
pH, which rendered them interesting for stomach-specific drug
delivery. Shen et al. reported that pH and temperature-responsive
photoluminescent nanoparticles were prepared from degradable
poly(b-amino ester) dendrimers by increasing temperature and
without using organic solvents [34]. The release of DOX from these
nanoparticles was slow at physiological pH and 37 �C but sig-
nificantly accelerated at lysosomal pH of 4e5. Lu et al. developed
pH and thermal dual-responsive ionically assembled nanoparticles
based on poly(ionic liquid-co-NIPAAm) and deoxycholic acid [35].
The in vitro release results showed that 80% of DOX was released in
48 h at pH 5.2 and 43 �C due to structural collapse of nanoparticles.
In contrast, only 30% of DOX was released in 48 h at pH 7.4 and
37 �C. pH and temperature dual stimuli-responsive hollow nano-
gels were prepared from self-assembling of poly(AA-co-2-
methacryloylethyl acrylate) (P(AA-co-MEA)) grafted with either
PNIPAAm or PNIPAAm and mPEG at pH 3.0 and 25 �C followed by
crosslinking via radical polymerization [36]. DOX could readily be
encapsulated into nanogels at pH 7.4 due to presence of electro-
static interactions with ionized carboxylic acids and hydrogen-
bond pairings with PNIPAAm grafts. Notably, DOX-loaded nano-
gels rapidly released drug upon changing pH to 5.0 and displayed
comparable cytotoxicity to free DOX in HeLa cells.

3. pH and redox-responsive nanoparticles

pH and redox are the two most appealing stimuli, as they both
exist naturally in certain pathological sites as well as in all cancer
cells [11,15]. pH and redox dual-sensitive nanoparticles have been
designed and developed to facilitate nanoparticle formation in
aqueous environments through change of pH, to increase in vivo
stability of nanoparticles via disulfide crosslinking, to trigger drug
release or enhance tumor cell uptake via reversal of surface charges



Table 1
Overview of dual-stimuli responsive nanocarriers for drug release.

Stimuli Nanoparticles Drugs Ref.

pH/T P(NIPAAm-co-DMAAm-co-UA) nanoparticles DOX [27]
P(NIPAAm-co-DMAAm-co-UA)-g-cholesterol nanoparticles DOX [28]
P(NIPAAm-co-AA)-b-PCL nanoparticles PTX [29]
mPEG-b-P(HPMA-Lac-co-His), mPEG-b-PLA and cy5.5-PEG-PLA mixed micelles DOX [30]
PLA-g-P(NIPAAm-co-MAA) nanoparticles 5-FU [31]
P(NIPAAm-co-DMAAm)-b-PCL/PLA micelles ADR [32]
PNIPAAm and PAA hollow nanogels INH [33]
Polyaminoester-based dendrimer nanoparticles DOX [34]
Poly(ionic liquid-co-NIPAAm) with deoxycholic acid ionically assembled
nanoparticles

DOX [35]

mPEG-g-P(AA-co-MEA)-g-PNIPAAm nanogels DOX [36]
pH/redox PEG-SS-PDEA polymersomes FITC-BSA/CC [37]

PDS-g-PEG/cRGD nanoparticles DOX [38]
Poly(b-amino ester)s-PEG micelles DOX [39]
PMAA-based nanogels DOX [40]
mPEG-PAsp(MEA)-PAsp(DIP) micelles DOX [26]
PEG-SS-PTMBPEC micelles DOX [41]
CS-SH and DS based LbL nanocapsules BSA [45]
PDPA and PMAA-based capsules RITC-OVA [46]
PCL-b-P(OEGMA-co-MAEBA) micelles CPT and DOX [47]
DOX-conjugated PDSM-b-PHPMA micelles DOX [48]
DOX-conjugated PEO-b-PMAA micelles ADR [49]
ODN-PEG-DOX(3) nanostructures ODN and DOX [50]
Polythioether ketal nanoparticles Ovalbumin [51]

pH/magnetic Fe3O4 nanocarriers coated with peptide mimic polymers DOX$HCI [55]
DOX-tethered Fe3O4 conjugates nanoparticles DOX [56]
mPEG-b-PMAA-b-PGMA-Fe3O4 nanoparticles ADR [57]
Fe3O4-cored nanoparticles coated with PEG-b-PDEAEMA-b-PGMA Chlorambucil and

indomethacin
[59]

Fe3O4@SiO2 nanoparticles coated with PEG-poly(imidazole L-aspartamide) DOX [60]
2-vinylpyridine and divinylbenzene based nanogels with iron oxide particles SiRNA [61]
Fe3O4-capped MSNs Dexamethasone [62]
MCM-TAA-Fe3O4-capped MSNs DOX [63]

T/redox PEO-PAA-PNIPAAm polymersomes Proteins [24,25]
Double pH PPC-Hyd-DOX-DA nanoparticles DOX [69]

Poly-b-amino ester ketal nanoparticles BSA-Alexa flour [70]
pH/diols PEG-b-dendritic cholic acid telodendrimers nanocarriers containing boronic acid

or catechol
PTX [71]

T/magnetic Pluronic with Fe3O4 nanoparticles DOX [76]
T/enzyme DNA-capped MSNs CPT, floxuridine [80]
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at tumor pH, to release drug in the endo/lysosomal compartments,
and/or to achieve fast drug release in the cytoplasmand nucleus. For
example, pH and reduction dual-bioresponsive nanosized poly-
mersomes were readily prepared from PEG-SS-poly(2-
(diethylamino)ethyl methacrylate) (PEG-SS-PDEAEMA) double hy-
drophilic diblock copolymers by simply increasing their solution pH
to 7.4 [37]. These dual-sensitive polymersomes enabled efficient
loading of proteins under mild conditions. The in vitro release
studies showed that protein releasewas less than20% in 8hat pH7.4
and 37 �C while a significant amount of protein was released at pH
6.0 or under a reductive condition containing 10 mM dithiothreitol
(DTT) at pH 7.4. Cytochrome C (CC)-loaded dual-bioresponsive
polymersomes resulted in significantly improved apoptosis of
MCF-7 cells over free CC as well as CC-loaded PEG-PDEAEMA poly-
mersomes (reduction-insensitive control). Xu et al. obtained pH and
redox dual-sensitive nanoparticles based on poly(2-(pyridin-2-
yldisulfanyl)ethyl acrylate)-g-PEG/cRGD graft copolymers (PDS-g-
PEG/cRGD) [38]. The release of DOX from these nanoparticles was
low at pH 7.4, but greatly enhanced at pH 5.5 and/or in the presence
of 10 mM GSH. Notably, DOX-loaded dual-sensitive nanoparticles
displayed comparable or higher anti-cancer activities in HCT-116
colon cancer cells than free DOX. Xing et al. reported that poly(b-
amino ester)s prepared via Michael addition polymerization of 2,20-
dithiodiethanol diacrylate, 4,40-trimethylene dipiperidine and
mPEG-NH2 self-assembled into pH and redox dual-sensitive coree
shell micelles that released DOX significantly faster at pH 6.5 and/
or in the presence of 5 mM DTT [39]. MTT assays showed that DOX-
loaded dual-sensitive micelles displayed a higher cytotoxicity to
HepG2 tumor cells than freeDOX at drug dosages higher than 10 mg/
mL. Wang et al. prepared pH and redox dual-responsive nanogels
from MAA and N,N-bis(acryloyl)cystamine crosslinker via
distillation-precipitation polymerization [40]. These nanogels could
efficiently load DOX (up to 42.3 wt.%) at physiological pH due to
presence of strong electrostatic interactions between nanogels and
drug. The in vitro release studies showed that over 80% of DOX was
released in 24 h at pH 5.0 and/or in the presence of 10 mM GSH
whereas drug release was less than 15% at pH 7.4 under otherwise
the same conditions. CCK-8 assays indicated that DOX-loaded dual-
sensitive nanogels had comparable anti-tumor activity to free DOX
in U251MG cells. Very recently, redox and pH dual-responsive bio-
degradable micellar nanoparticles were developed from poly(eth-
ylene glycol)-SS-poly(2,4,6-trimethoxybenzylidene-pentaerythritol
carbonate) (PEG-SS-PTMBPEC) block copolymer fordually-triggered
intracellular release of DOX [41]. The in vitro release studies showed
that 24.5%, 62.8% and 74.3% of DOXwas released in 21 h at pH7.4, pH
5.0, and pH 7.4 in the presence of 10 mM GSH, respectively. The
fastest drug release was observed under 10 mM GSH and pH 5.0
conditions, inwhich 94.2%ofDOXwas released in 10h. Interestingly,
DOX releasewas obviously enhanced by2 or 4 h incubation at pH5.0
and then at pH 7.4 with 10 mM GSH (mimicking the intracellular
pathways of endocytosed micellar drugs). MTT assays in HeLa and
RAW 264.7 cells revealed that DOX-loaded PEG-SS-PTMBPEC mi-
celles had higher anti-tumor activity than reduction-insensitive
PEG-PTMBPEC controls.
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The disulfide-crosslinking of micelles and nanoparticles has
recently shown to markedly improve their extracellular stability
without sacrificing intracellular drug release [42e44]. Shuai et al.
prepared pH and redox dual-sensitive interfacially crosslinked
micelles from PEG-b-poly(L-aspartic acid/mercaptoethylamine)-
b-poly(L-aspartic acid/2-(diisopropylamino) ethylamine) (mPEG-
PAsp(MEA)-PAsp(DIP)) triblock copolymers via self-assembling at
pH 10 followed by oxidative crosslinking (Fig. 2a) [26]. These
crosslinked micelles were stable and free of drug leakage at neutral
pH. The release of DOX was accelerated at pH 5.0 and even faster in
the presence of 10 mM DTT at pH 7.4. The fastest drug release was,
however, observed at pH 5.0 and 10 mM DTT conditions. The in vivo
studies in nude mice bearing the Bel-7402 xenograft demonstrated
reduced premature drug release in blood circulation and better
therapeutic effects than DOX-loaded PEG-PCL micelles and free
DOX (Fig. 2b). Zhang et al. prepared redox and pH dual-sensitive
crosslinked polyelectrolyte nanocapsules from cysteamine conju-
gated chitosan (CS-SH) and dextran sulfate (DS) through layer-by-
Fig. 2. (a) Formation and structural transitions of the dual-sensitive highly packed interlay
tumor accumulation of DOX-loaded HP-ICMs after tail-vein injection into nude mice bearin
layer (LbL) assembly on b-cyclodextrin (b-CD) functionalized sil-
ica spheres followed by oxidative crosslinking and core removal
[45]. The in vitro release studies showed that protein release from
gradient crosslinked nanocapsules while insignificant at pH 1.4
(simulating the pH in the stomach) and pH 6.8 (simulating the
extracellular pH) was fast under pH 6.8 and 10 mM GSH conditions.
The cell uptake results displayed that these nanocapsules could
effectively deliver and release FITC-labeled BSA into the cytosol of
Caco-2 cells. Caruso et al. developed charge-shifting dual-respon-
sive capsules via LbL assembly of alkyne-functionalized poly(2-
diisopropylaminoethyl methacrylate) (PDPAAlk) and PMAA on
aminated silica (SiO2) particles at pH 4 followed by crosslinking
with a disulfide-containing biazide crosslinker [46]. The release
studies using rhodamine B isothiocyanate-labeled ovalbumin
(RITC-OVA) showed that no protein leakage occurred at pH 7.4 no
matter with or without 5 mM GSH, while ca. 40% of protein was
released in 5 h at pH 6 due to swelling of capsules and near com-
plete release of protein was observed within 20, 60, and 90 min at
er-crosslinked micelle (HP-ICM). (b) In vivo DOX fluorescence images showing passive
g the Bel-7402 xenograft (dosage: 5 mg DOX/kg) [26].
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0.1, 0.5, and 1.5 mM GSH, respectively. These capsules were stable at
physiological pH because the hydrophobic nature of multilayers
effectively shielded disulfide sites from degradation. Under acidic
conditions, however, they would swell quickly, therefore assisting
the site-specific deconstruction of the multilayers. Liu et al. pre-
pared pH and redox dual-sensitive micelles by crosslinking the
shells of PCL-b-poly(oligo(ethylene glycol) monomethyl ether
methacrylate-co-p-(methacryloxyethoxy)benzaldehyde) (PCL-b-
P(OEGMA-co-MAEBA)) copolymer micelles using dithiobis(propa-
noic dihydrazide) as a difunctional crosslinker [47]. Thus obtained
shell-crosslinked micelles could be de-crosslinked under an acidic
and/or reductive environment. The release of camptothecin (CPT)
from crosslinked micelles while inhibited at pH 7.4 was accelerated
upon either introducing 10mM DTT and/or adjusting pH to 5.0. CPT-
loaded dual-sensitive crosslinked micelles were shown to retain
high anti-tumor activity in HepG2 cells.

pH and redox-responsive crosslinked micelles were developed
based on poly(2-(2-pyridyldisulfide)ethylmethacrylate)-b-PHPMA
(PDSM-b-PHPMA) block copolymer by conjugating maleimide-
hydrazone-DOX derivative and simultaneous core-crosslinking
using tri(2-carboxyethyl)phosphine as a catalyst [48]. The result-
ing crosslinked micelles had an average diameter of ca. 60 nm, but
readily disintegrated into unimers under a reductive condition. The
release of DOX was highly pH-dependent, in which ca. 80% and 22%
DOX was released in 48 h at pH 5.0 and pH 7.4, respectively. Wang
et al. reported that pH and reduction dual-sensitive crosslinked
DOX prodrugmicelles prepared by attaching DOX to PEO-b-P(MAA-
g-Hydrazide) and subsequent crosslinking with dithiodiethanoic
acid displayed little drug leakage under pH 7.4 as well as pH 4.0
conditions while released 23.5% and 61.0% of DOX in 100 h under
a reductive condition containing 15 mM DTT at pH 7.4 and pH 4.0,
respectively [49]. Yoo et al. constructed pH and reduction-
responsive nanoparticles by conjugating DOX and anti-bcl-2 oli-
gonucleotide (ODN) to four-arm PEG via reducible and acid-
cleavable linkers, respectively [50]. The release of DOX and ODN
could be controlled by DTT concentration and pH, respectively.
TUNEL assays indicated that these dual-sensitive DOX and ODN
release systems synergistically induced cell apoptosis, resulting in
enhanced anti-tumor effect.

Almutairi et al. designed a pH and oxidation-responsive nano-
particle based on polythioether ketal, which undergoes pro-
grammed degradation in response to reactive oxygen species (ROS)
and acidic pH [51]. This dual-sensitive nanoparticles functioned
akin to an “AND” Logic Gate. The polymeric backbone transformed
from hydrophobic to hydrophilic following exposure to ROS, which
allowed rapid acid-catalyzed degradation of ketal groups under
mildly acidic environments. The release of ovalbumin was
enhanced by 100 mM hydrogen peroxide at pH 7.4 and further
boosted by 100 mM hydrogen peroxide and pH 6.5. Cellular uptake
studies showed that these dual-sensitive nanoparticles delivered
and released fluorescently labeled ovalbumin into RAW 264.7 cells
much more efficiently than PLGA nanoparticles.

4. pH and magnetic-responsive nanoparticles

Magnetic nanoparticles (MNPs) have received enormous in-
terests due to their several potential biomedical applications
including targeted drug delivery, magnetic thermotherapy (hy-
perthermia), magnetic resonance imaging (MRI), and separation of
proteins and cells [52e54]. In particular, superparamagnetic mag-
netite (Fe3O4) has attracted the most attention due to its unique
magnetic properties and biocompatibility. In the past years, various
pH and magnetic dual-responsive nanoparticles have been devel-
oped to combine pH-triggered drug release with magnetic-
targeting, thermotherapy, and imaging. Hasaan et al. developed
pH-sensitive charge-conversional peptide mimic shell crosslinked
magnetic nanoparticles by growing polymers on Fe3O4 particles via
repetitive Michael addition and amidation reactions [55]. These
nanoparticles showed not only high magnetization and hyper-
thermia effect under external ACmagnetic field (AMF) but also high
DOX loading at physiological pH and rapid drug release at acidic
pHs of 4.0 and 5.0. Interestingly, DOX-loaded magnetic nano-
particles in combination with AMF showed much higher cytotox-
icity in HeLa cells than individual treatments of magnetic
nanoparticles with AMF and DOX-loaded magnetic nanoparticles,
signifying their potential application for combination of magnetic
hyperthermia and chemotherapy.

Gao et al. prepared tumor-targeting pH-responsive magnetic
nanoparticles by conjugating DOX and RGD to Fe3O4 nanoparticles
via acid-labile imine bonds [56]. The anti-tumor activity of Fe3O4-
DOX conjugates was significantly enhanced by application of
external magnetic fields, likely due to increased local drug con-
centration around cancer cells and thereby enhanced cellular up-
take of drug. Notably, Fe3O4-DOX/RGD conjugates demonstrated
clear targetability to U-87MG cells (over-expressing avb3 integrins)
with significantly lower IC50 over MCF-7 cells (low avb3 expres-
sion). Yan et al. prepared pH-responsive Fe3O4-cored nanoparticles
using PEG-b-PMAA-b-poly(glycerol monomethacrylate) (PEG-b-
PMAA-b-PGMA) triblock copolymers as coatings [57]. These
nanoparticles efficiently loaded DOX at pH 7.4 likely due to pres-
ence of ionic and hydrophobic interactions with PMAA. Under
acidic conditions (<pH 5.5), however, DOX was rapidly released as
a result of diminishing ionic interactions between DOX and PMAA
(pKa ¼ 5.6). The following studies showed that folate-decorated
DOX-loaded pH-responsive magnetic nanoparticles were effi-
ciently taken up by HeLa cells via receptor-mediated endocytosis
process, resulting in markedly enhanced anti-tumor activity [58].
Similarly, magnetic and pH dual-responsive Fe3O4-cored nano-
particles were obtained using PEG-b-PDEAEMA-b-PGMA triblock
copolymer as a stabilizing agent for efficient encapsulation as well
as pH-triggered release of negatively charged drugs such as
chlorambucil and indomethacin [59]. Wu et al. prepared magnetic
and pH dual-responsive nanoparticles based on Fe3O4@SiO2 and
PEG-poly(imidazole L-aspartamide) as core and shell, respectively
[60]. These dual-sensitive nanoparticles displayed decent loading
of DOX at pH 7.4 and enhanced drug release under acidic
conditions.

Pellegrino et al. studied magnetic pH-responsive nanogels for
co-delivery of anti-GFP siRNA and iron oxide nanoparticles (IONPs)
to HeLa cells [61]. The results showed that cellular uptake of
nanogels was boosted bymagnetic field. Moreover, IONPs were also
used as a probe to track the intracellular trafficking and drug
release behaviors by transmission electron microscopy (TEM). Liu
et al. fabricated a magnetic pH-responsive mesoporous silica
nanoparticles (MSNs)-based nanogated ensemble by anchoring
superparamagnetic Fe3O4 nanoparticles on their pore outlet via
a reversible boronate esters linker [62]. The in vitro release studies
showed that release of dexamethasonewas strongly inhibited at pH
5-8 due to effective capping of the pores in the MSNs with Fe3O4
nanoparticles while rapid drug release was achieved at pH 2e4
owing to hydrolysis of the boroester bond. This Fe3O4-capped
nanogated ensemble displayed good magnetic property. In a fol-
lowing study, endosomal pH-activable magnetic nanoparticle-
capped MSN ensemble (MCM-TAA-Fe3O4) was developed by
grafting Fe3O4 nanoparticles on the pore openings with an acid-
labile substituted 1,3,5-triazaadamantane (TAA) group [63]. Inter-
estingly, release of dexamethasone while prohibited at physiolog-
ical pH was very fast at pH 5e6. The confocal microscopy images
indicated that magnetic pH-responsive nanogated ensemble effi-
ciently delivered DOX into MC3T3-E1 cells in 14 h.
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5. Temperature and redox-responsive nanoparticles

Jiang et al. reported that thermo and reduction-sensitive
nanoparticles were readily prepared from poly(PEG-MA-co-Boc-
Cystamine-MA) copolymers by increasing their solution tempera-
ture to body temperature [64]. These nanoparticles kept stable for
over 7 days at 37 �C while dissociated in 30 min following addition
of 10 mM DTT. You et al. obtained dually responsive coreeshell
nanoparticles based on a redox-sensitive hyperbranched poly(-
amido amine) core and thermo-sensitive PNIPAAm shell [65]. The
particles sizes changed reversibly from 37 nm to 28 nm upon
changing solution temperature from 25 to 50 �C. The release of
pyrene was triggered by addition of DTT. We obtained temperature
and reduction dual-responsive crosslinked polymersomes by
increasing aqueous solution temperature of PEG-PAA-PNIPAAm
triblock copolymers to above their LCST and subsequent cross-
linking with cystamine via carbodiimide chemistry [24,25]. These
crosslinked polymersomes, while showing remarkable stability
against dilution, organic solvent, high salt conditions and change of
temperature in water, were otherwise rapidly dissociated under
reductive conditions mimicking the intracellular environment.
Various proteins could be loaded into the polymersomes with high
protein loading efficiencies of 60e100% at theoretical protein
loading contents of 10e50 wt.%. FITCeCC loaded dual-sensitive
polymersomes efficiently delivered and released FITCeCC into the
cytosol of MCF-7 cells after 12 h incubation. Flow cytometry studies
showed that CC loaded dual-sensitive polymersomes induced
markedly enhanced apoptosis ofMCF-7 cells as compared to free CC
and reduction-insensitive crosslinked counterparts. Morimoto et al.
prepared dual-responsive nanogels from pullulan lightly grafted
with thiol-terminated PNIPAAm via increasing its solution tem-
perature from 25 to 50 �C followed by oxidative crosslinking of thiol
ends [66]. The resulting nanogels could be destructed either upon
cooling to room temperature and/or upon treatment with a reduc-
ing agent. In a similar way, temperature and redox dual-responsive
nanogels have been prepared from dextran grafted with thiol-
terminated PNIPAAm [67], and thiolated hydroxypropyl cellulose
(HPC-SH) [68].
Fig. 3. Chemical structure of the dual pH-responsive polymer-DOX conjugate (PPC-Hyd-
intracellular drug release. PPC-Hyd-DOX-DA self-assembles into negatively charged nanopar
positive nanoparticles are effectively taken up by tumor cells (3, 4), and DOX is released at
6. Double pH-responsive nanoparticles

The anti-tumor efficacy of nano drugs are typically compro-
mised by poor tumor cell uptake and low intracellular drug release.
To address these issues, Wang et al. designed a dual pH-sensitive
polymer-drug conjugate (PPC-Hyd-DOX-DA) nanoparticulate sys-
tem that was well shielded by PEGwith a negative surface charge at
pH 7.4 (Fig. 3) [69]. The surface charge turned into positive fol-
lowing brief incubation at pH 6.8 (tumor extracellular pH) due to
acid-responsive cleavage of the amide bond formed with 3-
dimethylmaleic anhydride (DMMA), which greatly facilitated tu-
mor cell internalization. The release of DOX was triggered at pH 5.0
(endo/lysosomal pH) owing to cleavage of acid-labile hydrazone
bonds. These dual pH-sensitive nanoparticles have demonstrated
enhanced inhibition to the progression of drug-resistant SK-3rd
cancer stem cells.

Almutairi et al. developed dual pH-responsive polymeric
nanoparticles by simultaneously incorporating pH-sensitive b-
amino ester and ketal bonds into polymer backbone [70]. These
dual-responsive nanoparticles were stable for 24 h at physiological
pHwhile underwent a rapid and dramatic degradation at pH 5with
concomitant release of encapsulated payloads. Here, b-amino ester
group functioned as a pH-triggered solubility switch, which in turn
controlled ketal degradation. This pH-responsive rapid degradation
of nanoparticles might increase the osmotic pressure in the endo-
somal compartments thereby facilitating cytoplasmic release of
encapsulated payloads.

7. Miscellaneous dual-responsive nanoparticles

Lam et al. developed pH and diol dual-responsive crosslinked
micelles from well-defined PEG-b-dendritic cholic acid teloden-
drimers containing boronic acid or catechol at the interface (Fig. 4)
[71]. The release of PTX from these micelles was significantly
inhibited by boronate crosslinking. Notably, a burst of drug release
from boronate-crosslinked micelles was observed upon addition of
100 mM mannitol or adjusting medium pH to 5.0. PTX release was
furtheraccelerated in response to a combinationof 100mMmannitol
DOX-DA) and schematic illustration of its pH-triggered cellular internalization and
ticles in water (1), nanoparticles become positively charged at the extracellular pH (2),
endo/lysosomal pH (5) [69].



Fig. 4. Schematic illustration on pH and diol dual-responsive crosslinked micelles from PEG-b-dendritic cholic acid telodendrimers containing boronic acid or catechol at the
interface [71].
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and pH 5.0. The in vivo studies have demonstrated that boronate-
crosslinked micelles had enhanced in vivo stability and were pref-
erentially accumulated in SKOV-3 ovarian tumor. It was noted that
boronic acidecatechol complexation is also sensitive to oxidizing
agents such as H2O2, which renders these boronate-crosslinked
micelles interesting for oxidation-triggered drug release [72].

Light is an especially attractive external stimulus for drug release
due to its unique temporal and spatial control [73]. Zhao et al.
prepared thermo and light dual-sensitive micelles based on PEO-b-
poly(ethoxytri(ethylene glycol) acrylate-co-o-nitrobenzyl acrylate)
block copolymers by simply increasing the solution temperature to
above their LCST [74]. Thus formed micelles were rapidly dis-
sociated to release encapsulated Nile Red upon UV irradiation that
led to cleavage of o-nitrobenzyl group and thereby increasing of
LCST by � 11 �C. Thermo and photo dual-sensitive micelles were
also obtained from PEO-b-poly(azobenzene-containing methacry-
late-co-NIPAAm) block copolymer [75]. The hydrodynamic radius of
micelles changed reversibly from ca. 43 to 24 nm upon changing
temperature from 25 to 55 �C. The release of Nile Red was triggered
by decreasing temperature. The irradiation ofmicelleswith UV light
led to increased hydrophilicity of micellar core, though both size of
micelles and release of Nile Red were not influenced.

Dual-sensitive nanospheres composed of magnetic iron oxide
nanoparticles embedded in a thermo-sensitive Pluronic F127 ma-
trix were prepared by an in situ co-precipitation process [76]. The
nanospheres underwent a considerable volume shrinkage (with
2.3-fold diameter reduction) upon exposure to a high-frequency
magnetic field (HFMF), resulting in instantaneous release of DOX.

Zhao et al. developed reduction and light dual-responsive mi-
celles from PEO-b-poly(disulfide-alt-nitrobenzene)-b-PEO triblock
copolymer [77]. The micellar cores were disintegrated rapidly upon
UV irradiation due to cleavage of o-nitrobenzyl methyl esters or
slowly in response to DTT in solution as a result of slow degradation
of disulfide bonds. The release studies using Nile Red as a model
drug showed that burst or slow drug release was achieved by
application of UV light or a reducing agent in the micellar solution.
Notably, these two stimuli could also be utilized in combination to
obtain on-demand release rate profiles.

The high intensity focused ultrasound (HIFU) was originally
developed as an extracorporeal tool for the treatment of tumors
[78]. The HIFU beam can be brought to a tight focal spot with
a small area in the millimeter dimensions at a distance from its
source. Moreover, the ultrasound wave possesses the ability to
penetrate much deeper into the interior of the body than light. Li
et al. prepared reduction and ultrasound dual-responsive micelles
from biodegradable PEG-SS-PLA block copolymer [79]. Themicelles
can be rapidly disrupted in several minutes by HIFU in a remote
way at room temperature. The release extent of the encapsulated
cargo can be controlled by the ultrasound power and time. The
copolymer micelles can be slowly disintegrated into unimers in the
presence of GSH in several hours. The combination of reduction and
ultrasound allows fine-tuning of drug release rate and site.

Qu et al. prepared dual-responsive nanoparticles by attaching
duplex DNA to the outlet of MSN [80]. The duplex DNA cap could be
denatured by heating or hydrolyzed by endonucleases. The release
profiles of rhodamine B showed that drug release was triggered by
increasing temperature to 50 �C or exposing to 10 and 20 U/mL
deoxyribonuclease I (DNase I). MTT assays showed that CPT-loaded
DNA-capped nanoparticles induced remarkably higher cytotoxic
effects to HepG2 cells than CPT-loaded MSNs and free CPT, sup-
porting that DNA-capped nanoparticles efficiently release entrap-
ped drugs into cancer cells in response to endonucleases.

8. Multi-stimuli responsive nanoparticles

In addition to dual-responsive nanoparticles, several multi-
responsive nanoparticles have recently been developed (Table 2).
Thayumanavan et al. designed a triple-stimuli sensitive



Table 2
Overview of multi-stimuli responsive nanoparticles.

Stimuli Nanoparticles Cargo Ref.

T/pH/redox PNIPAAm-SS-P(THP-protected HEMA)
micelles

Nile Red [81]

P(OEGA-co-DMDEA) nanogels containing
ortho ester bond and BADS

DOX, PTX [82]

T/pH/magnetic P(NIPAAm-co-MAA) coated magnetic
MSNs

DOX$HCI [83]

pH/redox/
magnetic

Fe(II) loaded PMAA microcontainers
crosslinked by N,N-methylene-
bisacrylamide and N,N-bis(acryloyl)-
cystamine

DNR [84]

T/redox/guest
molecule

Vesicles based on hosteguest complex
formation between C4AS and MVC12

DOX$HCI [85]

T/pH/guest
molecule

Micelles from complexation of
Cucurbit(8)uril, methylviologene-
functionalized PNIPAAm and naphthalene-
terminated PDMAEMA

DOX [86]
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nanoparticles based on a block copolymer comprising of an acid-
sensitive tetrahydropyran-protected 2-hydroxyethyl methacrylate
(THP-protected HEMA) hydrophobic block, thermo-sensitive PNI-
PAAm hydrophilic block and an intervening redox-sensitive disul-
fide linker [81]. These micellar nanoparticles were sensitive to
redox, acid, and temperature: (i) increasing temperature to above
its LCST led to precipitation of nanoparticles as hydrophilic shell
turned intowater insoluble; (ii) lowering pH resulted in dissolution
of nanoparticles due to transformation of hydrophobic core into
hydrophilic; and (iii) a reducing environment disrupted the as-
sembly owing to scission of block copolymer into individual ho-
mopolymers. The release studies showed that release of Nile Red
was slow and incomplete over a long period of time at pH 5.0 or in
the presence of 3.2mMGSH at pH 7.4 while significantly accelerated
and more complete release of Nile Red was achieved by combining
both stimuli (i.e. in the presence of 3.2 mM GSH at pH 5.0). These
multi-responsive nanoparticles have the potential to fine-tune the
release kinetics of hydrophobic drugs.

Li et al. prepared temperature, pH and redox-responsive
nanogels by miniemulsion copolymerization of monomethyl
oligo(ethylene glycol) acrylate (OEGA), 2-(5,5-dimethyl-
Fig. 5. Temperature, pH and redox-responsive nanogels obtained by miniemulsion copolym
dioxan-2-yloxy) ethyl acrylate (DMDEA) which contains an acid-labile ortho ester bond, an
1,3-dioxan-2-yloxy) ethyl acrylate (DMDEA) which contains an
acid-labile ortho ester bond, and bis(2-acryloyloxyethyl) disulfide
(BADS) (Fig. 5) [82]. These nanogels displayed a fast thermo-
responsive property and were shrank to 17e35 nm upon increas-
ing temperature to 37 �C. Notably, nanogels swelled quickly and
significantly upon incubation in weakly acidic media (pH 4e6) due
to acid-triggered hydrolysis of the ortho ester groups or in response
to 20 mM DTT at pH 7.4 owing to cleavage of disulfide crosslinkers.
The in vitro release profiles of PTX, Nile Red and DOX pointed out
that drug release was low at pH 7.4 but was greatly accelerated by
decreasing media pH to 5.0 or 6.0. The drug release rate increased
in response to 20 mM DTT though to a less extent. MTT assays
showed that PTX-loaded multi-responsive nanogels displayed
a concentration-dependent cytotoxicity to MCF-7 cells.

Yang et al. prepared thermo and pH dual-sensitive polymer,
poly(N-isopropylacrylamide-co-methacrylic acid), coated magnetic
MSN via precipitation polymerization [83]. The volume phase
transition temperature was shown to be dependent on solution pH.
The in vitro release studies showed that 37.1% and 80.2% of DOXwas
released at 37 �C in 24 h at pH 6.5 and pH 5.0, respectively, whereas
only 7.2% of DOX was released at pH 7.4 under otherwise the same
conditions, indicating facile control of drug release. MTT assays
revealed that DOX-loaded multi-sensitive nanoparticles had a sim-
ilar cytotoxicity to HeLa cells to free DOX. These multi-sensitive
nanoparticles have the potential to overcome the lack of selectiv-
ity of anti-cancer drugs and combining with EPR/magnetic-
targeting to increase the therapeutic efficacy. Kordas et al.
obtained a magnetic, pH and redox-sensitive particles using a sac-
rificial template-directed synthesis procedure followed by chemical
deposition of magnetic nanocrystals via co-precipitation [84].
These multi-sensitive nanoparticles displayed a high encapsulation
efficiency of approximately 98% for daunorubicin hydrochloride
(DNR). The release of DNR was low (15% release in 24 h) at physi-
ological pH but enhanced at pH 5.0 (40% release in 24 h). The fastest
drug release was observed in 20 mM GSH (94% release in 24 h) due
to complete rupture of the shell. These particles with good mag-
netic response could serve as multi-responsive drug carriers that
also induce local heating in a controllable manner via magnetic
hyperthermia.
erization of monomethyl oligo(ethylene glycol) acrylate (OEGA), 2-(5,5-dimethyl-1,3-
d bis(2-acryloyloxyethyl) disulfide (BADS) [82].
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Liu et al. constructed multi-stimuli responsive supramolecular
vesicles based on hosteguest complex formation between p-sul-
fonatocalix(4)arene (C4AS) and asymmetric viologen (MVC12) [85].
These vesicles were readily disrupted upon increasing temperature
to 70 �C, addition of competitive cyclodextrins (CDs), or application
of a reduction potential. Notably, water soluble doxorubicin hy-
drochloride (DOX,HCl) was successfully loaded into these vesicles.
The release studies showed that DOX,HCl-loaded vesicles were
highly stable toward leakage at room temperature, whereas rapid
and complete release of DOX,HCl was observed upon increasing
temperature or addition of CD. Cell experiments using HepG2 cells
indicated that DOX,HCl-loaded multi-sensitive vesicles retained
high anti-tumor activity. Scherman et al. reported triply-responsive
supramolecular micelles through complexation of cucurbit(8)uril,
methylviologen-functionalized PNIPAAm and naphthalene-
terminated PDMAEMA [86]. These micelles swelled or collapsed,
leading to enhanced release of DOX, in response to decreasing
temperature, lowering pH or addition of a competitive guest (e.g.
adamantaneamine). The combination of two stimuli, temperature
and adamantaneamine, has resulted in nearly instantaneous and
complete release of DOX. MTT assays in HeLa cells showed that
cytotoxicity of DOX-loaded triply-sensitive micelles could be fine-
tuned by a combination of external stimuli.

9. Conclusion and perspectives

The past several years have witnessed a rapid progress in the
development of dual and multi-stimuli responsive polymeric
nanoparticles for programmed site-specific drug delivery. These
multifunctional nanoparticles are able to elegantly address the
challenging issues of current nanoparticulate drug formulations
including aspects of preparation and drug loading, in vivo stability,
tumor-targetability, tumor cell uptake, and intracellular drug
release. This dual and multi-stimuli responsive feature has offered
unprecedented control over drug delivery and release profiles
leading to superior in vitro and/or in vivo anti-cancer effects.

It should be noted, however, that research on dual and multi-
stimuli responsive nanoparticles is at its infancy. The reported
dual and multi-stimuli responsive systems are mostly proof-of-
concept studies, in which vehicles are often not biodegradable,
have low drug loading capacity, and/or are not amenable to in vivo
applications. In order to achieve clinical impacts, future efforts shall
be directed to development of dual and multi-stimuli responsive
biodegradable and non-cytotoxic polymeric nanoparticles that can
efficiently load and retain drugs in circulation, preferentially
accumulate in the tumor site, and quickly release drugs at the site of
action in response to clinically viable external and/or internal
stimuli. Systemic in vitro and in vivo studies on dual and multi-
stimuli responsive nanoparticulate drugs shall be performed to
obtain insight into underlying drug release and anti-tumor mech-
anisms. Moreover, targeting ligands such as peptides, aptamers,
antibodies and antibody fragments shall be installed onto dual and
multi-stimuli responsive nanoparticles to achieve tumor-specific
delivery and release of anti-cancer drugs. This tumor-targeting,
site-specific, and fast drug release system is highly appealing for
the treatment of various cancers including multidrug resistant
(MDR) cancers. We are convinced that dual and multi-stimuli
responsive nanoparticulate drug formulations will play a signifi-
cant role in future cancer therapy.
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